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Preface

Organic electronics is the discipline at the core of the
enormous, global organic light emitting device
(OLED) display industry. Yet it is so much more.
OLEDs also appear poised to be used as efficient
lighting sources, organic photovoltaic solar cells may
soon become a major source for converting solar into
electrical energy, and electronic circuits based on or-
ganic thin film transistors may find their way into
medical and a wide range of other sensing, memory
and logic applications. What makes organic electron-
ics such a compelling driver for these emerging appli-
cations is the unique features that they offer differ so
remarkably from those of conventional semiconduct-
ors. Principally, organics serve as a platform for very
low cost and high performance optoelectronic and elec-
tronic devices that can cover large areas (such as re-
quired for lighting, displays and solar cells), are
lightweight when deposited on thin plastic substrates,
and can be both flexible and conformable to fit onto
irregularly shaped surfaces such as foldable smart
phones. Due to the scale of the industries addressed
by organic electronics, there are possibly 5000–10,000
scientists, engineers and technicians currently working
to advance this field. Even so, very few texts are avail-
able that comprehensively cover the subject.
Organic electronics is an inherently interdisciplin-

ary field, engaging experts in chemistry, in materials,
in the physics of electronic and optical properties of
disordered semiconductors, and in the engineering of
practical, very high performance devices. To have a
working comprehension of such a broad field, and
ultimately to be an effective contributor to it, one
must have knowledge of several disciplines that
stretch well beyond the boundaries of traditional sub-
jects taught in classrooms today. This book is struc-
tured to expose the student and the practitioner to the
many aspects that define organic electronics, and pro-
vide an understanding that can allow the reader to be
both knowledgeable and creative in extending our
understanding of this exciting and explosively
growing field.

This book is a product of both one and two semester
courses that I have taught at both Princeton University
and the University of Michigan over a period of more
than two decades. During that period, the field has
undergone dramatic changes, and my course material
has changed accordingly. During this same period,
many aspects of our fundamental knowledge of the
field have also evolved to its current highly sophisti-
cated, albeit still incomplete, level of development.
Thus, while the field continues to move forward, it is
essential that a text be available to capture the main
ideas, and applications that define the subject today. It
is these circumstances that have motivated me to write
a book that presents the major elements of the field of
organic electronics, and at the same time can serve as a
resource for students, scientists and engineers alike.
The target audience of the book, therefore, is students
at all levels of graduate studies, highly motivated se-
nior undergraduates, as well as practicing engineers
and scientists.
The book is divided into two major sections. Part I,

Foundations, lays down the fundamental principles of
the field of organic electronics. It is divided into three
principal subject areas: the basic properties and struc-
tures that define the broad class of organic semicon-
ductors, followed by in-depth discussions of their
optical and electronic properties. For Part I, it is as-
sumed that the reader has an elementary knowledge of
quantum mechanics, and electricity and magnetism.
The reader is not expected to have a background know-
ledge of organic chemistry. The basic terminology of
thisfield is provided inChapter 1 to acquaint the reader
with the vocabulary and a few important simple con-
cepts that will be used throughout the book.
The foundations built in Part I are then extensively

used in Part II, Applications, whose entire focus is on
practical realizations of organic electronic devices. For
this section, the reader is expected to have knowledge
of the basic principles of semiconductor devices. Part
II begins with a discussion of organic thin film depos-
ition and patterning. I consider this to be the “how to”
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section of the book, providing what I hope is valuable
information about how devices and structures
are made in modern laboratories and manufacturing
facilities. This is followed by chapters on the three
most important device classes addressed by organic
electronics, that is, organic light emitters, detectors,
and thin film transistors. These chapters are the long-
est and most comprehensive of the entire book. The
last chapter (Chapter 9) describes several devices
and phenomena that are not covered in the previous
chapters, since they lie somewhat outside of the
current mainstream of the field. Nevertheless, the
topics of light emitting electrochemical cells, strongly
coupled optical phenomena, thermoelectricity, mem-
ories and limited dimensional systems are all central
to the field, and indeed may also eventually lead to
substantial future applications unique to organic
semiconductors.

Given the enormity of the field of organic electron-
ics and its inherently interdisciplinary nature, this
volume is correspondingly large. It is primarily or-
ganized as a teaching text meant for a two semester
course. The first part of the book, Part I, is used in the
first semester focused on teaching the fundamentals
of organic semiconductors. The second semester is
focused on applications (Part II). However, this entire
subject matter can be covered at less depth in a single
semester by condensing the most important aspects of
foundations and applications into a 15 week course
with approximately 45 hours of classroom lectures.

Topics are introduced in the beginning of each
major section by laying the basic foundations to be
discussed. Hence, a general introduction of a topic is
followed by theoretical considerations. This lays the
groundwork for discussing a few illustrative ex-
amples. This organization mimics the format of most
easy-to-follow scholarly papers: introduction, theory,
experimental results and discussion, and conclusions.
The examples provided are never meant to be
comprehensive—that type of treatment should be
left to review articles. Rather, the descriptions of phe-
nomenological observations or device demonstra-
tions are chosen to illustrate or reinforce points
made in the early sections of the topic or chapter.

It should be noted that in discussing a particular
topic, I have intentionally avoided including “record
results” to the extent possible. Rather, the foci of the
chapters are on examples that are particularly innova-
tive, or whose description can provide lessons about
how things work. The intentional avoidance of record
results is that in such a fast moving field, today’s
record rapidly becomes “yesterday’s newspaper.”
For this volume to remain relevant well past its

publication date, it must resist the temptation (no
matter how large) to present only hero results or
device demonstrations. Our aim is to provide a prac-
tical perspective by maintaining focus on concepts
and results that have a realistic possibility for finding
their way into future applications.
Each of the chapters contains numerous references

to the literature, with the expectation that this book
will serve both as a classroom text, and as a source
book that directs the reader to important work be-
yond that treated within the volume. At the end of
every chapter is a section called Further reading. As its
title implies, these sections provide a short, curated
list of books, review papers, and other references that
the reader may wish to access to deepen his or her
comprehension of a particular topic. Finally, every
chapter also contains a section of approximately 10
problems. These problems are meant to challenge the
readers’ understanding of selected topics contained
within the chapter. Students in my graduate-level
course are set a single problem every week to re-
inforce the material that they have learned during
the previous lectures. Hence, many of the problems
tend to be highly conceptual, somewhat lengthy,
and challenging. In a few cases, the reader will need
to refer to the literature to obtain a materials property
or fill in a concept that is not completely provided
in the problem or the book. Like any research prob-
lem, the solutions may not always be unique, or they
may require the use of a computer. Once solved,
they should provide a deeper understanding, and
perhaps lead to new insights that are not fully
addressed in the material presented within the chap-
ters themselves.

Using this book in class

I have taught both one and two semester courses
using notes that are the basis for this book. Most
recently I have taught these courses at the University
of Michigan that has a 13 week semester, amounting
to approximately 40 class hours. This is shorter than
many schools whose semesters typically last from
15 to 17 weeks. Below is a table that provides ex-
ample readings, topics and teaching cadences for a
15 week semester, assuming 3 class-hours/week.
Sample curricula for both one and two semester
courses are shown. There are three possibilities for
1 semester courses: the first column shows a com-
prehensive but necessarily brief coverage of the en-
tire field. Covering such a breadth of material in one
semester makes this more of a survey course that
necessarily compresses or omits much important
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material. Yet another format is to turn the two semes-
ter course into either a 1 semester course on funda-
mentals, or one that focusses only on devices
(semesters 1 and 2 of the 2 semester course on the
right hand column, respectively). The examples can
be modified in many different ways to suit the inter-
ests of the class or the needs of the instructor. In all
cases, the subject is laid out like the book: it starts by
introducing the subject (Chapter 1), laying the foun-
dational principles of organic semiconductors
(Chapters 2–5), and then launching into discussions
covering the important device operating principles,
designs, and applications (Chapters 6–8). Note that
for convenience in teaching a two semester course,
Chapter 5 is moved into foundations. Several of the
detailed sub-sections on materials, and mathematical

developments should be omitted. Yet the student can
always use the text to dig deeper. The two semester
course is much more comprehensive, although stu-
dent schedules do not always permit such extended
concentration on this subject. I encourage the in-
structor and the students to experiment with topics
and formats. If you find a better alternative to this
structure, drop me a line.
Companion lecture notes are available for downloading

at www.oup.co.uk/companion/organicelectronics2020
or https://organic-electronics.engin.umich.edu. These
are once again meant to reinforce the material with-
in the book and provide an aid to teaching by
prospective instructors. Please feel free to download
the notes, and use and distribute them as you wish.
I only ask that you acknowledge their source.

Suggested study guide for one and two semester courses on Organic Electronics (15 week semester)

Week Topic (1 semester) Chapter/
Sections
reading

Week
(2 sem.)

Topic (2 semester) Chapter/
Sections
reading

1 Introduction to OE: Overview, history 1.1–1.3 1–1 Introduction to OE: Overview, history,
language

1.1–1.3

2 Common language, crystal structure &
binding

1.4, 2.1–2.4 1–2 Common language, crystal structure &
binding

1.4,
2.1–2.4

3 Optical Prop. 1: Born-Oppenheimer & Franck-
Condon, Fermi’s golden rule, transitions

3.1, 3.2, 3.5 1–3 Calculating structure, epitaxy, self-assembly 2.5 – 2.8

4 Optical Prop. 2: Excitons, Spin, Energy
transfer

3.6, 3.7.1,
3.7.4, 3.8

1–4 Optical Prop. 1: Born-Oppenheimer and
Franck-Condon, LCAO, Fermi’s golden rule,
transitions

3.1–3.5.2

5 Optical Prop. 3: Exciton diffusion and
recombination; Electronic Properties 1:
Energy bands, electron transport

3.9–3.10; 4.1–
4.3.1, 4.3.2.1,
4.3.2.2

1–5 Optical Prop. 2: Understanding spectra,
dimers, excimers, exciplexes

3.5.3–
3.6.5

6 Electronic Prop. 2: Conduction, mobility,
doping, HJs

4.4–4.7 1–6 Optical Prop. 3: Excitons, CT states, spin,
energy transfer

3.6.6–
3.8.2

7 Materials growth & purification, device
patterning, packaging

5 1–7 Optical Prop. 4: energy transfer, exciton
diffusion, recomb. & annihilation; Electron
Prop. 1, Energy bands

3.8.2–
3.10; 4.1

8 Light emitters 1: Basics, efficiency,
fluorescence, phosphorescence, TADF

6.1–6.3.4, 6.4 1–8 Electronic Prop. 2: Energy bands, hopping,
conduction, mobility

4.2–4.4

9 Light emitters 2: Rolloff, White OLEDs,
outcoupling

6.5–6.6.1 1–9 Electronic Prop. 3: Mobility, doping, metal
contacts

4.4–4.6.2

10 Light emitters 3: Outcoupling, reliability 6.6.2–6.7 1–10 Electronic Prop. 4: Contacts, HJs 4.6.3–
4.7.2

11 Light detectors 1: Basics 7.1–7.3.2 1–11 Electronic Prop. 5: O-O and O-i HJs 4.7.2–4.8

12 Light detectors 2: Efficiency, architect.,
materials, transparency

7.3.3–7.4.3 1–12 Purity and crystal growth 5.1–
5.4.2.3

13 Light detectors 3: Multjunc. OPV, reliability,
modules; Transistors 1: Basics

7.5, 7.8, 7.9;
8.1–8.3.2

1–13 Thin film dep, processing, patterning 5.4.2.4–
5.6 (except
5.6.4)

14 Transistors 2: Architectures, morphology,
reliability, apps.

8.3.2–8.4, 8.9 1–14 Nanopatterning, R2R, packaging 5.6.4,
5.7–5.9

15 Semester Review 1–15 Semester Review

(Continued )
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A few organizational notes

As mentioned above, the best use of this book will be
made by those who have a suitable background in a
few key subjects. Thus, a basic familiarity with quan-
tum mechanics, electricity and magnetism, and semi-
conductor devices is highly recommended, although
holes in your understanding of some topics will be
filled by reading this bookwhose intent is to be instruc-
tional to a broadly interdisciplinary readership. Also, it
is not important to have a background in organic
chemistry, although that is helpful. This book iswritten
by a physicist/electrical engineer who has worked for
35 years in the field without a formal background in
that subject, although I have picked up a fair amount of
it along the way. A few key chemistry definitions and
concepts needed to proceed with this volume are pro-
vided in Chapter 1. Additional background is pro-
vided as it is encountered in the text to enable the
understanding of a particular topic.

The chapters are replete with commonly used acro-
nyms (e.g. VTE for vacuum thermal evaporation).
Following conventions found in the scientific
literature, these acronyms are generally defined by
their first use in each chapter. However, a reader
who is skipping ahead to research a specialized

point may find it challenging to locate the definition
of a particular acronym. Hence, many common
acronyms are collected for convenience in Appendix
A. The chapters describe numerous example experi-
ments, data and devices, each using a plethora
of materials and layers. Identifying each compound
by its chemical nomenclature based on the Inter-
national Union of Pure and Applied Chemistry
(IUPAC) standards is quite disruptive to the narra-
tive flow. For this reason, in all but a few cases,
the compounds are identified by their acronyms
(e.g. PTCDA for 3,4,9,10-perylenetetracarboxylic
dianhydride), with their IUPAC nomenclatures
provided in Appendix B.
Each chapter begins and ends with a summary of

the important points being addressed. Particularly
useful equations are highlighted in boxes, and the
first use of an important technical word or phrase
(e.g. exciton) is identified by italics, along with a def-
inition of that term.
We often use the very convenient Dirac bracket

notation when discussing quantum mechanical
wavefunctions and integrals. That is, wavefunctions
are expressed using the ket-vector:

ψA ¼ jAi:

Week Topic
(1 semester)

Chapter
reading

Week
(2 sem.)

Topic Chapter reading

1 2–1 Review Semester 1. Light emitters 1: Basics, Displays 6.1, 6.4

2 2–2 Light emitters 2: OLED basics, efficiency, emission processes,
materials

6.1–6.3.3

3 2–3 Light emitters 3: TADF, annihilation, White OLEDs 6.3.4–6.3.5,6.5.1–6.5.4

4 2–4 Light emitters 4: WOLEDs, outcoupling 6.5.4–6.6

5 2–5 Light emitters 5: Reliability, lasers 6.7.4 – 6.8

6 2–6 Detectors 1: Basics, photoconductivity, photodiodes 7.1–7.2

7 2–7 Detectors 2: PD apps, solar cell basics, efficiency, architecture 7.2.2.4–7.4.1

8 2–8 Detectors 3: Morphology, materials, transparency 7.4

9 2–9 Detectors 4: Multijunction OPV, singlet fission, light trapping,
reliability

7.5–7.7

10 2–10 Detectors 5: Modules; Transistors 1: Basics 7.9–7.10; 8.1–8.3.3

11 2–11 Transistors 2: Ambipolar, circuits, architectures,
phototransistors, morphology, patterning

8.4–8.7

12 2–12 Transistors 3: SAMs, reliability, apps. 8.6.1, 8.7–8.9

13 2–13 Other topics Selected from Ch. 9 or
other sources

14 2–14 Other topics Selected from Ch. 9 or
other sources

Review 2–15 Review of Semester 2 and the entire course
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and its complex conjugate is given by the bra-vector:

ψ�
A ¼ hAj:

Similarly, integrals are replaced by the bracket:
ð
ψ�
AΩψBd

3r ¼ hAjΩjBi;

where Ω is an operator. Finally, the expectation value
of an operator is given by:

hΩi ¼

ð
ψ�Ωψd3r
ð
ψ�ψd3r

:

Stephen Forrest
Ann Arbor, Michigan
Rochester, Vermont

2019
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CHAPTER 1

Introduction to organic electronics

“There is no object so soft but it makes a hub for the wheeled universe.”
Walt Whitman, American Poet, Song to Myself

Whatmakes organic semiconductors such a fascinating topic for study? Beyond thematerials andphysics vistas
that openwhenwe study suchmaterials,we also should ask the question, are they useful? Since you are reading
this book, youmost likely already know that they are enormously useful. After all, their largest application is in
organic light emitting diode (OLED) displays, today amultibillion dollar industry that exhibitsmassive growth
each year. In this chapter, we briefly introduce the topic of organic semiconductors, and by extension their
applications in organic electronics, by providing an overview of the scientific and technological scope of the
field. We show that intensive study over the last 70 years has created extraordinary insights into the physics of
disordered materials, while also launching global industries that employ thousands of scientists and engineers
across multiple disciplines that stretch from physics and chemistry, to materials science, and electrical and
mechanical engineering. Indeed, organic electronics is the quintessential interdisciplinary subject. To be con-
versant and innovative in this field, one must understand multiple technical languages and be able to collab-
orate effectively across the boundaries of traditionally “siloed” fields of study.
This chapter (and book) is meant to motivate the reader to dig deeper into this literally limitless subject, and

along the way perhaps explode a fewmyths that have swirled around the field almost from its beginnings. The
chapter is meant to provide a common language that will help the reader bridge the gulf that separates the
disciplines, and often creates a barrier to understanding and communication. Hence, at the outset, we define a
few essential terms thatwill aid in understanding the context and terminology that is used throughout the book.
The materials have unique properties that are determined by their fundamental excited state, the exciton.

The excitonic nature of organic semiconductors, that is distinct from the band-like character of inorganics, is
a direct consequence of the weak intermolecular bonding forces that form the materials into their solid
state. Given the frailty of those bonds, the materials tend to be disordered, leading to unusual properties
beyond their tendency to form strongly bound excitons. We therefore devote a section to a comparison of
the distinct properties of organic and inorganic semiconductors. Indeed, their differences lead to their
satisfying very different applications when exploited in optoelectronic devices such as displays, transistors
and solar cells.
Following this comparison, we provide a brief history of the field. It has been an interesting and colorful

history indeed, extending from the discovery of organic semiconductors, to the awarding of a Nobel Prize, to
the present day where organic electronics is the foundation of global industries. And to cap it off, organic
electronics was launched into the twenty-first century by being the focal point of the largest fraud in the
history of physics. Indeed, such a fraud could only have been perpetrated on an emerging field for materials

Organic Electronics: Foundations to Applications. Stephen R. Forrest. © Stephen R. Forrest 2020.
Published in 2020 by Oxford University Press. DOI: 10.1093/oso/9780198529729.001.0001
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1.1 What is an organic semiconductor?

Organic compounds are formally defined as those
that comprise at least one carbon-hydrogen bond.
However, this term is often more loosely defined
as simply referring to any carbon-rich compound.
Thus, solely carbon-containing compounds such as
the fullerenes (e.g. C60), or carbon nanotubes are
sometimes incorrectly referred to as organic when
used in devices. Nevertheless, these two types of
materials find extensive use in photodetectors and
solar cells. But strictly speaking, they are not or-
ganic compounds. Molecules without C–H bonds
are known as inorganic compounds. In the solid
state, organics are a member of a broad class of
soft materials that are primarily bonded by weak
van der Waals forces, although there may be small
admixtures of other forces such as Coulomb attrac-
tion due to charge transfer between molecular
units, hydrogen bonds, etc. A result of weak bond-
ing forces in soft materials is a relatively high
degree of disorder that is a combination of dynam-
ic processes (i.e. thermal motion between neighbor-
ing molecules as well as intramolecular vibrations),
as well as static disorder from crystalline defects.
As we will find in Chapters 2–4, disorder is a
significant factor that leads organic solids to have
optical and electronic properties that are distinct
from those of more strongly bonded solids, such as
metals and semiconductors.
The preponderance of organic solids are electrical

insulators, that is, they have a large energy gap that

substantially limits the number of thermally excited
charges into the conduction level at room tempera-
ture, and hence their conductivity is very small. Also,
the wide energy gap results in transparency in the
visible. On the other end of the conductivity spectrum
are metallic compounds that are based on charge
transfer salts. The materials that have found the
most use in organic electronics are those with inter-
mediate energy gaps, ranging between 0.5 and
3 eV. Like all conventional semiconductors, their con-
ductivity can be modified over many orders of mag-
nitude by introducing either an electron-accepting or
electron-donating compound to provide the host
semiconductor with either p-type or n-type conduct-
ive character, respectively. Also, their intermediate
energy gaps result in optical absorption or emission
across the visible, and into the near infrared (NIR)
regions of the spectrum. This feature makes organic
semiconductors ideal candidates for optical emitters
and detectors (including solar cells) that operate with-
in these spectral zones.
The properties of organic compounds can be

tuned over a nearly limitless range by modifying
their composition; even the smallest modification,
or chemical functionalization can lead to large
changes in the optical or electronic properties of the
molecule. And when that molecule is part of a solid,
the bulk material itself can possess both physical and
optoelectronic properties that are distinct and help-
ful for understanding their fundamental properties,
or are useful in applications such as displays, light-
ing, or solar cells.

whose properties, even today, defy description by comprehensive theories that are nowhere near as complete
and precise as that found for inorganic materials.
We next digress to briefly provide some useful terms that will help the reader navigate the more in-depth

discussions found in subsequent chapters. There, we will provide important example molecular structures
and common terminologies that can serve as a reference for the rest of the book. More specialized terminology
will be provided within the context of the topic where it is first introduced. A section is included that
confronts some pervasive myths that have been created about this field, for example, organics don’t live
long enough to be useful, or solution processing is less costly than vapor deposition, etc. These myths need to
be confronted, however briefly, with more in-depth consideration of their origins, and what separates these
impressions from the truth, found later in the book.
We finish our introduction by describing what makes organic electronics so appealing a topic for engineers

and scientists worldwide. That is, we address the question, “What is organic electronics good for?” Is it a
solution looking for a problem, or does it enable important optoelectronic device applications niches that are
inaccessible to other, conventional semiconductors? We will lay out the rationale for organic electronic
devices that have motivated the technical community, and large industries, to devote so much effort and
resources over many years toward their development and application. We hope that by the end of this
chapter, you too will be motivated to learn more about this exciting and promising field that is nowmaking a
difference to so many lives around the globe.

4 INTRODUCTION TO ORGANIC ELECTRONICS



Organic materials are broadly classified into three
different types: small molecules, polymers and bio-
logical molecules, with examples provided in Fig. 1.1.
Small molecules are organics with a well-defined mo-
lecular weight. The smallest molecular structure con-
sists of a single unit, called amonomer. Here, -mer comes
from the Greek, meros, or part. The example shown in
Fig. 1.1a is platinumoctaethylporphyrin (C36H44N4Pt),
which is an intensely emissive red phosphorescent
compound. The inclusion of a metal Pt atom in the
molecule makes this a member of the class of metalor-
ganic compounds. Its formal International Union of
Pure and Applied Chemistry (IUPAC) nomenclature
is platinum(II) 2,3,7,8,12, 13,17,18-octaethyl-21H,23H-
porphyrin. Compounds are referred to in this volume
by their common acronyms, in this case PtOEP. Their
full IUPAC designations are found in Appendix B.

Two or more monomers can be connected into a
molecule that consists of a well-defined number or
repeat units called dimers (two units), trimers (three
units), tetramers (four units), and so on. These are all
members of the class of materials comprising a plur-
ality of monomers, called oligomers (from Greek oligoi
meaning “few”). Each monomer is linked by a con-
necting unit, which may be no more than a C–C bond
shared between monomers, or it may consist of a
moiety comprising multiple bonds and atoms. Like
monomers, oligomers have well defined molecular
weights, that is, an oligomer is composed of an exact
number of atoms. A schematic representation of a
series of oligomers is shown in Fig. 1.2.

A solid solution containing a population of oligo-
mers may be monodisperse, where each member of the
population is identical. For example, the solution
comprises only trimers. However, solutions that con-
tain populations of oligomers of different molecular
weights are polydisperse.
Another type of molecular material with monomers

arranged in branches originating from a central
core is a dendrimer. This species of molecule gets its
name from its resemblance to dendrites, or branched
projections from a single core such as found in hoar
frost, ferns, neurons, and other “hub-and-spoke”

(c)

Pt
N N

NN

n

(b)(a)

Figure 1.1 Three types of organic molecules. (a) Molecular materials, represented by a monomer of platinum octaethylporphyrin. The upper diagram is
the molecular structural formula, and the lower is a “ball and stick” representation of the same molecule. The metal (Pt) atom is shown in yellow, the small
circles are H atoms, the larger open circles are C and N (the latter shown in green each bonded to the central Pt). (b) Polymeric materials consisting of an
indefinite number (n) of monomer units of p-phenylenevinylene. The lower diagram represents a long chain comprised of hundreds or thousands or these
molecular links. (c) A protein molecule of biological origin (Wikipedia, 2019).

© Created by Boghog (user) and licensed by the Creative Commons Attribution-Share Alike 3.0 Unported (https://creativecommons.org/licenses/by-sa/3.0/deed.en)

=

n

Monomer Linking unit

Dimer

Trimer

Tetramer

Polymer

•
•
•

•
•
•

Figure 1.2 Hierarchical assembly of molecules from monomers to
polymers. The linking unit may have a stable terminating group indicated
by the circles. Also, the polymer can be represented by a single monomer
unit repeated n times as shown in lower right.
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structures. Two example dendrimers are shown in
Fig. 1.3. The number of units along a single branch
gives the “generation” of the dendrimer. That is, a
molecule comprising only a core unit is a monomer.
Formally, this is a first generation dendrimer. More
interestingly, a second generation dendrimer com-
prises a core that is branched into a second rank of
monomers, and if these are in turn branched yet
again, it is a third generation dendrimer, and so on.
Since a dendrimer has a well-defined molecular
weight, it too is a member of the broad class of small
molecular weight materials, although high generation
dendrimers may have very large molecular weights,
indeed. Dendrimers have found their primary appli-
cations in medicine, providing possible routes for
directed delivery of drugs to specific sites (Tomalia
et al., 2012). Unfortunately, these large, dandelion-
shaped molecules do not form strong intermolecular
couplings in the solid state. This inhibits both charge
and energy transfer between molecules, thereby limit-
ing their use as electronic materials, although they can
be intensely luminescent.
Molecular compounds can be synthesized in the

laboratory, or they can have natural biological ori-
gins. The first artificially synthesized molecule was
urea. Credited to Friedrich Wöhler in 1828, this dis-
covery ushered in the field of organic chemistry.
A common example of a small molecule that can be
synthesized or can be found in nature is anthracene,
whose molecular structural formula is shown in
Fig. 1.4. Anthracene, which is found in anthracite

(known as hard coal) and even in interstellar space
(Iglesias-Groth et al., 2010), was discovered to have
semiconducting properties over 60 years ago (Karl,
1989). Indeed, it was among the first organic materials
to be developed for its optoelectronic properties, emit-
ting dim blue light when electrically excited (Pope
et al., 1963). Anthracene comprises three fused phenyl
rings with alternating single and double carbon
bonds. These single and double bonds are in reson-
ance, that is, the bond arrangement can alternate be-
tween carbon atoms, finding equivalent positions
shifted 60° from those shown in the figure without a
gain or loss in energy. Thus, the electrons in the hy-
brid p-orbitals of the carbon atoms in the rings are
delocalized, that is, they are shared by all the other
carbons covalently bonded within the molecular
plane. This electronic delocalization forms what is
known as a conjugated electron system. A cyclic, planar,
closed ring molecule with resonant bonds such as
anthracene is an aromatic compound. Aromatic mater-
ials are of considerable interest in organic electronics
due to their stability, their ease in forming films and
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Figure 1.3 Two example dendrimer molecules. (a) 54 ferrocene (so named due to the 54 ferrocene groups on its periphery), and (b) a fourth generation,
luminescent metalorganic dendrimer with an Ir atom at its core.

Figure 1.4 The molecular structural formula of anthracene (C14H10).
Each outer vertex is bonded to an H atom (not shown). Double and single
C bonds are indicated.
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crystals by thermal evaporation in vacuum onto a
substrate, and their very strong absorption bands
from the visible and into the NIR. They are known
as aromatics since many have strong odors. A prime
example of this is the simplest, single carbon ring
molecule, benzene (C6H6), a principal ingredient of
fossil fuels. Due to their intense absorption spectra,
aromatics have long been used as dyes in textiles and
paints, and as inks used in photography, printing, etc.
Hence, many compounds are readily available in
large quantities, and most importantly, they can be
inexpensive, leading to their widespread application
as dye stuffs.

In contrast to small molecules, a polymer is a chain
of monomers or oligomers of indefinite length (see
Figs. 1.1b and 1.2). Polymers are the basis for plas-
tics, whose combination of light weight, stability,
strength and flexibility has led to their ubiquitous
adoption as materials used in construction, pack-
aging, windows, etc. The first synthetic polymer
was “Parkesine” based on cellulose introduced by
Alexander Parkes in 1856, and the first fully synthet-
ic polymer was Bakelite (Leo Baekland, in 1907) that
found applications as an electronic insulator. The
vast majority of polymers used today are insulators,
and hence are optically transparent. Their stability
has both benefits as well as significant deficiencies.
Stable polymers resist degradation, which is benefi-
cial in many applications where long-term durability
is essential. On the other hand, their stability has
generated an immense amount of refuse contribut-
ing to global pollution that humankind appears at a
loss of how to manage.

The use of polymers as active electronic materials is
a relatively new development, extending only over
the last few decades. In 1963, Bolto and coworkers
discovered conduction in the polymer, polypyrolle
(Bolto et al., 1963). This was followed in 1977 when
the polymer, polyacetylene, was doped with an elec-
tron accepting molecule to vary its conductivity over
several orders of magnitude (Shirakawa et al., 1977).
This showed that the electronic properties of poly-
mers can be varied by introducing extrinsic impur-
ities, analogous to impurity doping that has made
inorganic semiconductors useful as electronic mater-
ials. Today, polymer semiconductors are widely in-
vestigated for their potential applications in virtually
all organic electronic devices.

In the solid state, both small molecules and
polymers pack together to form amorphous,
polycrystalline or single crystalline structures,
depending on the physical and electronic proper-
ties of the molecules, and the processes used to

form the solid. The morphologies of small molecule
and polymer solids can vary significantly due to
their compact vs. extended and folded structures,
respectively. Since the separate molecular units are
not chemically bonded to each other, organic ma-
terials tend to be soft and fragile, although they can
also be very flexible and even ductile.
Small molecules are deposited both from the

vapor phase, or from solution when they are func-
tionalized to have high solubility. In contrast, high
molecular weight polymers are only deposited from
solution since their mass prevents volatilization by
heating below their decomposition temperatures.
This results in significant differences in film stability
and purity between these classes of compounds.
Indeed, their different film-forming properties has
led to the widespread adoption of small molecules
rather than polymers in electronic devices. This
topic will be considered further in Part II, on
applications.
The last class of organic materials comprises highly

complex molecules of biological origin (Fig. 1.1c). Ex-
emplary molecules include deoxyribonucleic acid
(DNA), proteins, and photosynthetic complexes.
With only a few exceptions (e.g. DNA), this class of
molecules has not been investigated for its electronic
properties since the molecules are highly complex and
cannot be synthesized in the laboratory, and they
typically require an aqueous solution to maintain
their function, shape or bulk morphology. Neverthe-
less, protein complexes can be solidified into well-
defined crystal structures, such that detailed informa-
tion on their molecular structures has been obtained.
This understanding is central to our developing an
understanding of the relationship between molecular
structure and function in biological systems. And
there are some examples where biological systems
have provided important models for electronic sys-
tems as well, such as photosynthesis, neural net-
works, etc. A significant differentiating feature
between biological and artificial electronic systems is
that the former have the capacity for self-repair. Cel-
lular damage that occurs during use, or exposure to
environmental agents can sometimes be corrected by
the biological machinery encoded in the genome. Ar-
tificially engineered organic or inorganic electronic
devices have no such ability; when damage occurs it
permanently impairs the operation of the device or
system. Electronic systems manage this problem only
poorly through the use of device redundancy in some
applications where long-term operation is critical (e.g.
in remote space-borne and undersea systems). Given
their complexity, today we have only the most
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primitive understanding of the chemical and electron-
ic properties of biological molecules, and hence they
have yet to play a significant role in the field of or-
ganic electronics.

1.2 The differences between organic and
inorganic semiconductors

Before we can fully appreciate the rationale for
using organic semiconductors in practical applica-
tions, we must first understand the key differences
between this materials species and conventional,
inorganic semiconductors. In this section, we ad-
dress the question, “What are the characteristics of
organic electronic materials that distinguish them
from their inorganic analogs, and what is the im-
pact of their inherent limitations and advantages
on the performance of devices in which they are
employed?”
A comparison of properties of organic and inor-

ganic semiconductors is provided in Table 1.1. The
single most distinguishing feature of organic semi-
conductors is their absence of intermolecular chem-
ical bonds. Organic solids are primarily bonded by
purely electrostatic van der Waals bonds due to in-
duced dipole-induced dipole interactions discussed
in the following chapter. These bonds can also have
an admixture of Coulombic attraction due to charge
transfer between neighboring molecules, or hydro-
gen bonds, but normally these contributions are
small compared to those from van der Waals forces.

In any event, there are no chemical bonds between
the molecules. This is in stark contrast to inorganic
materials that consist of chemically bonded atomic
species (Ashcroft and Mermin, 1976). Chemical
bonds can be covalent due to sharing of electrons
between atoms within the semiconductor (as in Si
and Ge), or primarily ionic due to Coulombic attrac-
tion of anion/cation atomic pairs (CdTe, ZnSe, etc.).
In some semiconductor alloys, bonding is via a mix-
ture of both covalent and ionic bonds (e.g. InP,
GaAs, GaN, TlP).
While intramolecular covalent forces are respon-

sible for binding atoms within the compound, the
lack of intermolecular chemical bonds results in stark-
ly different electronic and mechanical properties in
organic and inorganic materials, summarized in
Table 1.1. This distinction is so profound that it gov-
erns all the physical, electronic and optical properties
of these materials. The overriding importance of the
bond type is emphasized by highlighting the entry in
the table.
The strong chemical bonds in inorganic solids have

a dissociation energy of ~1–5 eV, which is at least an
order of magnitude higher than for organics. Thus,
organic materials are elastic and flexible, whereas in-
organics are stiff and brittle. The low intermolecular
binding energy of organics requires a comparatively
low temperature to dissociate the molecules from the
solid (~100–500°C). However, most inorganic semi-
conductors thermally decompose at double to triple
the highest temperatures tolerated by organic solids,

Table 1.1 Comparison of typical properties of inorganic and organic semiconductors

Property Organics Inorganics

Bond type van der Waals Covalent/ionic

Intermolecular bond Energy 0.1 eV 1–5 eV

Energy band width 0.01–0.5 eV 1–4 eV

Charge transport Polaron hopping Band transport

Charge mobility �1 cm2/V s ~1000 cm2/V s

Conduction levels Frontier orbitals Bands

Dielectric constant
(Refractive index)

2–3
(1.5–2)

10–15
(3–5)

Peak absorption
(Oscillator strength)

105–106 cm�1

(High)
103–104 cm�1

(Low)

Exciton species Frenkel Wannier–Mott

Exciton binding energy ~500–1000 meV ~5–10 meV

Exciton radius ~10 Å ~100 Å

Hardness Soft Hard

Flexibility Flexible Brittle
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although there are compounds whose bond dissoci-
ation energies (BDE) are near the higher end of the
range experienced by organics (e.g. HgTe). Not sur-
prisingly, decomposition temperatures of organic
compounds are often considerably higher than their
evaporation temperatures, since the intramolecular
chemical bond strengths are similar to those of inor-
ganic materials. The low solid dissociation tempera-
ture of organics allows for film deposition at or near
room temperature, leading to a low “investment” of
energy required for device fabrication. On the other
hand, low decomposition temperatures can be a
source of thermal instability that shortens device life-
time, or may prohibit its use at even modestly
elevated temperatures. At sufficiently high intermo-
lecular bond energies, molecular decomposition
occurs at lower temperatures than needed for evap-
oration. In this case, dissolving molecules in a solvent
and then casting or spraying them onto a substrate is
a more appropriate means of deposition. Solution
processing is almost exclusively used for large mo-
lecular weight species such as polymers and dendri-
mers, as well as for many fragile small molecules (see
Chapter 2).

Covalent bonds result in delocalization of elec-
trons among all atoms arranged periodically in a
crystal. Thus, charges move relatively unimpeded
over large distances, and respond collectively to an
applied electric field. This leads to a high charge
mobility (100–104 cm2/V-s at room temperature in
homogeneous and alloy semiconductors), and wide
energy bands. Lattice periodicity results in the open-
ing of a band gap of energy, EG, between the conduc-
tion and valence energies. Charge delocalization
creates a large density of electronic states (DOS) spread
across a bandwidth (BW) of several eV, as shown in
Fig. 1.5. In contrast, organic semiconductors have an
energy gap between narrow, frontier molecular elec-
tronic orbitals. The highest occupied molecular orbital
(HOMO) is comprised of the most energetic elec-
trons bound to the molecular π-system; they are the
highest molecular valence states. Similarly, electrons
in the lowest unoccupied molecular orbital (LUMO)
comprise the least energetic conduction states. Ra-
ther than forming a continuous DOS, the deeper
orbitals in organic crystals are relatively independ-
ent of each other due to weak electronic interactions
between buried electronic states in neighboring mol-
ecules. The states deeper within the occupied and
unoccupied orbitals are denoted HOMO-i and
LUMO+i states, where i is the index of an orbital
relative to the frontier orbital (where i = 0). Note
too, that the DOS for inorganics begins at zero at a

band edge, whereas for organics it is relatively con-
stant and high within each narrow orbital. The dens-
ity of states of each orbital is approximately equal to
the molecular number density.
A situation analogous to organics obtains in engin-

eered inorganic semiconductor structures such as
quantum wells, wires and dots. In those cases, the
bands disaggregate into a series of narrow energy
levels characteristic of the size of the independent,
nanometer-scale quantum confined regions. Indeed,
quantum dots (QDs) play a role in inorganic semicon-
ductors that is similar to the nearly independent mol-
ecules comprising a molecular crystal. This is
particularly true of molecules that are doped at low
concentration into a matrix comprising a different
compound. For example, luminous dye molecules
(called lumophores) within a wide energy gap matrix
act independently of each other, exhibiting the same
properties as the isolated molecule. Hence, the dopant
can be thought of as a QD within a wider energy gap
semiconductor, or insulator.
We note that the organic semiconductor energy BW

is never 0 eV, as is characteristic of completely iso-
lated atoms and molecules. If this were the case, there
could be no carrier momentum within the level, and
hence charge transport between molecules would be
impossible. In fact, for the most tightly packed

BW
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Energy(a)
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Energy
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•
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LUMO+n
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Figure 1.5 Characteristic energy level schemes of (a) an inorganic
semiconductor with band gap energy, EG, and (b) an organic
semiconductor with an energy gap of approximately the same magnitude.
Here, DOS is the density of electronic states, HOMO is the highest occupied
molecular orbital, LUMO is the lowest unoccupied MO, and BW is the
width of the corresponding band. The “fuzzy” depiction of the HOMO
represents the case of a tightly packed organic crystal that has developed
incipient, or narrow band-like character. EVBM and ECBM are the energies
of the valence band maximum and conduction band minimum,
respectively.
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organic crystals, relatively large energy band widths
of ~500 meV are observed. These levels are said to
form incipient bands that give such organics many
properties similar to those found in inorganic semi-
conductors. An excellent example of this class of mol-
ecules is PTCDA with a small intermolecular van der
Waals spacing of only 3.21 Å. As a result of its band
structure, PTCDA has been the subject of investiga-
tion for over 30 years, with properties that bridge the
chasm between organic and inorganic materials
(Forrest, 1997). This highlights a fascinating charac-
teristic of organics: they have properties shared by
both insulators and conventional semiconductors,
and by the individual molecules and their bulk con-
densed state.
The distinction between band gap energy and en-

ergy gap is an important one that is often confused in
referring to the energetic properties of organics. The
existence of a band gap implies that there is an energy
band with a continuum of electronic states that begins
at the valence band maximum energy (EVBM) and
extending to much lower energies, and from the con-
duction band minimum energy (ECBM), extending to
much higher energies. The narrow bands characteris-
tic of organics, therefore, make it more appropriate to
simply refer to the energy separation of the HOMO
and LUMO as the energy gap.
Band-like transport leads to a relatively high charge

mobility. The bulk charge mobility of inorganic
semiconductors is 103–106 times higher than organic
semiconductors, whose charge transport is due to
incoherent hopping from one molecule to the next.
Hopping refers to the process where momentum of
a charge is randomized at each molecular site along
its transport path. The transport, therefore, is incoher-
ent: the history of where the charge has been has little
or no influence on the next step that it takes as it drifts
from molecule to molecule in an electric field. The
hopping process can be activated either by tem-
perature or an applied electric field. These are, re-
spectively, known as thermally or tunneling-assisted
hopping.
The optical characteristics of the solids, too, are

dramatically modified by the nature of their cohesive
forces. Chemical bonding leads to a high polarizabil-
ity of a substance due to the collective response of a
delocalized sea of electrons to an external electric
field. This leads to relatively high dielectric constants
and the corresponding refractive indexes compared to
van der Waals bonded solids.
An incident photon can be absorbed by a single

molecule in the solid. The excited state can subse-
quently transfer from a molecule to its neighbor,

thus resulting in the diffusive energy transport over
substantial distances, sometimes as large as 50–100
nm. A mobile molecular excited state is known as an
exciton. Since transitions from the ground to the ex-
cited state have a very high oscillator strength, the
excitonic properties of organic materials dominates
their optical response (Silinsh, 1980, Pope and
Swenberg, 1982). For this reason, organic materials
are often called excitonic materials, and the study of
their optical properties is known as excitonics. In con-
trast, delocalized valence electrons and their distribu-
tion in energy over a broad DOS lead to a much lower
oscillator strength in inorganic semiconductors. These
transitions are thus between bands vs. discrete
orbitals.
An archetype molecule can be represented by a

two-level energetic system shown graphically in
Fig. 1.6. The arrows represent electrons, one with
spin up and the other with spin down in the ground
state, S0. The spin down electron is elevated in en-
ergy via photon absorption into the first excited
state, S1. As we show in Chapter 3, S0 and S1 connote
quantum mechanical spin singlet states. The absent
electron in S0 is a hole that is Coulombically bound
to the unpaired, excited electron. The pair can hop
from molecule to molecule, transporting energy con-
tained in the excited state across the solid. The
bound pair is the exciton, illustrated by the shaded
oval in Fig. 1.6.
When the electron and hole are localized on a single

molecule, the species is called a Frenkel exciton. Its
radius is on the order of the dimensions of the mol-
ecule, as depicted in Fig. 1.7a. Due to the low dielec-
tric constant of the material, its binding energy ranges
from 0.5 to 1 eV, and hence it is stable at room tem-
perature. This stability allows it to diffuse long dis-
tances before the excited electron relaxes back to the
ground state, thus eliminating the exciton. The

S0

S1

Figure 1.6 A molecular excited state. The arrows represent electrons
with spins pointing up or down, the dashed arrow is the absence of an
electron in the ground state, and the dashed oval is an exciton, or bound
electron–hole pair. The singlet ground state is labeled S0, and the excited
state is S1.
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molecular relaxation can be either radiative or non-
radiative via defect states within the material.

During transport, the excited electron can
momentarily transfer to a neighboring molecule, cre-
ating an anion-cation pair of neighbors. The delocal-
ization of the charge over a pair, or between only a
few neighboring molecules is known as a charge
transfer (CT) exciton, or charge transfer state, as
shown in Fig. 1.7b. The binding energy of the CT
state is substantially smaller (~0.1–0.5 eV) than that
of a Frenkel exciton due the reduced Coulomb at-
traction of the spatially separated charges. Finally,
the high dielectric constant of inorganic semicon-
ductors leads to effective field screening between
the photogenerated electron–hole pair, resulting in
a very loosely bound (5–10 meV), and consequently
a large Wannier–Mott (W-M) exciton that extends
over many atomic sites (see Fig. 1.7c). This excitation
is weakly absorbing, and is only stable at low tem-
peratures. Structures such as quantum wells, wires
or dots can be engineered to confine the electron and
hole within a nanometer scale energetically bounded
region, giving the W-M state more stable, Frenkel-
like character. Hence, the optical properties of such
artificial structures can also be dominated by ex-
citons compared to the native, bulk semiconductor.
In the absence of quantum confinement, the absorp-
tion of a photon in inorganic materials primarily
results in the direct band-to-band generation of free
charge, bypassing an exciton intermediate. These
materials are, therefore, called “band-like,” with ab-
sorption features that are broad, extending from the
band gap to much higher energies.

The very large oscillator strengths of primary tran-
sitions in organics make them highly absorptive over
relatively narrow spectral bands (typically ~100 nm
full width at half maximum), that are broadened by
thermal motions (phonons) between atoms compris-
ing the molecule. The absorption coefficients of organ-
ic semiconductors are ~105–106 cm�1, which is on the

order of that of atomic systems. This is another out-
come of the similarity between molecular and two-
level atomic systems, whose densities of states are
approximately equal to the number density of mol-
ecules in the solid.
The narrow and intense absorption spectra typical

of molecular thin films are shown in Fig. 1.8 for sev-
eral members of a class of non-fullerene acceptor mol-
ecules used in organic photovoltaic (OPV) cells. The
excitonic absorption of each molecule is rigidochro-
mically shifted from a peak wavelength of 650 nm to
850 nm, depending on the particular molecular struc-
ture. A rigidochromic spectral shift refers to the appar-
ent translation of the spectra without significant line
broadening or changes in shape from molecule to
molecule. The double peaks of each exciton line are
due to different intramolecular vibrational modes of
the molecules; in this case they arise from the C–C
bond stretch with energy of ~1500 cm�1 (Chapter 3).
Several interesting properties of organics are readily
apparent from these spectra. For example, the peak
absorption wavelength blue shifts as the molecular
backbone consisting of sulfur-containing (thiophene)
rings is lengthened. Attaching Cl to the end-capping
groups also increases the peak absorption wave-
length. This series of molecules and spectra dramatic-
ally illustrates the versatility of function obtained by
subtle modifications in the molecular design.
The large oscillator strengths of organics also lead

to their highly efficient optical emission resulting
from radiative recombination of excitons; the process
opposite to exciton generation via absorption. In
Fig. 1.9, we show several Ir-based organometallic
compounds used in high efficiency, electrophosphor-
escent OLEDs, or PHOLEDs (Thompson et al., 2007).
Organometallic refers to compounds that contain at
least one bond between an organic ligand, or molecu-
lar grouping, that has coordinating bonds to a metal
atom. The compounds in Fig. 1.9 are thus known as
coordination complexes. The various compounds each

(a) (b) (c)

–
–

–

+
+ +

Figure 1.7 (a) Frenkel, (b) charge transfer (CT), and (c) Wannier–Mott excitons. The molecules or atoms are the hatched circles on square lattice sites,
and the electron and hole are denoted by “�” and “+,” respectively. The dashed circles are the approximate spatial limits of the corresponding excitons.
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emit at a different wavelength, with their character-
istic narrow emission spectra shown in the figure. As
in the compounds in Fig. 1.8, the spectra are almost
rigidochromically shifted from the blue to the NIR,
depending on the exciton energy of the ligand. The
color coordinates of the various PHOLEDs are lo-
cated on the Commission Internationale d’Eclairage
(CIE) chromaticity chart. This collection of mol-
ecules, whose emission ranges from cyan to deep
red, is another example of the power of ligand
functionalization—that is, by making subtle changes
to their composition, the emission wavelengths of
this set of molecules can span the visible spectrum.
In contrast to the spectra in Fig. 1.8, inorganic semi-

conductors tend to be broadly but weakly absorbing,
with absorption coefficients one to two orders of mag-
nitude smaller than organics. The oscillator strengths
in inorganic materials are lower since the interaction
with a photon is spread over a large number of delo-
calized electrons. Many common semiconductors
such as Si, Ge, and GaAs have a black appearance
due to their very broad bandwidths that stretch from

their band edge in the NIR and across the visible,
although wider band gap semiconductors such as
GaN are transparent since they only absorb from the
blue into the ultraviolet (UV).
We noted above that the weak van derWaals bonds

give molecular solids and polymers their soft mech-
anical character, opening up vast new opportunities
for applications that are inaccessible to conventional,
inorganic semiconductors. For example, organic sol-
ids can be flexible, whereas inorganic semiconductors
are often very hard, brittle and subject to fracture.
While organics are soft, and hence easily damaged
by handling, they are also bendable, can conform to
any number of oddly shaped surfaces, and can even
be folded without cracking.
In this context, one of the drawbacks of weak inter-

molecular bonds is that the materials are prone to
developing structural defects such as dislocations,
and the incorporation of interstitial impurities during
growth. Hence, it is challenging to grow large single
crystals or thin films with low defect densities, as is
commonly achieved in inorganic semiconductors. As
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an example, 450 mm diameter single crystalline Si
boules have been produced, whereas single crystals
of organics are generally no larger than 10 mm on a
side. The lack of chemical bonds also allows for in-
gress of foreign atoms and molecules, causing rapid
oxidation, hydration or attack by solvents. Finally, the
relatively weak intramolecular bonds can be easily
dissociated by photophysical (e.g. exposure to high
energy radiation such as UV light), chemical, photo-
chemical (e.g. oxidation that is accelerated by simul-
taneous exposure to oxygen and light), or thermal
means. For example, the C=C bond energy, one of
the strongest in an organic molecule, is 602 kJ/mol,
whereas for Si–Si it is 222 kJ/mol. However, in a Si
crystal, each Si atom is bonded to four neighbors,
resulting in a total bonding energy of nearly 900 kJ/
mol. The relatively weak bonds in organic molecules
are vulnerable to bond rupture and other routes to
decomposition. The film crystalline morphology is
similarly vulnerable to environmentally-induced
changes. For this reason, organic electronic devices
must be protected from exposure to atmosphere and
high energy radiation if their long-term operational
stability is to be assured.

An interesting feature of organics is the pro-
nounced asymmetry of their properties along differ-
ent crystalline directions. For example, intermolecular
van derWaals bonds provide weak adhesion between
polymer chains, although along the chains, strong
chemical bonds give the material properties that are

more band-like. Similarly, small molecules are often
asymmetric, with very different stacking habits par-
allel and perpendicular to a particular molecular axis.
Hence, very large differences in refractive index, mo-
bility, conductivity, and absorption (i.e. birefringence)
are found along different crystalline directions. Even
their stress tolerance has a well-defined directionality
for ordered polymer or molecular solids (Forrest,
1997).
A qualitative summary of some of the attributes of

organics compared to inorganic semiconductors is
given in Table 1.2. This table provides a partial an-
swer to the question, “What are organic semiconduct-
ors good for?”A positive attribute is noted by a “+,” a
very positive attribute by multiple “++,” whereas
negative and neutral attributes are noted by “�”
and “0,” respectively. Heading the list of differentially
positive attributes for organics is their ability to be
deposited on very large area substrates at low cost.
Hence, organic semiconductors are ideally suited to
fill the niche of “big devices” such as displays, light-
ing and solar cells whose performance and attractive-
ness scale with size. Inorganics fill the niche of the
“very small.” Their enablement of enormously com-
plex circuits containing billions of transistors per
square centimeter lies at the foundation of modern
electronic technology. This is a domain that is com-
pletely unsuitable for organic electronic circuits
whose smallest components (e.g. an OLED pixel in a
high definition display) are at least three orders of
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magnitude larger than transistors in commercial cir-
cuits with dimensions of 5–10 nm. For this same rea-
son, the “complexity” of organic electronic circuits is
far lower than that of inorganics. In Chapter 8 we will
see that organic transistor circuits comprising several
thousand devices have been demonstrated, yet this
pales by comparison to today’s computer central pro-
cessing units (CPUs) with 5 billion transistors, or
memories with 10–100 times that many devices. Of
course, complexity is only a virtue in applications
where it is needed. Hence, if we adhere to the prin-
ciple that we only use technologies in applications
that derive benefit from their use (i.e. we do not
want to provide a solution in search of a problem),
then large area devices such as displays and solar cells
do not obviously improve simply by making more
complex, and smaller pixels or device structures.
Large area devices are also ubiquitous devices.

Solar cells, displays, lighting, and medical electronic
devices (the latter provides a potential niche for or-
ganic transistor circuits), are found virtually in every
corner of the globe, in almost every household and on
every electronic appliance. In producing, using and
ultimately disposing of these devices we must be
concerned with their environmental impact. As
noted above, the low bond energies of organics
leads to low processing temperatures in their depos-
ition and film formation processes. Hence, they can be
produced at an energy expense far below that needed
for strongly bonded inorganic substances such as Si or
GaAs, the two most common inorganic electronic
materials. Furthermore, the materials themselves are
relatively non-toxic compared to, for example, per-
ovskites and CdTe used in solar cells due to their
heavy metal content, unstable bonds, etc. Hence, at

the end of their useful life, organic devices can be
disposed of, and even recycled with a relatively
small negative impact on the environment. Of course,
plastics provide an enormous and growing environ-
mental threat due to their lack of biodegradability.
Generally, these types of plastics are not electronic
materials. However, they are used as substrates for
organic electronics, and in packaging of conventional
electronic devices. This environmental threat requires
immediate attention, and represents a challenge that
extends far beyond the boundaries of electronic
technology alone.
Circuit fabrication requires patterning that extends

from the macro (i.e. >1 m2 substrates) to the nano-
meter scales. As we will discuss in Chapter 5, device
patterning is primarily based on photolithography.
This requires the deposition of a thin, photosensitive
polymer resist onto the circuit surface, followed by
selective optical exposure and removal of the resist in
areas where it is not needed. The resist itself is depos-
ited, developed and stripped using a combination of
solution and dry processing steps. A typical electronic
circuit may require 50–100 applications, exposures
and removals of resist during a fabrication sequence
to create the numerous device layers and patterns
required by the circuit. Unfortunately, organic mater-
ials can be damaged by solution-based photoresist
processing. Also, there is often little “materials con-
trast” between an organic polymer resist and the or-
ganic active layer. This makes it difficult to selectively
remove a resist from an underlying electronic layer
based on chemical differences. For these reasons, pat-
terning of organic devices creates challenges that are
absent in conventional electronic device fabrication.
Patterning techniques such as direct printing, stamp

Table 1.2 Qualitative comparison of attributes of organic and inorganic semiconductors when applied to electronic devices

Attribute Inorganicsa Organics

Large area ��� +++

Cost �� ++

Complexity ++ 0

Green processing �� +

Easy to pattern + 0

Tunable properties 0 ++

Optical absorption �/+ ++

Optical emission �/++ ++

Conductivity + ��
Device reliability ++ �
a “�” = negative, “+” = positive, and “0” = neutral attribute of a material. Repetition of a symbol indicates a higher emphasis on this attribute, either
positive or negative.
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transfer, laser patterning, etc. have been developed to
accommodate the material vulnerabilities of organics.
These techniques, however, are not nearly as well
developed nor as versatile as is photolithography.
This has proven to be an impediment to making or-
ganic circuits whose complexity is not anywhere near
that of inorganic semiconductors. Of course, we have
already noted that large area electronics generally do
not need the same level of precision in features and
complexities required for nanometer scale transistor
circuits.

The entry in Table 1.2 entitled “tunable properties”
refers to the facility with which a material or struc-
tural composition can be changed to meet a specific
requirement of the target application. The vast flexi-
bility in properties easily accessed through the syn-
thesis of organic compounds precisely designed to
meet an application need is a truly unique advantage
of organic electronics; a field founded on the extraor-
dinary versatility of organic chemistry. The solids
themselves are soft, allowing for their layering into a
variety of structures, albeit creating films that have a
large degree of structural disorder. The situation is
considerably different for inorganic semiconductors.
Their stiff lattices require that a layer of the desired
composition has a lattice structure that is matched in
symmetry and size to that of the substrate on which it
is grown. Hence, inorganic alloy semiconductors are
constrained to lattice-matched, or to only minimally
strained systems, such as GaAs/AlGaAs, GaN/
InGaN, or InP/InGaAs(P). Engineered, quantum con-
fined structures expand the range of properties and
materials used, but ultimately these constraints are far
more limiting than those hindering organic materials.

We have already mentioned that optical absorption
and emission are exceptional strengths of organic
materials due to their excitonic nature. But what
about inorganics? The most pervasive of all semicon-
ductor materials is, of course, Si. While this material is
ideal for electronic applications, it is a poor optical
material due to its indirect band gap. Direct absorp-
tion, particularly at energies near the energy gap of
EG = 1.1 eV, is absent. Thus, optical detectors must
have thick absorption regions to yield a high external
quantum efficiency, that is, the ratio of photogener-
ated electron–hole pairs collected at the contacts to the
number of photons incident on the photodiode. We
will find in Chapter 7 that this forces a compromise
between quantum efficiency and detector bandwidth
that can be surpassed by organic materials. Neverthe-
less, if bandwidth is not an issue, the perfection
achieved in Si purity and device performance can
result in near unity quantum efficiency in solar cells

and detectors. The indirect band gap of Si prohibits its
use as a light emitting diode or laser.
Direct band gap materials such as GaAs, GaN, and

InP have excellent optical properties, although once
again the range of wavelengths accessed with ease is
not as great as for organics. Yet, fiber optic communi-
cation is based on extremely high efficiency light
emission from InP-based lasers, and high band-
width/high quantum efficiency detectors using this
same materials system. Similarly, efficient and long-
lived lighting based on InGaN technology is wide-
spread. While inorganic semiconductors have inher-
ent materials limitations that are absent in organics,
time and again inorganics have been tailored to meet
a diversity of optical device applications at the highest
device performance.
Low charge mobility results from electronic states

localized on individual molecules, with very limited
overlap with adjacent molecules in the solid. As noted
above, the conduction is via incoherent hopping from
molecule to molecule. In a device, this property mani-
fests itself as a very high resistivity. And high resist-
ance, in turn, limits the current that can be
transported in transistors, light emitters, and so on.
Additional consequences of resistive materials are a
low bandwidth response to optical or electrical sig-
nals, as well as Joule heating that can reduce the
device lifetime or increase energy consumption.
These deficiencies are not nearly as pronounced in
inorganic devices due to their band transport nature,
leading to charge mobilities orders of magnitude lar-
ger than for organics. Note, however, that the low
bandwidth and current carrying capacity of organics
can be partially mitigated by keeping molecular
layers thin. The very high absorption coefficient of
organics requires layers that are sometimes less than
10% of the thickness used in inorganic photodiodes
with similarly high quantum efficiencies. Further, the
emission efficiency in PHOLEDs routinely ap-
proaches 100% from layers that are <5 nm thick.
Hence, while high resistance is undoubtedly a draw-
back, device and materials designs have been ad-
vanced that minimize the disadvantages that this
property would otherwise engender.
The last entry in Table 1.2 brings up the topic of

reliability. The weak chemical bonds in many com-
pounds lead to their rapid decomposition under heat,
atmosphere and/or light. Hence, organic materials
have the reputation of being unstable. It is logical to
expect that the devices employing such compounds
will have an unacceptably short operational lifetime.
While it is generally true that organic devices can be
highly unstable and thus impractical for use, it is also
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true that by using high purity, state-of-the-art mater-
ials in an appropriate package that prevents contam-
ination from the environment, very long lifetimes
can be achieved. In Chapter 6 we will show that
OLEDs can have lifetimes extending to millions of
hours, and OPV cells can possibly operate for tens to
thousands of years. While reliability is an over-riding
concern for all organic devices, there are many ex-
amples where this problem has been solved or re-
duced to provide electronic appliances that are as
reliable as their inorganic semiconductor analogs. Ul-
timately, the standard for acceptable reliability is de-
fined by the target application. A thermally unstable
material cannot be employed in a device whose ap-
plication demands use at elevated temperatures. Yet
that same device may fill a niche where high temper-
atures are never experienced. In Part II, the issue of
device reliability, and how to quantify it is addressed
for OLEDs, OPVs and organic thin film transistors
(OTFTs). We will find in each case that acceptable
reliabilities have been achieved, although organic de-
vices are rarely if ever as robust as those based on Si or
alloy semiconductors employed in high bandwidth,
high temperature applications.

1.3 70 years of advances in organic
electronics

One cannot understand where one stands today if one
is unaware of the advances made in the past. To fully
appreciate the subject of organic electronics it is,
therefore, worthwhile to briefly review its history,

and some notable discoveries made along the way
that led to its current state of advance. But the ques-
tion is, where to start? Not with the synthesis of urea
by Friedrich Wöhler in 1828. While that discovery
arguably marked the foundation of the field of organ-
ic chemistry, a discipline that underpins every ad-
vance made in organic electronics, urea is not an
electronic material, nor was it ever identified as such.
With this criterion in mind, I somewhat arbitrarily

choose the foundation of the field of organic electron-
ics by the discovery of semiconducting properties of
violanthrone by Akamatu and Inokuchi (1950). In-
deed, Hiroo Inokuchi is often regarded as the “father
of organic electronics.” Akamatu and Inokuchi meas-
ured the resistivity of this molecular solid, which was
found to decrease with increasing temperature. The
thermal activation of the resistivity has a characteris-
tic energy, Δε, that these investigators correctly iden-
tified as twice the energy gap of the material. This
advance, more than any that had preceded it, clearly
assigned semiconducting properties to an organic ma-
terial, launching the field of organic electronics.
A timeline showing selected milestones in the sub-

sequent development of the field is shown in Fig. 1.10.
This timeline is admittedly brief, and only shows a
few such milestones. I apologize in advance for all the
important (even momentous) discoveries that have
been omitted. Specific references made in the figure
are provided in Table 1.3, listing seminal papers that
have forever changed this exciting, and still evolving
interdisciplinary field of science and technology. In
the remainder of this section, we will briefly note the
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specifics of these milestones, leaving more detailed
descriptions for the reader to discover through the
papers themselves, and in the remainder of this
book where much of the important content of the
papers can be found.

An interesting feature to note in Table 1.3, is that
among the various discoveries and innovations, there
is a dramatic shift between a focus on fundamental
discoveries (denoted by “F” in the “Type” column)
and those that are primarily technological (denoted
by “T”). This change abruptly occurred with the dem-
onstration of the first efficient, all-organic bilayer rec-
tifying solar cell by C. W. Tang, at Kodak, in 1986
(Tang, 1986). This was soon followed by the an-
nouncement of a 1% quantum efficiency, low voltage
(~10 V) bilayer organic light emitting device, later to
be named an OLED (Tang and VanSlyke, 1987). In the
midst of these announcements came that of the first
organic polymer thin film transistor based on poly-
thiophene (Tsumura et al., 1986). After these innov-
ations, the organic electronics community turned
much of its attention from past pursuits aimed at

understanding the fundamental properties of organ-
ics, toward developing these materials for use in what
was apparently becoming a practical device technol-
ogy. This is not to say that all important work was
purely fundamental prior to these seminal discover-
ies, nor that afterwards only technological innov-
ations were sought. Far from it. Indeed, such a
broad categorization of any scientific or engineering
work into fundamental or applied is admittedly arbi-
trary. Yet there is no denying that once an organic
rectifier, a light emitter and a transistor were demon-
strated to have potentially practical performance
characteristics, that the attention of the scientific
community swung hard toward the pursuit of even
higher performance that would eventually fulfill the
long-held hope that low cost and high performance
devices based on soft, organic electronic materials
would catalyze new global industries, realizing appli-
cations that were otherwise inaccessible to conven-
tional semiconductors.
Given this unique turn of events, the historical

timeline in Fig. 1.10 has been, again somewhat

Table 1.3 Several discoveries and innovations made during the 70 year history of organic electronics

Discovery/advance Date Typea Reference

Radiationless energy transfer 1948 F (Förster, 1948)

Organic semiconductors 1950 F (Akamatu and Inokuchi, 1950)

Exchange energy transfer 1953 F (Dexter, 1953)

Theory of electron transfer 1956 F (Marcus, 1956)

Polaron theory 1959 F (Holstein, 1959a)

Organic electroluminescence 1965 F (Helfrich and Schneider, 1965)

High conductivity doped polymers 1977 F (Shirakawa et al., 1977)

Organic/inorganic junctions 1982 F (Forrest et al., 1982)

Mobility of ultrapurified organics 1985 F (Warta et al., 1985)

Organic solar cell 1986 T (Tang, 1986)

Polymer TFT 1986 T (Tsumura et al., 1986)

Bilayer OLED 1987 T (Tang and VanSlyke, 1987)

Doped OLED 1989 T (Tang et al., 1989)

Polymer OLED 1990 T (Burroughes et al., 1990)

Bulk heterojunction 1995 T (Halls et al., 1995, Yu et al., 1995)

Fullerene acceptors 1995 T (Yu et al., 1995)

Electrophosphorescence 1998 T (Baldo et al., 1998)

C60 acceptor 2001 T (Peumans and Forrest, 2001)

i7500 Galaxy phone AMOLED display 2009 T

Diode theory of organic junctions 2010 F (Giebink et al., 2010b)

55” OLED TV 2012 T

iPhoneX AMOLED display 2018 T

a Type refers to either fundamental (F) or technological (T).
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arbitrarily, divided into two periods. The first is the
“Era of Organic Electronic Science and Discovery,”
and the second is the “Era of Organic Electronic Tech-
nology,” neatly divided in 1986 with the invention of
the bilayer organic solar cell.
We begin our timeline two years before the land-

mark work of Akamatu and Inokuchi, with the
theory of electrostatic energy transfer elucidated
by Förster (1948, 1959). While the theory was de-
rived with the purpose of describing energy trans-
fer in photosynthetic complexes, it is now widely
applied to describe energy transfer and exciton dif-
fusion in organic electronic solids in general. The
transfer process is known as fluorescent resonant
energy transfer, or FRET (also known as Förster res-
onant energy transfer). While FRET occurs over dis-
tances of a few nanometers via dipole-dipole
coupling between molecules, a tunneling-like trans-
fer dominates at shorter distances. This is known as
exchange energy transfer, or Dexter energy transfer,
named after the person who first derived its prop-
erties in a landmark paper in 1953 (Dexter, 1953).
The process of charge transfer from molecule to

molecule that underlies hopping conduction was de-
veloped by Rudolf Marcus, who won the Nobel Prize
in Chemistry in 1992 for his seminal contributions.
Known as Marcus electron transfer, it describes the
general process of charge transfer in organic electron-
ic materials, although it was first developed to under-
stand charge transfer in chemical reactions (Marcus,
1956, 1957). This deceptively simple theory predicts
unusual behaviors of electron transfer in molecular
systems such as the so-called Marcus inverted region
that governs charge transfer from the donor to accept-
or molecules in organic solar cells. A natural exten-
sion of Marcus theory is the concept of the small
polaron as the charge carrier in organic solids. An
electron or hole within an organic significantly polar-
izes the surrounding medium, creating a shallow self-
trapping site. Thus, the charge finds itself heavily
“dressed” by the molecules in its immediate vicinity,
taking on a large effective mass. This is a very differ-
ent situation than exists in inorganic semiconductors,
where a high density of surrounding, mobile charges
screen the effects of a free charge, significantly limit-
ing its polarization of the medium. The concept of the
polaron, therefore, is central to our understanding of
hopping transport that leads to low chargemobility in
organic materials. This concept was quantitatively
described by Holstein in a pair of papers in 1959
(Holstein, 1959a, 1959b).
Demonstrations of organic electroluminescence in

anthracene (Pope et al., 1963, Helfrich and Schneider,

1965) introduced a new phenomenon to the organic
electronics community. Injecting charge at high volt-
ages (100 V to >1000 V) from aqueous electrodes into
anthracene crystals produced faint blue emission.
This was distinct, however, from work done 20
years later by Tang and co-workers, who employed
very thin film bilayer devices that operated at very
low voltages, and that emitted bright green light at
much higher efficiencies.
Shirakawa, Heeger, and MacDiarmid were the first

to electronically dope an organic polymer to vastly
alter its conductive properties (Chiang et al., 1977,
Shirakawa et al., 1977). This team doped the insulat-
ing polymer, trans-polyacetylene, with AsF5 to in-
crease its conductivity from 10�5 S/cm to > 100 S/cm.
Doping is essential in fabricating semiconductor junc-
tions by converting intrinsic semiconductors to either
a p- or n-type conductor. Likewise, the ability to dope
an organic semiconductor opened the possibility that
their conductive properties, too, would usher in new
generations of organic electronic devices. This team
was recognized for its contribution by receiving the
Nobel Prize in Chemistry in 2000.
The rectifier is the most basic, active (i.e. non-

linear) electronic component. Considerable research
into the mid-1980s was therefore directed at dem-
onstrating such a device using organics. Possibly
the first such successful device was the demonstra-
tion of highly asymmetric current characteristics in
the forward vs. reverse biased directions obtained
by layering an organic semiconductor onto the sur-
face of a Si wafer (Forrest et al., 1982). Today,
organic-inorganic junctions are widely investigated
for their use in QD solar cells, nonlinear optical
devices, and as platforms for multiexciton gener-
ation in solar cells (Dexter, 1979). Interestingly,
this organic–inorganic rectifier was the first device
to employ the molecule, PTCDA, as an electronic
material. As we will see in subsequent chapters,
PTCDA is a remarkable material given its excellent
film-forming capabilities, large and anisotropic
charge mobility, and closely coupled electronic
states from which an incipient band structure
emerges,. Indeed, it has become one of only a hand-
ful of model materials broadly studied to under-
stand the properties of organic semiconductors.
It had long been thought that organic materials

have very low charge mobilities. Thus, the work of
Warta, Stehle, and Karl made a profound impact on
our understanding of organics with their work on
ultrapurified naphthalene and perylene (Warta et al.,
1985). They found that by zone refining, mobilities of
purified crystals of several hundred cm2/V s can be

18 INTRODUCTION TO ORGANIC ELECTRONICS



obtained at low temperatures. Mobilities this high
clearly suggest band transport, a property that was
thought to be the sole domain of inorganic semicon-
ductors. But that preconception changed due to these
experiments. To this day, this work stands alone as
having reported the highest mobilities for organic
systems, largely due to the careful removal of impur-
ities from the nearly perfect molecular crystals.

The work of Warta et al. marks the end of the Era
of Organic Electronic Science and Discovery, since
it was followed a year later by the landmark papers
from Kodak on bilayer junction solar cells and
OLEDs. One additional important, later contribu-
tion from the Kodak group was the demonstration
of doping of the emission region of an OLED with a
fluorescent lumophore (Tang et al., 1989). It was
discovered that the efficiency (and ultimately the
lifetime) of OLEDs can be increased by including
only a few percent of the luminescent molecule
within a conducting, wider energy gap matrix,
whose combination forms the emission layer. In a
doped device, excitons are formed on the matrix
material by electrical injection, and are then trans-
ferred with near unity efficiency via FRET to the
lumophore. The lumophore itself radiates with
higher efficiency than if it were used as a neat
layer in the OLED due to the elimination of concen-
tration quenching: the process whereby an excited
state on a molecule is non-radiatively quenched
due to vibronic coupling to neighboring molecules.
The excited state is readily quenched by contact
between similar molecules that dissipates by coup-
ling to inter- and intramolecular vibrational modes.
Isolation of the individual fluorescent molecules
traps the excited state on the luminescent species,
reducing its ability to dissipate energy. Hence, the
demonstration of doping was an important step
toward realizing efficient OLEDs.

The work of Tang and VanSlyke focused on
vacuum deposited small molecule devices. How-
ever, an unfulfilled promise of organic electronics
was that solution deposition can significantly sim-
plify the fabrication of device into a one-step, one
beaker procedure. The demonstration of the first
solution-processed polymer OLED was a step to-
ward realizing this dream (Burroughes et al., 1990).
The active material used in this single layer device
was poly(phenylenevinylene) (PPV). Its yellow
emission exhibited only 0.05% external quantum
efficiency, although it operated at reasonably low
voltage and demonstrated how a simple, solution-
processed device might eventually become a prac-
tical light source.

Polymers were soon shown to have uses in solar
energy harvesting with the invention of the bulk het-
erojunction (BHJ) solar cell.(Halls et al., 1995, Yu et al.,
1995) The BHJ comprises a bicontinuous, or inter-
penetrating network of donor (D) and acceptor (A)
materials that creates a large surface area for exciton
dissociation at the D–A junction. By blending these
materials excitons dissociate into free charges very
near to their point of origin (i.e. the point of photon
absorption), thereby decreasing losses from exciton
diffusion that are experienced in bilayer junctions.
The BHJ is now found in many high efficiency
OPVs. An additional advance by Yu et al. was the
introduction of a solution-processed fullerene accept-
or, PC61BM, into the device active region (Yu et al.,
1995). The rapid charge transfer from a donor to the
fullerene with its high thin film electron mobility has
since led to its widespread use in OPVs.
Fluorescent OLEDs are limited through spin statis-

tics to only 25% internal quantum efficiency. The
internal efficiency is the ratio of the number of
photons emitted to the number of electron–hole
pairs that undergo radiative recombination within
the device. The injection of electrons produces a ran-
dom population of spins, resulting in the formation of
singlet and triplet excited states at a statistical ratio of
1:3 within the emission layer of the OLED. Unfortu-
nately, only singlet states are quantum mechanically
permitted to radiatively recombine on fluorescent
molecules, thus wasting the energy used to generate
the 75% triplet population (see Chapters 3 and 6). In
1998, a solution to this problem was offered. Employ-
ing metalorganic molecules comprising a heavy metal
atom such as Pt or Ir couples the spin on the lumines-
cent molecular ligand with the orbital angular mo-
mentum of the heavy metal atom. Using a heavy
metal with a large electronic orbital momentum en-
sures strong mixing of the singlet and triplet states
(Baldo et al., 1998, 1999). This so-called spin–orbit
coupling allows the singlet state to rapidly cross to
the triplet state manifold on the ligand, and for the
triplet to become radiative. This enabled what is now
known as electrophosphorescence. When heavy metal
atoms are used in electrophosphorescent OLEDs, or
PHOLEDs, the internal quantum efficiency increases
to 100%. This innovation led to intense interest in
PHOLEDs for use in high efficiency displays and
lighting, giving birth to today’s multibillion dollar
OLED display industry.
A similar design used in PHOLEDs was then

incorporated into a double heterojunction small mol-
ecule OPV, employing the first vacuum-deposited
fullerene, C60, in an organic solar cell (Peumans and
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Forrest, 2001). This work, combined with that of Yu
on solution-processed polymer photodiodes, was fol-
lowed by a series of innovations on fullerene
acceptor-based solar cells that has led to consistent
improvement in efficiency persisting for over two
decades.
No history of organic electronics would be com-

plete without mentioning the singular events sur-
rounding the largest fraud in physics, perpetrated
by J. H. Schoen at AT&T Bell Laboratories, that ex-
tended from 2000 to 2001. The understanding of the
properties of disordered soft materials is sufficiently
incomplete that it allowed for a breathtaking abuse of
scientific norms that were reported in a series of as-
tonishing papers that regularly appeared in Science
and Naturemagazines, and a few other scientific jour-
nals. These papers appeared to literally rewrite all of
our understanding of condensedmatter physics. Over
a period of approximately 2 years, startling discover-
ies were reported, ranging from organic lasers to
extremely high performance monolayer OTFTs em-
ploying ultrahigh mobility materials. Almost all
major phenomena known to condensed matter phys-
ics including the quantum Hall effect, the formation
of Wigner crystals, and superconductivity were re-
ported to have been observed in organic semicon-
ductor crystals in a series of publications until,
inevitably, it was discovered to be a fraud. Numerous
papers and books have been written about this
period, and its causes (Beasley, 2002, Reich, 2009).
Had it not been for the emerging industrial success
of OLEDs, it is plausible that the entire field of organic
electronics could have been set back, or even irrepar-
ably damaged by the scale of this abuse. Also, too
many verifiable and exciting results were emerging
from other labs, admittedly not nearly as apparently
profound as those from Bell Labs, that helped to
prevent the damage of scientific trust from having
too great an impact. Yet as is typical of all aspects of
organic electronics, there is much to be learned from
this experience by the larger scientific community. It
opened up questions about the responsibilities, both
technical and ethical, of collaborators when one of
their own is serially, and somewhat openly abusing
scientific norms. What is the role of the scientific
supervisor and of the larger scientific community for
calling out, and halting this abuse? What is the role of
the journals to ensure that standards of careful scien-
tific review are followed? These will remain open, but
nevertheless essential questions that the Schoen affair
has placed uncomfortably before the scientific estab-
lishment. In spite of the unprecedented scale of the
fakery, the field of organic electronics was not

mortally wounded, although many individual vic-
tims suffered from pursuing false leads and results
created over the 2 years that Schoen was most active.
In spite of this setback, advances in organic elec-

tronic science and applications have been sustained to
the present day. A pivotal event in its success was the
launch in 2009 of the first major organic electronic
product: Samsung’s Galaxy smartphone series em-
ploying active matrix OLED (AMOLED) displays.
Today, more than 2 billion such phones have been
sold, along with OLED tablets, phablets, and so on,
leading to a rapidly expanding US$20 billion market.
Next, LG Electronics introduced 55”, 65”, and 77”
OLED TVs in 2012. Now these TVs are available in
high definition versions, and work is progressing to-
ward commercializing “roll-up” OLED TVs that can
be stowed in a compact box. Most recently, Apple has
entered the OLED display world by the introduction
of the iPhoneX. Beyond OLEDs, major products are
soon to emerge in lighting and organic solar cells. The
future is certainly bright for organic electronics, fol-
lowing its long history of discovery and innovation.
One other fundamental advance worth noting that

applies particularly to organic solar cells, was the
derivation in 2010 of an ideal diode equation for ex-
citonic heterojunctions. In 1949, William Shockley de-
rived the first ideal diode equation for inorganic
semiconductor p-n junctions (Shockley, 1949). As
noted above, the rectifier is the most basic active
element of an electronic circuit. The Shockley equa-
tion created the foundation on which semiconductor
electronics has been built. However, we have seen
that the fundamental physics of charge generation
and transport is fundamentally different for excitonic
semiconductors. Giebink and co-workers undertook
the task of deriving a similar theory for organic junc-
tions starting with the generation of an exciton in
systems governed by the nearly isolated electronic
orbitals of molecular systems (Giebink et al., 2010a,
2010b). This resulted in a theoretical framework simi-
lar to that of Shockley, but faithful to the underlying
physics peculiar to molecular solids. This framework
is helpful in understanding many important aspects
of organic semiconductors, particularly in the context
of photogeneration such as in predicting the thermo-
dynamic limits to organic solar cell efficiency
(Giebink et al., 2011). This work is an example of a
fundamental discovery that has emerged well within
the “Era of Organic Electronic Technology.”
The foregoing provides but a few of the many

examples of significant advances that have led to the
current high state of sophistication in our understand-
ing of the fundamental phenomena of soft organic
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materials. And this understanding has led to their
exploitation in devices that are now enjoying wide-
spread commercial success. It bears repeating that this
historical account omits many important discoveries
and innovations, as it is only meant to give a thumb-
nail sketch of a rich and vibrant history of this fascin-
ating subject. Likewise, separating the timeline into
two “eras” is in itself wholly artificial, yet it helps to
clarify the arc of progress within the field, and it
highlights some of the most transformational events
within that history. Ultimately, this “division” has
also informed the structure of this volume, dividing
it between Part I: Foundations, and Part II:
Applications.

1.4 Aligning on language: a few useful
definitions

This is not a chemistry text. It is written almost entire-
ly from a physics/engineering perspective that is re-
flective of the training of its author. But organic
electronics is a deeply interdisciplinary subject,
where chemists, physicists, engineers and materials
scientists must all convene to effect the progress es-
sential for new discoveries and innovations. It is
nevertheless hoped that this text will be accessible to
readers from all of these communities, independent of
background in fields that lie beyond the scope of one’s
personal training. For this objective to be met, we
must establish a common language. The goal of this
section is to provide a handful of chemical terms that
can serve as a useful reference when they are encoun-
tered in later chapters. No effort is made to be com-
prehensive, as there are abundant resources one can
draw upon to learn more about organic chemistry.
Here, we provide an introduction, with more special-
ized terminology defined in the text where it first
appears.

Conjugation: Organic electronic compounds com-
prise conjugated electron systems, that is, those sys-
tems that share p-orbitals between neighboring atoms
that merge to form a delocalized orbital both below
and above the molecular plane. The delocalized elec-
tronic systems are known as π-orbitals, or π-bonds.
They increase molecular stability by ensuring struc-
tural planarity. Conjugation results from resonant,
alternating single and double C–C bonds that delo-
calize electrons along the molecular backbone.

Aromaticity: Aromatic compounds form a class of
conjugated molecules that are highly stable, have ex-
cellent film forming characteristics when deposited in
vacuum, are generally insoluble, and are commonly
found in organic electronic devices. An aromatic

compound is one that has an uninterrupted cloud of
π-electrons that are located above and below a planar
core. The π-orbital must contain an odd number of
pairs of π-electrons. This is referred to as Hückel’s rule,
where the π orbital of an aromatic must contain a total
of 4n+2 π-electrons, where n is an integer. A subclass
of aromatics are the linear polyacenes of benzene (a
single C ring with n = 1), naphthalene (n =2), anthra-
cene (3 fused rings) and so on, with examples shown
in Fig. 1.11. These constitute a homologous series of
fused ring, planar molecules containing only C and
H atoms. For example, tetracene (compound 4) has
nine pairs of π electrons (count the double bonds in
the figure), or 18 such electrons, giving n = 4. This
series of compounds is found throughout organic
electronics, often used as archetypes to reveal physic-
al or chemical attributes of a specific material of
interest.
Linear polyacenes are members of a larger class of

polycyclic aromatic hydrocarbons (PAHs). A few import-
ant examples of these planar, fused ring aromatics are
shown in Fig. 1.12. PAHs can be found in nature,
particularly in fossil fuel deposits. They are also prod-
ucts from burning organic matter, and are found in
abundance in interstellar space, having been forged in
the interiors of stars. Likewise, they are easily synthe-
sized in the laboratory. Their stability and rich hues
make them useful in clothing dyes, paints, and as ink

1

n – 1

2

3

4

5

6

Figure 1.11 The six lowest order linear polyacenes. 1 = general formula
for the linear polyacenes. n = 1 corresponds to benzene. 2 = naphthalene,
3 = anthracene, 4 = tetracene, 5 = pentacene, 6 = hexithene.
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jet printing pigments. Like their linear analogs, PAHs
are insoluble, but are sufficiently stable to be thermal-
ly evaporated (most PAHs sublime in vacuum on
heating, although a few compounds first go through
a liquid phase).
Functionalization: If the conjugated molecules and

their analogs described above were the end of the
story, the list of organic compounds used in organic
electronics would indeed be short. However, the ver-
satility of organics rests on their ability to be functio-
nalized to gain attributes not present in the parent
molecule. Functionalization is the substitution of a
chemical group (a substituent) on a bond or bonds
of a parent molecule to alter its characteristics. For
example, the molecule benzene in Fig. 1.13 is functio-
nalized by replacing one of its peripheral H atomswith
an R-group. An R-functionalization implies the attach-
ment of a non-aromatic, non-conjugated hydrocarbon.
While it more loosely can include other atoms besides
C and H, it formally applies to a series of C–H mole-
cules known as alkanes, with the formula, R = CnH2n+1.
A series of lowest order alkanes is shown in Fig. 1.14.
The alkanes are also products of fossil fuels, and are

almost all found in the liquid or gas state at room
temperature. Alkanes are most often attached to
PAHs and other molecules to make them soluble in
organic solvents.
Another functionalizing substituent is the Ar- or

aryl group. This is a group derived from an aromatic
ring. Most commonly, Ar- refers to a phenyl (i.e.
benzo) group, but it can also refer to naphthyl derived
from naphthalene, or xylene, pyrene, etc. Hence, an
Ar group is one that derives from an aromatic hydro-
carbon parent.
The last functionalizing group to be considered

comprises heterocyclic substituent molecules.
These are aromatic rings where one (monocycle) or
more (polycycle) carbon atoms are replaced by
other atomic species, such as O, S, N, etc. These
heterocyclic additions can introduce substantial
changes in molecular character, and hence are per-
vasively used to modify molecules employed in or-
ganic electronics. Figure 1.15 provides a reference of
many common heterocyclic substituents found in
organic semiconductors.
Ligand: In inorganic chemistry, a ligand is a func-

tional group that is attached to a metal atom (e.g. Al,
Cu, Ir, Pt, etc.) to form a coordination complex. Metalor-
ganic compounds are ubiquitous in organic electron-
ics. For example, PHOLEDs employ such compounds
to induce spin-orbit coupling via metal-ligand charge
transfer between a heavy metal atom and the light
emitting ligand. Also, the metal complex, Alq3, was
used in the first bilayer OLED due to its intense green
fluorescence when electrically excited.(Tang and
VanSlyke, 1987) One or more ligands can coordinate
with the metal atom, depending on the valences of
the atom. The metal-ligand bond can range from the
purely ionic to covalent. In Fig. 1.16 we show the
molecular formula of Ir(ppy)3 comprising three iden-
tical ligands attached to an Ir core. This is known as a
tridentate molecule (having 3 ligands, or “teeth”)
that is homoleptic (all ligands are identical). In con-
trast, Ir(ppy)2acac is a bidentate, heterolepticmolecule.
Both are phosphors that emit in the green, although
Ir(ppy)2acac is by far the most efficient of the
pair, having been used in PHOLEDs with 100%
internal quantum efficiency (Adachi et al., 2001).
The acetylacetate (acac) ligand, is a non-emissive
ancillary ligand that is attached to satisfy the bonds
of the Ir atom. The general formulation of these
molecules is IrL3 for the homoleptic compounds,
and IrL2X, for heteroleptic molecules with one ancil-
lary (X) ligand.
Porphyrins and phthalocyanines: These two classes of

compounds have optical and electronic properties

R

Figure 1.13 Benzene functionalized by substitution of an H atom with
an R-group.
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Figure 1.12 A series of polycyclic aromatic hydrocarbons.
1 = phenanthrene, 2 = pyrene, 3 = benzopyrene, 4 = corannulene,
5 = triphenylene, 6 = perylene, 7 = benzoperylene, 8 = coronene.
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that are commonly found in devices ranging from
light emitters, to optical detectors, and transistors.
A porphyrin is a heterocyclic compound comprising
four pyrrole subgroups. The heterocycle consists of 26
π-electrons, but only 18 of those electrons form a
continuous, conjugated path around the periphery
of the molecule, as shown for PtOEP in Fig. 1.17. The
parent porphyrin, comprising two H atoms coordin-
ated with the pyrrole groups is known as porphine.
When the H atoms are replaced by a metal coordin-
ated to the pyrroles, the molecule is known as a por-
phyrin. These molecules are characterized by rich
colors and crystal packing arrangements that can
lead to high charge mobilities along the resulting dis-
cotic stacks. Discotic refers to the planar, disc-like
molecules that can stack like poker chips to form
continuous conducting pathways due to overlapping
π-electron systems on adjacent molecules. Porphyrins
are found in biological systems. Examples are Mg
porphyrin which is a light absorbing molecule in
photosynthetic complexes, and Fe porphyrin (so-
called heme) found in red blood cells as a part of the

hemoglobin protein. In organic electronics, heavy
metal porphyrin complexes, particularly those con-
taining Pt, are used as highly efficient phosphor dop-
ants in organic electronics. Indeed, PtOEPwas used in
the first PHOLED, efficiently emitting in the deep red
(Baldo et al., 1998). Similarly, tetraphenyl porphyrin
(TPP), which lacks a heavy metal atom, is an efficient
fluorescent molecule also emitting in the deep red
(Shen et al., 1997). An attractive feature of both the
porphyrins and phthalocyanines is that their optical
properties are strongly affected by the choice of co-
ordinating metal. Hence, minor chemical adjustments
can be made to result in metal porphyrin phosphors
that narrowly emit from the NIR into the blue spectral
regions.
The phthalocyanines (Pcs) are similar to porphyrins

in that they form a class of highly stable, easily de-
posited compounds that are deeply absorbing across
the visible, depending on the transition metal used to
coordinate between the four, peripheral isoindole
groups. Like the porphyrins, 18 π-electrons make up
an extensive, conjugated macrocycle. The parent, or
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Figure 1.14 Lowest order alkane molecules, from n = 1 (methane) to n = 6 (hexane).
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free-base Pc, H2Pc, replaces the metal atom with two
H atoms. By virtue of both their stability and deep
coloration easily modified by changing the metal
atom (Cu, Zn, Pb, VO are just a few of the metals
and compounds used as the coordination center), the
phthalocyanines are used in dyes and even in hydro-
dynamic therapy. CuPc shown in Fig. 1.17 absorbs in
the red, and hence appears to be blue-green to the eye.
Indeed, CuPc was used as a donor molecule in the
first bilayer OPV, exhibiting a power conversion
efficiency of approximately 1% under simulated
solar illumination (Tang, 1986). Their excellent film-
forming characteristics have also led to uses in tran-
sistors. Much less frequently, metal Pc (MPc)
molecules have been incorporated into OLEDs as
contact layers, although this application has been

limited by their strong absorption of the emitted
radiation.

1.5 The myths of organic electronics

Since the earliest years of its development, myths
have swirled around unfounded suppositions
about the physical properties, and capabilities of
organic electronics. After all, organics could not pos-
sibly be useful in practical electronic devices since
they are inherently unstable, right? We know that
living organisms that are comprised of organic mol-
ecules eventually die, they ordinarily cannot be sub-
jected to high temperatures, and they cannot be
exposed to bright sunlight for any length of time
without degrading. All of these preconceptions,
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Figure 1.15 Common heterocycles found in organic electronic molecules.
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Figure 1.16 Two green emissive phosphors: Ir(ppy)3 and Ir(ppy)2acac.
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and many more have slowed the investment in, and
ultimately the progress of organic electronics science
and technology.

But long experience has told us that many of these
prejudices are not founded in fact. After all, some
OLEDs have demonstrated lifetimes of >106 h, and
OPVs have been shown to slowly degrade over
periods as long as decades. These findings have led
to the development of global industries. Indeed,
many organic electronic devices are fit for countless
unexpected, but wholly practical applications, many
of which that are yet to be developed. My opinion,
with caveats, is that organics can “do anything” that
ordinary semiconductors can do, within the appropri-
ate application space.

Within this context, it is helpful to enumerate
some pervasive myths, and to explain the current
state of our understanding that contradicts com-
mon preconceptions. A partial list is provided in
Table 1.4, along with a brief explanation. The chap-
ters in which these myths are more fully addressed
are found in the last column on the right.

Many myths involve supposed costs of organic
electronic devices and processes. While these are dif-
ficult to estimate without data supplied by manufac-
turers, the costs of semiconductors are rarely
dominated by the cost of equipment used in their
production. For example, a semiconductor produc-
tion facility (a “fab”) typically costs over US$5 billion
to build and fully equip, yet the cost of semiconductor
chips represents only a minimal fraction of the appli-
cation in which they are employed (e.g. in a laptop
computer). The costs of high precision equipment,
and an expensive fabrication facility that maintains
extreme levels of purity in a dust-free environment
are amortized over the volume of chips produced.

That is, the most important determinant in cost is
not the capital expense, but rather by the throughput
and yield of the end product.
There are many other myths (and facts) than those

listed in the table. It is an interesting challenge to
think about our notions of the strengths and weak-
nesses of organic materials and devices. This listing
should get one started down the path of separating
fact from fiction that will increase our appreciation of
the advantages and weaknesses that characterize this
rich and useful field of study, and its applications.
And with this knowledge, we are prepared to meet
the challenge of exploding yet another myth.

1.6 Summing up

In this chapter, we have provided the definition of an
organic semiconductor, and how its properties differ
in fundamental ways from those of conventional, in-
organic semiconductors. We have given a thumbnail
sketch of the 70 year history of this most exciting
scientific field, and through that discussion have
seen why it motivates so many scientists to uncover
the mysteries of disordered, soft materials. The ability
to modify materials characteristics offered via organic
chemical synthesis promises unprecedented oppor-
tunities for scientists and technologists to engineer
properties “on demand” that satisfy the needs of a
particular application unserved by other electronic
technologies. Indeed, organic electronics is unique in
its versatility and ability to change the way we inter-
act with, and sense the world around us.
Yet, we have not directly answered the question

that we posed at the beginning of this chapter: “What
is organic electronics good for?” In fact, we have al-
ready answered this question to some extent. After all,
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Figure 1.17 Molecular structural formulae of the porphyrin, PtOEP, and the phthalocyanine, CuPc. The red line in the PtOEP molecule traces the
18 π-electron cycle.
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Table 1.4 Facts and myths in organic electronics

Myth Fact Chapters

Surface morphology can be used to reveal the crystallinity of an
organic thin film

While rough surfaces may indicate a bulk crystalline structure, or a
smooth surface an amorphous one, often the opposite is the case.
X-ray and other structural probes are the only way to tell the true
film morphology.

2, 5

Charge mobilities in organics can approach those of crystalline
inorganics

Hopping dominates in organics, and without exception at room
temperature, dynamic disorder limits bulk mobilities to< 5 cm2/V s.

4

Organic thin film transistors (OTFTs) can lead to reliable mobility
measurements.

Yes and no, it depends on what you mean by mobility. OTFTs can
give a value for the mobility at the dielectric interface, but not the
bulk. The most reliable mobilities are obtained from OTFT frequency
response.

4, 8

Organic devices will always be unreliable Red PHOLEDs have lifetimes in excess of 106 h. Longer lifetimes are
possible, depending on the device. OPVs, too are showing lifetimes
well in excess of 25 years.

6–8

Organic devices are inexpensive since the fabrication processes and
materials do not need the high purity of inorganics

There is no example of a practical devices, either organic or
inorganic, whose performance is not improved by using the purest
materials and most controlled processes possible.

5–8

Ir and Pt complexes used in PHOLEDs need to be replaced by
materials containing atoms less expensive than Ir or Pt.

The cost of materials rarely determines the cost of electronic
devices. However, the cost of synthesizing materials and fabricating
devices do impact device cost. Also, the amounts of these precious
metals used in PHOLEDs are negligible.

6

Solution processing is less costly than deposition in vacuum, hence
making solution processes preferable.

In any manufacturing environment, product throughput is the most
important factor determining cost, not the expense of the machines
employed. Further, whether solution or vapor phase processing is
used, it must be done in an ultraclean environment with highly
controllable and therefore expensive equipment, and there is always
likely to be at least one vacuum deposited layer (e.g. metal contacts)
on a completed device.

5

Single layer polymer devices should be less expensive than
multilayer, complicated structures used for small molecule devices.

All photonic devices, and most electronic devices require multiple
layers to achieve high performance and long lifetime.

6, 7

The performance and cost of organic transistors is insufficient to
make them competitive with emerging metal-oxide transistors that
can also be solution processed.

For many applications, this is undoubtedly true. However, organic
transistors with their form factors, design flexibility, etc. have
opportunities in large area, conformable electronics, medical
devices, stretchable electronics, etc. that are difficult or impossible
to address with other materials systems.

8

LED lighting is so efficient and low cost that OLEDs will not
compete.

The conformability, transparency, fixture design capabilities,
attractiveness, and high efficiency make OLEDs extremely well
suited to many spatial lighting applications.

6

QD LCDs have a color gamut as large as OLEDs. They will eventually
dominate the TV and monitor industries.

QD LCDs are quite attractive, but they still suffer from almost all
other disadvantages of LCDs that are not drawbacks of OLEDs: slow
response, viewing angle and temperature dependence, etc.

6

OPV efficiencies will always be too low to become important for
solar generation

OPV efficiency has gone through numerous “steps” over the years.
Today at >15%, it is poised to make another step toward the
predicted single cell thermodynamic limit of 20–25%. This,
combined with lightweight, semitransparency, etc. make it
promising for many unique solar energy harvesting applications.

7

An electrically pumped organic laser will be achieved by finding
materials with sufficient conductivity and robustness to create
population inversion.

At high currents, the losses of triplets confined to the lasing medium
overwhelm the gain from electrical pumping. Hence, achieving
direct electrical pumping of the gain medium is unlikely.

6

Plastic substrates are inexpensive. The multilayer organic/inorganic stacks needed to provide a barrier
to moisture and oxygen penetration through plastic substrates for
long device lifetime are costly to manufacture. Glass, and especially
metal foils are much less expensive. The latter is the least costly if
lack of transparency is acceptable.

5-8
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OLEDs have generated a massive mobile and TV
display industry that is poised to unseat the long
time, but in many ways inferior incumbent liquid
crystal display technology. And given their very
high efficiency and superb color rendition, OLED
lighting is emerging as a new application opportunity
for organics. OPVs, too, appear to be heading toward
commercialization, and perhaps later, a new medical
sensing technology based on flexible OTFTs will de-
velop.We do not know for sure what the future holds,
but we do know that the enormous strides made in
understanding organic semiconductors, driven in
large part by the intense interest in creating and ex-
ploiting the new market opportunities they have cre-
ated, is opening vistas in physics, chemistry and
materials science that daily increase our understand-
ing of the nature of disordered materials.

In this context, we now define those applications
where the distinct characteristics of organic electronics
provide a clear advantage over other electronic
technologies.

Large area: With their ability to be deposited over
very large (square meter and larger), reasonably
smooth substrates without regard to the constraints
of matching its lattice to that of the substrate, makes
organics ideally suited for applications requiring
large devices. These include displays, lighting and
solar cells where large scale (sometimes the larger
the better) is a virtue.

Flexibility, conformability, foldability: Organic semi-
conductors are soft materials, suggesting that they
can be twisted, stretched and folded without creating
large stress within the thin films comprising the de-
vices. Combined with their ability to be deposited on
almost any smooth surface allows, them to serve ap-
plications where flexibility (e.g. in a roll-up OPV),
conformability (e.g. on a display used on a curved
instrument panel or a shaped lighting fixture), or
even where the device must have a crease, such as in
a fold-up smart phone, are necessary. There are many
challenges to be met to achieve this vision, since the
substrate and the contacts must also allow for the
necessary distortions during use without breakage
or degradation.

Environmental compatibility: The use of generally
non-toxic materials within the application and in its
manufacture is important when we consider the
life-cycle of a product, from chemical synthesis, to
fabrication, to its use, and finally to disposal when
it is no longer needed. Since organics are destined
for use as large area, ubiquitous consumer prod-
ucts, attention to environmental impact becomes
especially important. The low energy investment

required for their near-room-temperature fabrica-
tion is also an advantage compared to conventional
semiconductors such as Si whose process temperat-
ures are ~1500°C.
Low cost: Here it can be argued that organics have

a significant advantage over other semiconductor
technologies. The materials are often dye com-
pounds that can be manufactured in bulk. We will
see in subsequent chapters that thin film deposition
on flexible substrates opens the door to roll-to-roll
(R2R) manufacture of organic devices as conceptual-
ized in Fig. 1.18. This requires a significant paradigm
shift away from producing electronics by the batch
as we do today, to generating product by the kilo-
meter tomorrow! High throughput, R2R manufac-
turing however, must be accompanied by high
manufacturing yield. This is a significant challenge
for displays that require micrometer-scale pixel pat-
terning. However, significant strides have been
made in both demonstrating R2R manufacturing, as
well as nanoimprint patterning that are well suited to
continuous web production. The combination of these
manufacturing functions is also illustrated in Fig. 1.18.
As suggested in Section 1.4, the R2R environmentmust
be contaminant-free, that is, organics are as susceptible
to degradation due to impurities, dust, and other ex-
trinsic agents as is every other electronics technology.
Indeed, there are few, if any examples of an electronic
device technology inwidespread use that has not gone
to great lengths to use the highest purity materials and
manufacturing processes. The experience of the OLED
industry in constantly improving device andmaterials
purity to improve performance is a prime example of
the importance of maintaining the highest standards
from materials purification, all the way through to
device fabrication and packaging. As noted previous-
ly, however, the cost of maintaining materials purity
and processing integrity is more than offset by in-
creased throughput offered via high speed, continuous
R2R production.

metal deposition
Organic
deposition

metal transfer

metal patterning

Figure 1.18 Roll-to-roll concept for the deposition and patterning of
organic devices consisting of organic thin films and printed metal contacts
(Forrest, 2004).

First published in Forrest, S. R. 2004. Nature (London), 428, 911.
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In aggregate, organic materials can lead to dramatic
transformations in how we manufacture, and use
semiconductor devices—allowing for low tempera-
ture solution or vapor-phase-compatible R2R,
processing and deposition on flexible substrates com-
prised of plastic, ultrathin glass, or metal foils. One
vision of the future enabled by this unique combin-
ation of properties is that custom circuits, prepared to
meet the needs of specialized applications, can be
produced “on demand” on the desktop using an or-
ganic electronic printer connected to a laptop com-
puter. This concept might be particularly attractive to
a physician who needs to create a custom monitoring
device for personalized medical applications. Indeed,
this customization paradigm is already making in-
roads in the manufacture of mechanical structures
using 3D printers. Surely, printing of organic opto-
electronic circuits cannot be far behind!

Further reading

1. P. Yurkanis Bruice, 2017. Organic Chemistry, 8th ed. Upper
Saddle River, NJ: Prentice Hall.

2. S. R. Forrest, 2004. The path to ubiquitous and low cost
organic electronic appliances on plastic. Nature, 428, 911.

3. M. Geoghegan and G. Hadziioannou, 2013. Polymer Elec-
tronics. Oxford: Oxford University Press.

4. A. Köhler and H. Bässler, 2015. Electronic Processes in
Organic Semiconductors: An Introduction. Weinheim,
Germany: Wiley VCH.

5. E. Reich, 2009. Plastic Fantastic: How the Biggest Fraud in
Physics Shook the Scientific World. New York: Palgrave
MacMillan.

Problems

1. Table 1.4 provides a list of “myths” that have pervaded
the field of organic electronics over many years.
a. Select a myth, and briefly describe why, or why not it is

a myth. You should find a paper or papers to back up
your arguments: do not just state opinion but provide
support backed up by evidence that your conclusion is
correct. Fully reference your sources (authors, date,
title, volume, page numbers).

b. Find an important and pervasivemyth that is not on the
list. The same standards of proof apply as in part (a).

2. An organic semiconductor has a dielectric constant of 2.5,
and an inorganic has a dielectric constant of 12. Assuming
for the organic that the electron effectivemass ism*

e ¼ 1m0

and the hole effective mass is m*
h ¼ 0:5m0, where m0 is the

electron mass:
a. Calculate the exciton radius, a0, and binding energy,

EB, assuming the Bohr model of the atom is an
appropriate model for an exciton.

b. Redo part (a) for an inorganic semiconductor with
m*

e ¼ 0:1m0.

c. A CT exciton in the organic material is found to have
EB = 0.4 eV. Calculate its radius. Assuming a molecular
dimension of 0.5 nm separated by 0.35 nm, what is the
maximum number of molecules over which this CT
state can spread?

3. This problem requires that you find some information
about materials from the literature. For the materials Si,
TiO2, CdSe, anthracene, and assuming the Bohr model of
an atom, (put your answers to this question in tabular or
graphical form):
a. Calculate their exciton binding energies and

exciton radii.
b. Which would you consider to be Wannier–Mott and

which would be Frenkel excitons?
c. What is a typical intermolecular bond energy in

each case?
4. Akamatu and Inokuchi were the first to observe

semiconductor-like behavior in an organic by measuring
the dependence of conductivity on temperature.
a. Starting with the basic theory of Fermi statistics in

semiconductors, derive expressions that describe the
conductivity (σ) as a function of temperature, T, from
high temperature to near 0 K. Assume that the
semiconductor is n-type with band gap EG, effective
densities of states NC, NV for the conduction and
valence band edges, respectively, and a donor
concentration ND << NC, NV at energy ED below the
conduction band edge. To keep things simple, we
assume that the T-independent mobility of electrons
μe >> μh (the mobility of holes), and that the effective
masses are me, mh, respectively.

b. Plot the results in (a) for Si and Ge withND = 1015 cm�3

and ED = 20meV. The plot should be of the form, log(σ)
vs. 1000/T.

c. From Akamatu and Inokuchi’s resistivity data (in units
of Ω cm) in Fig. P1.4, determine the energy gap of

10
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25 30
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35

Figure P1.4 Resistivity data from Akamatu and Inokuchi (1950).
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violanthrone, as well as the lower limit to the donor
energy, ED. Assume m*

e ¼ m0, the rest mass of the
electron, μe = 0.001 cm2/V s, and that there is one
electronic state per molecule. The value of ED is rather
insensitive to these choices, so you can make intelligent
estimates.

5. Several molecules used in organic electronics are shown
in the accompanying Fig. P1.5.
a. Which of the compounds are aromatics? How many

paired electrons exist in the π-orbitals?
b. Which of the molecules can potentially emit light

efficiently?
c. Can you identify a homoleptic compound?

A heteroleptic compound?
d. Write the chemical formulae for each of the

compounds in the figure.
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CHAPTER 2

Bulk and thin film organic crystal
structures

“Beware of over-confidence; especially in matters of structure.”
Cass Gilbert, American Architect

Crystal structure ultimately determines the properties of a solid. Its binding forces, symmetry, and electrical and
optical properties all arise from the structure of the material. In this chapter we begin our discussion of the basic
concepts of crystalline structures by defining the various types and symmetries that a crystal lattice might take.
Various definitions and conventions used to describe crystal structure, including the concept of the unit cell,
symmetry space groups, identifying and indexing crystal planes, and lattice types, will be discussed with
particular focus on those features most pertinent to organic materials. Next we consider the fundamental forces
that bind materials into solids. These cohesive forces include ionic, covalent, metallic, and most importantly for
organic materials, van der Waals and hydrogen bonds. Our treatment of these bonding forces is based on seeking
the minimum total energy of the crystal—an approach that is conceptually straightforward but in practice is
very difficult to implement on a macroscopic scale.
Almost all optoelectronic devices are comprised of thin films rather than bulk crystalline materials. This is

particularly true for organic semiconductors. The films are typically grown on a supporting substrate that may
consist of a structure very similar to the layers themselves, or they may have a completely different structure,
ranging from amorphous, to nanocrystalline, to single crystalline morphologies. In every case, the growth mode
and resulting film morphology is determined by both the energy between film and substrate, and the thermo-
dynamic conditions employedduring layer growth.Wewill discuss factors relating to the lattice potential energy
that result in a particular film structure ormorphology.We find that themodes of growth are determined by the
thinfilm structure and its relationship to the substrate that results from theparticular binding forces at play.Here,
we distinguish between the principal forms of layer templatingwith the substrate, which include epitaxy, van der
Waals epitaxy, and quasiepitaxy. Indeed, since molecular materials are primarily bonded via flexible (i.e. soft) van
der Waals forces, the resulting structures are a result of the many degrees of freedom that soft bonding allows.
Moving beyond simple layered structures, self-assembly provides a driving force for many organic and indeed
inorganic structures that areofboth scientific andpractical interest. Indeed, self-assembly is anexampleof amulti-
scale processwhereby individual units at one length scale (e.g. atomsormolecules) are functionalized to assemble
into organized units of a much larger scale (from nanometers in the case of thin films, to microns in biological
systems, to even the centimeter scales andbeyond). Bothmolecular andpolymeric organicmaterial structures are
strongly influenced by forces that lead to larger assemblies that produce a broad and rich range of structures.
While this chapter considers the fundamental properties of molecules and assemblies that lead to micro- or

mesoscopic order, it does not provide guidance on how to achieve a desired structure. Further discussions on
growth kinetics leading to target morphologies can be found in Chapter 5, and the following chapters in Part
II when it relates to the performance of a particular device.

Organic Electronics: Foundations to Applications. Stephen R. Forrest. © Stephen R. Forrest 2020.
Published in 2020 by Oxford University Press. DOI: 10.1093/oso/9780198529729.001.0001
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2.1 Molecular materials: definitions

As discussed in Chapter 1, organic materials are
broadly categorized into the large class of “soft ma-
terials.” That is, the materials have a low bulk modu-
lus (i.e. they are compressible and elastic) compared
to covalently or ionically bonded materials. It is the
lack of chemical bonds between the individual cohe-
sive units (e.g. the molecules comprising the solids)
that lends them their numerous physical, optical and
electronic properties. Generally, the term molecular
material refers to that class of materials whereby the
individual cohesive units are not chemically bonded,
but rather cohere due to the presence of purely elec-
trostatic van der Waals and/or hydrogen bonds. An
alternative definition of a molecular material coined by
Kitaigorodsky (Robertson, 1958, Kitaigorodsky, 1973)
is a material where the atoms within a molecular
unit in the crystal are more closely spaced than the
atoms residing on neighboring molecules. For ex-
ample, the nearest point of contact between molecules
in a solid ranges from 3.1 Å to 4.5 Å. However, the
C─C bond distance ranges between 1.2 Å and 1.5 Å,
whereas a H─C orH─Nbond length is ~1 Å. Hence by
this metric, in the solid state, small molecules and
polymers fall within the general class of molecular
materials.
Almost all molecularmaterials are organic. There are

notable exceptions, however. These include non-carbon
containing molecules such as O2, N2, and solid phases
of the noble gases such as Ar, Ne, Xe, etc. In addition,
the fullerenes (e.g. C60, C70, C84, and so on) and collec-
tions of carbon nanotubes are inorganic materials that
also fall within the class of molecular materials.
In this chapter, we are primarily concerned with

organic small molecule materials and the forces that
lead to their peculiar physical properties. We begin by
discussing the crystal lattice structure, crystal sym-
metry and the packing of molecules in the solid
state. This provides a framework for understanding
the specific properties of organic solids. We note that
this discussion covers all classes of structure, but con-
centrates primarily on those found in molecular ma-
terials. Since equilibrium structures are those found at
the lowest lattice free energy, we need to consider
crystalline cohesion; examining the major bonding
forces including ionic, covalent, metallic, van der
Waals and hydrogen bonds.

2.2 Lattices and crystal structure

A Bravais lattice is an infinite array of points that define
the symmetry of the crystal. A three-dimensional (3D)

vector that translates one point to another, identical
point in space, defines the lattice itself. That is, we
introduce the lattice translation vector as

R ¼ laþmbþ nc; ð2:1Þ

where l, m, and n are integers corresponding to the
number of lattice translations, and a, b, and c are
primitive translation vectors that, taken together,
define the smallest unit cell within the lattice that
can be translated to any other identical position
via R. That is, we consider an arbitrary vector, r,
and then any translation to a point r + R will be at
a position equivalent to r within the lattice. The
magnitudes of the translation vectors, a, b, and c
are called lattice constants or lattice parameters.
Figure 2.1 gives examples of R and the primitive
translation vectors of a two-dimensional (2D)
square lattice comprising two atoms (symbolized
by open and closed circles). We see that the choice
of primitive vectors is not unique. Indeed, the only
requirement is that their choice is established by
Eq. 2.1, in that every point in the lattice can be
accessed by integer multiples of the displacement
vectors, a and b.
In an actual material, the atoms or molecules lie

within the unit cell, defined by the primitive transla-
tion vectors. To be a Bravais lattice, the unit cell must
be space-filling; that is, when replicated and trans-
lated by vector R, it must completely fill the crystal
volumewith no gaps or spaces between adjacent cells.
A notable exception to this rule is the quasicrystal
with fivefold symmetry. Such a structure is not

a
b

R = la + mb

Figure 2.1 An example two-dimensional square lattice with a basis of
two atoms (one solid, the other hollow). The primitive displacement
vectors are a, b, and the translation vector R takes each lattice point into
another equivalent point for all integers, l, m. The unit cell is the area
bounded by the parallelogram, and is space filling. Other possible unit
cells are shown in gray.
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space filling, yet is found in some insulators
(Shechtman et al., 1984). When one or more atoms or
molecules are located within each unit cell, the Bra-
vais lattice then defines the crystal structure. The
number of atoms or molecules comprising the cell is
known as the basis. For example, NaCl has a basis of 2,
consisting of 1 Na+ and 1 Cl� ion within each primi-
tive unit cell. Figure 2.1 is an example of a square
lattice with a basis of two.

In three dimensions, there are 14 possible Bravais
lattices in seven lattice systems shown in Table 2.1.
Molecular crystals form close packed arrangements
that almost always are in the cubic (face and body
centered), orthorhombic, monoclinic, or triclinic unit
lattice systems, with a basis of one, two or four mol-
ecules. The most common lattices found in organic
materials are highlighted by the shaded box in the
table. As we will find in Section 2.4, close packing

arrangements result in the lowest energy, equilibrium
molecular lattice.
The number of neighboring units (i.e. atoms or mol-

ecules) in a lattice contacting amolecule is knownas the
coordination number. For a simple cubic lattice the coord-
ination number is 6, increasing to 8 for body centered
cubic (bcc), and 12 for face centered cubic (fcc). Inter-
estingly, the diamond structure of Si and Ge is also
cubic consisting of two interpenetrating fcc lattices,
with one atom at the vertex of one fcc lattice positioned
at the origin, (0,0,0), and its nearest neighbor anchoring
the second fcc lattice at (¼,¼,¼)a, where a=|a| is the
lattice constant. The coordination number of the dia-
mond structure is 4 and the basis is 2. Note that the
zincblende structure characteristic of many alloy semi-
conductors such as GaAs and InP is also a diamond
structure, but where the nearest neighbor atoms are
different (e.g. Ga and As). The volume of the unit cell is

Table 2.1 Classification of Bravais lattices

a a

a

a

a

a
a

a
a

a

a
a

a

a

(pcc) (bcc) (fcc)

a
a a

a
aa

a a
c

c

c

c

c c c

b b

Lattice system

Triclinic

Monoclinic

Orthorhombic

Tetragonal

Rhombohedral

Hexagonal

Cubic

Bravais lattice

α, β, γ ≠ 90°

α, γ ≠ 90°α, γ ≠ 90°

a ≠ b ≠ c

a ≠ c

a=β=γ ≠ 90°

a ≠ c

a ≠ b ≠ c a ≠ b ≠ c a ≠ b ≠ c

β ≠ 90°β ≠ 90°

α

α

γ

β

γ γ

γ

β

β

βα
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VCell ¼ a•ðb� cÞ: ð2:2Þ
It is clear that a cubic structure, where all sides are
mutually orthogonal, has a ¼ b ¼ c and Vcell ¼ a3.
To minimize lattice energy, van der Waals solids

almost always form either monoclinic or triclinic
structures. Indeed, the total free energy that must be
minimized in an equilibrium structure where the clo-
sest packing is achieved is Etot ¼ Elat þ Evib. Here, Elat

and Evib are the lattice and vibrational energies, re-
spectively. The vibrational energy comes from intern-
al degrees of freedom both within and between the
molecules or atoms. There are no known exceptions
where the equilibrium structure is not close-packed,
whereby each molecule is separated by the van der
Waals radii (i.e. the distance at which the repulsive
nuclear core potential energy equals that of the at-
tractive binding energy, see Section 2.4) of the nearest
atoms from adjacent molecules. We define the packing
coefficient or packing fraction of a lattice as the fraction
of space that is filled (normalized to a unit volume),
taking into consideration the minimum intermolecu-
lar contact distances (i.e. the van der Waals radii), the
bond lengths between atoms comprising the mol-
ecules, and the valence angles. Then, the lowest pack-
ing fraction of a molecular crystal in its lowest energy
phase is 0.65–0.77 (Kitaigorodsky, 1973). The packing
fractions of several different common lattice struc-
tures are provided in Table 2.2 if the molecules are
approximated by spheres. We see that molecular ma-
terials fall within the ranges predicted for the packing
of spheres, even though the shapes of and symmetries
molecules can differ significantly from this simple
approximation.
The symmetry of a crystal structure is defined by its

space group, which gives the number and type of
translational, rotational or mirror operations that a
lattice can undergo that will bring it back onto itself;
that is, for the lattice to find an orientation equivalent
to its original. One space group is the point group
where the symmetry operation is around a fixed
point that once more leaves the lattice invariant.

There are 230 symmetry or space groups for a lattice
with a basis, but only a small subset of these groups
are found in molecular crystals due to the limited
number of crystal habits that such close-packed,
asymmetric materials can assume. In addition, there
are 32 point groups. It is beyond the scope of this
discussion to enumerate all of the various space and
point groups, so we will confine ourselves to consid-
ering the basic symmetry operations, and then listing
those groups in which molecular crystals are found.
Table 2.3 lists the symmetry operations and their

notations, from which the nomenclature for all
groups can be decoded. In identifying a space
group for a given lattice, it is essential to find the
highest possible symmetry. The space groups for
molecular crystals are the primitive groups for
close packing of molecules without symmetry: P1,
P21, P21/c, Pca, Pna, P212121; and with a center of
symmetry, the space groups are P�1, P21/c, C2/c,
Pbca. These notations are defined as follows:
P ¼ Primitive, C ¼ centered on the a or b face of
the lattice. Then, for example, P21/c is a primitive
lattice, with twofold screw axis along b for a mono-
clinic cell, followed by a glide along the c axis (here,
the subscript following the 2 indicates the number
of half translations along an axis). A glide plane is a
reflection about a plane followed by a translation
along the same plane. An n-glide is along half a
diagonal of the face of the plane, and a glide is
along a body diagonal. Similarly, Pca is a primitive
lattice with glide planes along c and a. Examples of
2D molecular plane groups and their symmetry
operations are shown in Fig. 2.2. The coordination

Table 2.2 Packing fractions for several cubic lattices

Lattice structure Packing fraction

Simple (point centered) cubic (pcc) π=6 ¼ 0:52

Body centered cubic (bcc) π
ffiffiffi
3

p
=8 ¼ 0:68

Face centered cubic (fcc) π
ffiffiffi
2

p
=6 ¼ 0:74

Hexagonal close packed (hcp) π=3
ffiffiffi
2

p ¼ 0:74

Diamond
ffiffiffiffiffi
3π

p
=16 ¼ 0:34

Table 2.3 Symmetry operations and notations

Symmetry
operation

Element Notation

Point symmetries

Inversion Point �1

Rotation Line n

Rotation +
inversion

Line �n

Mirror Plane m

Identity 1

Translational
symmetries

Screw axis Rotation + translation nr

Glide plane Reflection + translation Parallel to vectors a, b, c;

Face diagonal (n)

Body diagonal (d)
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number of the structure in Fig. 2.2a is 4, and the
space group is cm, that is, there is one mirror sym-
metry operation possible about the horizontal
planes that take the molecular lattice sites back
onto themselves when folded about the planes. In
Fig. 2.2b, the coordination number is also 4, with
two mirror symmetry operations about the perpen-
dicular and horizontal planes denoted cmm.

2.3 The reciprocal lattice, Miller indexes,
and the Brillouin zone

Crystals are periodic structures. As with all periodic
systems, it is convenient to analyze not the periodic
data set describing the system, but rather its Fourier
transformwhere its periodicity can bemore easilyman-
aged analytically. In the case of crystals, the Fourier
transform is useful for analyzing X-ray diffraction data
that reveal the structure, the electron density surround-
ing the atomic or molecular sites on equally spaced
locations within the lattice, and so on. To simplify the
analysis of the physical properties of periodic (lattice)
structures,we construct the reciprocal lattice,which is the
Fourier space equivalent of the real space lattice. Thus,
the reciprocal lattice vector,G, defines a plane wave at
position, r, given by eiG·r, which is equivalent under any
lattice translation,R, in Eq. 2.1 such that

eiG � r ¼ eiG � ðRþrÞ: ð2:3Þ
In this case, we have the condition for G where

G �R ¼ 2π ð2:4Þ
such that eiG � ðRþrÞ ¼ ei2πeiG � r ¼ eiG � r, thus satisfying
condition in Eq. 2.3. Note that the reciprocal lattice,

as defined by G, has an identical symmetry to the
physical lattice defined by R.
It is then straightforward to show that the primitive

reciprocal lattice vectors are defined in terms of the
real space lattice constants via

�a ¼ 2π
b� c
VCell

; ð2:5Þ

�b ¼ 2π
c� a
VCell

; ð2:6Þ

�c ¼ 2π
a� b
VCell

: ð2:7Þ

Now, the unit cell volume in reciprocal space is:
�VCell ¼ a �b� c ¼ 2πð Þ3=VCell.
The primitive unit cell in the reciprocal lattice that is

centered on a lattice point, and that is constructed by
bisecting all distances between the lattice point and its
nearest neighbors, forms a Wigner–Seitz primitive cell
(Ashcroft and Mermin, 1976). This cell encloses the
volume of the first Brillouin zone in reciprocal space,
which is to say the primitive volume in momentum-
or k-space. For example, for a cubic lattice with lattice
constant a, the first Brillouin zone has sides of length
kx¼ ky¼ kz¼2π/a. Throughout the rest of this text, we
will use the brief discussion in this and previous
sections, including the construct of the reciprocal lat-
tice, to describe and understand the physical proper-
ties of crystals that are comprised of periodic arrays of
molecules.
Miller indexes are used to identify crystal planes

and directions within the solid. This plane identifica-
tion is a critical component to identifying crystal
structure based on X-ray diffraction data. The axes
in a crystal are defined by its symmetry. Hence, for a
cubic lattice, the a, b, and c axes are orthogonal form-
ing a Cartesian system. However, in a monoclinic
lattice, the angles between a and c, and b and c are
α ¼ β ¼ 90o, whereas the angle between a and b is
γ 6¼ 90o, thus defining a non-Cartesian, skewed coord-
inate system.
The following discussion focuses on the simple case

of the cubic lattice with lattice constant, a, shown in
Fig. 2.3, although the indexing system is easily adapt-
ed to any Bravais lattice type. A vector normal to its
surface defines the plane that intersects one or more
axes. Accordingly, the reciprocal lattice vectors �a, �b, �c
in Eqs. 2.5 to 2.7, are normal to the real lattice vectors,
a, b, c. Hence, the vectors in reciprocal space define
the planes in the real lattice. For example, in Fig. 2.3
(left to right) we show three planes whose normal
vectors are defined by the coordinates (a,0,0), (a,0,a),

(a)

(b)

Figure 2.2 Molecular plane groups for an arbitrary molecular shape,
with a spatial reference shown by the point in each molecule. Layers with
(a) cm and (b) cmm symmetries (Kitaigorodsky, 1973).
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and (½a,a,½a). To identify the plane, we use the con-
vention of Miller indices, h, k, l, whereby its normal
vector given by G ¼ h�a þ k�b þ l�c defines the plane.
Here, h, k, l are the lowest integers that are the inverse
of the intercepts between the plane and the axes.
Thus, the planes in Fig. 2.2 are defined by the indices
(100), (101) and (212). By convention, the commas are
omitted. To avoid confusion with negative intercepts,
the minus sign is written above the index; for ex-
ample, (�111) is written as ð�111Þ. Similarly, the co-
ordinates of a vector direction are written between
square brackets; thus [111] is the real space vector
given by R ¼ aðbx þ by þ bzÞ. The vector index values
are referenced to the origin.
Oftentimes, planes are equivalent due to symmetry

of the specific Bravais lattice. For example, in a cubic
lattice, the planes of (110), (101), (011), ð�110Þ, ð0�11Þ,
etc. are all equivalent. In this case, the set of equiva-
lent planes is denoted {110}. Similarly, equivalent vec-
tor directions are enclosed in angled brackets as
<110>.
X-ray diffraction data are used to determine the

separation of crystal planes. If we define the normal
to the plane identified by the coordinates h, k. l, then
the spacing between planes with these Miller indices
is called the d-spacing, denoted by dhkl. Once again for
the example of the cubic lattice, we have d100 ¼ a, d101
¼ √2a, and so on.

2.4 Crystal energy and cohesion

Crystals are held together by cohesive forces between
their constituent atoms and/or molecules. The lattice
potential, or lattice energy, is the total ground state
energy contained in the bonds that comprise the crys-
tal structure. That is, when energy comparable to the
lattice energy is supplied to the crystal, it will frag-
ment into its smallest constituent parts. The lattice
energy, therefore, provides a measure of the thermal
energy (applied, for example, during evaporation or

sublimation) needed for the material to undergo a
phase change from the solid state.
The lattice energy arises from the competition be-

tween the short-range repulsion between atomic or
molecular cores that keeps the solid from collapsing,
and the longer-range attraction of the electronic sys-
tems of the atoms or molecules. In addition, the zero-
point energy at T ¼ 0K is a quantum mechanical
phenomenon whose origins are in the uncertainty
principle with no classical analog. The uncertainty in
the atomic (or molecular) momentum in the lattice,
�p, is related to its positional uncertainty, �x, via:
�p�x> �h, where �h is Planck’s constant divided by 2π.
For a molecule of mass M, the zero point energy is

E00’ �h2

M�x2:
ð2:8Þ

This energy, which is due to the zero point molecular
vibrational motion, increases for molecules with smal-
ler masses. We can estimate the magnitude of E00 for a
“typical” organic molecule used in organic electron-
ics. In this case, a molecule consisting of approximate-
ly 20 carbon atoms and with a length of �x ~ 1 nm
will have E00 ~ 10�5 kcal/mol. As this is several
orders of magnitude lower than even the weakest
cohesive forces binding most crystals stable at room
temperature, it can be neglected.
As temperature is increased, the nuclear cores gain

thermal motion, and the lattice potential must be
amended to include entropic contributions via a cal-
culation of the Helmholtz free energy. This becomes
important when considering the kinetics of crystal
growth where the structure is a sensitive function of
the thermodynamic conditions used in the formation
of the solid itself. However, these considerations are
beyond the scope of this discussion, and the interest-
ed reader is encouraged to consult the literature for
detailed treatments (see Further reading).
In Chapter 1 we saw that many if not all of the

unique properties of organic semiconductors come
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Figure 2.3 Miller indexes of three planes (in parentheses) and their normal direction vectors (in square brackets) in a cubic lattice.
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from the fact that there are no chemical bonds be-
tween adjacent molecules, although such bonds exist
between atoms within a given molecule. This is the
case for both molecular as well as polymeric mater-
ials. By chemical bond, we imply that the electrons
within the valence shells of atoms forming the crys-
tal are shared, that is, they are delocalized between
neighboring ionic cores. The cohesive forces that
bind molecular materials are purely electrostatic
without the sharing of electron systems, which are
therefore highly localized to the molecules them-
selves. These bonds are typically via van der Waals
forces in combination with hydrogen bonds. Chem-
ical bonds include ionic, covalent, and metallic. In
this section, we will discuss all bond types, as they
play a central role in determining the properties of
the materials. Conveniently, van der Waals bonds
lend themselves to simple analytical expressions
that allow for calculating many of the most import-
ant properties of molecular crystals, although
longer-range ionic forces can also be calculated
with reasonable accuracy in some simple cases. We
begin our discussion with ionic bonds, then consider
metallic and covalent bonds. Following that, we will
discuss the physical origins of the van der Waals
force, and apply it to the calculation of several mo-
lecular solids to determine its accuracy in predicting
crystal structure. The discussion will conclude with a
consideration of hydrogen bonds that are also im-
portant in the cohesion of organic solids.

Ignoring the zero point energy and entropic contri-
butions, the energy between two atoms or molecules
separated by distance jri � rjj within a crystal is
given by

Utot jri � rjj
� � ¼ Urepulse jri � rjj

� ��Uattract jri � rjj
� �

:

ð2:9Þ
In equilibriumUtot is negative, that is,Uattract >Urepulse.
Now the total crystal potential is obtained by sum-
ming Eq. 2.9 over all N atoms in the solid, while en-
suring that each bond is counted only once (thus the
factor of N/2), to give

Ucrystal ¼ 1
2

XN
i 6¼j

Utot jri � rjj
� �

: ð2:10Þ

The equilibrium (i.e. lowest energy) configuration of
the crystal is determined by setting the first spatial
derivative of Ucrystal to zero. There are too many de-
grees of freedom to use this energy minimization
approach to calculate actual crystal structures of any
meaningful scale (i.e. with N larger than only a few

tens of lattice sites). Indeed, determining whether or
not the energy minimum found by a given calculation
method is a global minimum (corresponding to the
true equilibrium crystal structure) or is only a local
minimum (corresponding to a metastable structure) is
also difficult to determine. In the remainder of this
chapter, we will present the basic physical concepts
by which the lattice potential can be determined, and
in some cases provide examples whereby small mo-
lecular crystal structures are predicted with reason-
able accuracy.

2.4.1 Ionic bonds

Ionic bonds exist in substances comprised of an as-
sembly of an equal number of negatively and posi-
tively charged ions that are held together by long-
range Coulomb forces that decrease as 1/r2, where r
is the distance between ions. Clearly, because the
solid consists of ions of both charges, the force is
both attractive (between opposite charges) and repul-
sive (between like charges). However, for the solid as
a whole, the net force must be attractive. The energy
between two singly charged ions in vacuum, one at ri
and the other at rj is simply

Uij ¼ � q2

4π " 0jri � rjj ; ð2:11Þ

where q is the electronic charge and "0 is the permit-
tivity of free space. Here, the “þ” is for like charges,
and the “�” for opposite charges. For a solid, these
pairwise ionic interactions must be summed over all
N ions, which leads to a net attractive energy of

Uattract ¼ q2

4π " 0

XN
i;j

1
Rij
� 1
jRij � aj

� �
; ð2:12Þ

where similarly charged ions are on lattice sites Rij ¼
Ri � Rj, and oppositely charged ions are displaced by
a from the lattice site. That is, while the sum is over
both positively and negatively charged ions, the lar-
gest contribution to the energy is from nearest neigh-
bors of the opposite sign.
Ionic bonds are found in both inorganic and

organic materials whenever there is significant charge
delocalization over a particular ion pair. The most
well-known example of such a material is the insula-
tor, NaCl, or table salt. Inorganic semiconductors
consisting of alloys of elements found in columns III
and V of the periodic chart (e.g. GaAs and InP) are
bound by covalent forces with a slight ionic content,
with even greater ionic content found in compounds
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more widely separated in the periodic chart (e.g. the
II–VI compounds such as CdTe and CdS, and the
I–VII compounds such as LiF with even larger ionic
content). Organic salts are also partially bound by
ionic forces via electron transfer from the cation to
the anion. Examples of charge transfer salts include
DAST or TTF-TCNQ. This latter molecular pair is
shown in Fig. 2.4. Such organic salts are also known
as charge transfer complexes.
The series in Eq. 2.12 can be difficult to evaluate in

practice, since it is slowly convergent, conditionally
convergent (i.e. convergence is only achieved
dependent on the order in which the sum is taken),
or even non-converging. However, for cubic lattices
with a nearest neighbor distance, r, we can replace
the series by its summation, α, such that

UattractðrÞ ¼ � αq2

4π " 0

1
r
: ð2:13Þ

Here, α is a sum over all lattice sites, known as the
Madelung constant, that depends on the crystal struc-
ture. Note that the dielectric constant of the material is
not included in Eq. 2.13, since the expression is for the
energy required to assemble the crystal from atoms in
vacuum.
Consider the NaCl structure in Fig. 2.5 which forms

an fcc lattice, coordination number 6, basis Z ¼ 2, and
with nearest neighbors of Na+ and Cl� spaced at a
distance of r ¼ a/2. In this case, there are 6 nearest
neighbors, 12 second nearest neighbors at r ¼ a√2, 8
neighbors at r ¼ a√3, and so on, such that

αfcc ¼ 6� 12ffiffiffi
2

p þ 8ffiffiffi
3

p � 6
2
þ…

� �
¼ 1:7476: ð2:14Þ

In Table 2.4 we show Madelung constants calculated
for several cubic lattice examples.
Extending these calculations to lattices beyond the

cubic examples above is complex. Much work has
been done to simplify the calculation of the

Madelung constant for a range of geometries, with
one convenient approach given by Nijboer and
deWette (1957).
The attractive potential in Eq. 2.13 becomes infin-

ite as the atomic cores approach each other (i.e. in the
limit of r12 ! 0). Thus, the equilibrium condition of
Ucrystal(r) < 0 includes the core repulsion potential
that prevents the crystal from collapse. The physical
origin of the core repulsion is due to the combination
of the nuclear repulsion and the Pauli exclusion
principle, which asserts that a quantum state can be
occupied by only a single particle. The repulsion can
be thought of as a “hard core” whose potential be-
comes abruptly positive at the equilibrium separ-
ation, r0. More realistically, it can be modeled as a
high, positive power in r, that is, Urepulse(r) ~ 1/rl,
where l is typically (and somewhat arbitrarily
chosen) between 8 and 12. Thus, Urepulse(r) is a very
short range but strongly positive function of dis-
tance. In our discussion of van der Waals bonding,
we will show that l ¼ 12 is chosen as a convenient
repulsive core potential power law, although the
crystal energy is relatively insensitive to this choice.
Often, an exponential form of the repulsive inter-
action, known as the Born–Mayer potential, is used
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Figure 2.4 Chemical structural formulae of molecules of the charge
transfer complex, TTF-TCNQ. From the left, the sulfur-containing TTF
serves as the electron rich anion which extracts its electron density from
the neighboring TCNQ cation.

Figure 2.5 NaCl fcc crystal structure. Here, Na+ is represented by
small gray spheres, and Cl� by the larger green spheres. The shaded
regions enclose the volume containing nearest neighbors to the
central ion. (chemistry.stackexchange.com)

Table 2.4 Madelung constants for three cubic lattices

Lattice Example Coord. no. Basis (Z ) α

fcc NaCl 6 2 1.7476

pcc CsCl 8 2 1.7627

Zincblende (fcc) CdS 4 2 1.6381
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to more accurately approximate its spatial depend-
ence (Abrahamson, 1969). In this case,

UrepulseðrÞ ¼ β exp ½�γr�; ð2:15Þ
where β and γ are empirical constants. Hence, the
energy per ion is

UtotðrÞ ¼ β exp ½�γr� � αq2

4π " 0

1
r
: ð2:16Þ

Alternatively, assuming a power law repulsive
potential:

Utot rð Þ ¼ σ

rl
� αq2

4π " 0

1
r
; ð2:17Þ

where σ is also an empirical constant. While Eq. 2.16
may more accurately predict the equilibrium spacing
of ions, Eq. 2.17 tends to be more mathematically
manageable. For example, the equilibrium interionic
separation is found by setting

∂Utot

∂r

����
r¼r0

¼ 0; ð2:18Þ

whence

r ¼ lσ
αq2

4π " 0

� 	1=ðl�1Þ
� lσ

αq2
4π " 0

� 	1=l
; ð2:19Þ

corresponding to a minimum energy of

Utot r0ð Þ ¼ αq2

4π " 0l

� �
1
r0

1� lð Þ: ð2:20Þ

For large l, the total energy is negative and is simply
equal to the value of the Coulomb attraction in
Eq. 2.13 at r = r0, which corresponds to the equilib-
rium atomic separation. From Eq. 2.10, the total crys-
tal energy is then obtained by summing the
contributions in Eq. 2.20 from all ions over the N
lattice sites. Their pairwise interactions are accounted
for by the Madelung constant, α.

Equation 2.17 is plotted in Fig. 2.6. The hard-core
repulsion is a very rapidly increasing function for
r < r0, whereas the 1/r dependence of attraction
leads to a very slow asymptotic approach to Utot = 0
at large r. This slow decay makes the calculation of
crystal structure problematic due to the long range of
Coulombic interactions.

The elastic constant, k, or restoring force for mol-
ecules displaced from their equilibrium separation
provides a quantitative measure of the elasticity of
the crystal. Now F ¼ �k�r is the restoring force on
a simple harmonic oscillator in a parabolic potential
displaced from r0 by a distance, �r. Then the

displacement energy is simply given by
�U ¼ �1

2k�r2. The parabolic potential is a reasonable
approximation for the shape of the Coulomb potential
near r0. For uniaxial strain exerted on a cubic lattice, k
is obtained from the second derivative of U(r) with
respect to r at equilibrium:

k ¼ ∂2U rð Þ
∂r2

����
r¼r0

¼ αq2

4π " 0

� �
1
r30

l� 1ð Þ: ð2:21Þ

Uniaxial pressure, or pressure exerted along a single
crystal axis, will compress the lattice constant along
that axis. However, minimum energy is generally
maintained by conserving the unit cell volume. As a
result, the lattice expands along the remaining crystal
directions. In a cubic lattice, pressure along the (100)
direction will tend to increase the lattice constants
along (010) and (001). This is known as tetragonal
distortion. The distortion is quantified using Poisson’s
ratio, defined as the fraction of linear expansion along
one direction by the fraction of compression along a
different direction. We express this ratio for small
strains as

v ¼ � d " t

d " a
; ð2:22Þ

where "t is the strain transverse to the (axial) strain,
"a. Here, "t < 0 and "a > 0 for axial tension, with the
signs reversed when the solid is compressed. Note
that in some structures, compression (or tension)
along one axis can induce compression (or expan-
sion) along one or more of the other axes. In this case,
the signs of the inequalities are the same, such that
v < 0. Such structures are said to have a negative
Poisson’s ratio.
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Figure 2.6 Calculation of energy vs. distance from an ionic core
assuming Coulomb interactions between neighboring ions.
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Similar to the elastic constant, the bulk modulus
quantifies the compressibility or stiffness of a solid,
and hence its measurement can provide information
about both cohesive forces and symmetry of a crystal.
The bulk modulus, B, is defined as the change in
volume, V, due to a change pressure, P, at a constant
temperature, T. That is,

B ¼ �V
∂P
∂V

� �
T
¼ V

∂2Utot0

∂V2 ; ð2:23Þ

where the last term is obtained at T ¼ 0 at pressure
P ¼ �∂Utot0=∂V. Then, solving for B at r ¼ r0, and
assuming uniaxial compression, we get

B ¼ αq2

4π " 0

� �
1
r40

l� 1ð Þ: ð2:24Þ

Hence, measuring the bulk modulus and the density
for a given crystal structure, we obtain a value for the
core potential exponent, l, which as noted above,
typically ranges from 8 to 12.

2.4.2 Covalent and metallic bonds

The structure of individual molecules is determined by
the sharing of valence charges of separate atoms that
are covalently bonded. This situation is visualized for
the H2 molecule in Fig. 2.7. The two, shared 1s orbital
electrons of each H atom have their maximum density
in the region of nearest atomic contact. Inorganic co-
valent materials are exemplified by Si and Ge, each
with four valence electrons that are shared with their
nearest neighbors in a diamond structure. As noted in
Section 2.4.1, Group III-V compound semiconductors
such as InP and GaAs are also primarily bonded by
covalent forces, with a small ionic bonding content
arising from charge exchange between nearest atomic
neighbors.
Similarly, the ionic cores in metals are bonded by

the valence electron “gas” that is delocalized through-
out the solid. Metallic bonds are similar to covalent
bonds although there is an even greater degree of
electron delocalization in the former. The shared elec-
tron distribution leads to solids that are highly stable
at room temperature, requiring very high energies
(>100 kcal/mol) to decompose. In addition, the delo-
calized electron systems result in material hardness
and in some metals, ductility and high conductivity.
Calculating covalent bond energies and the result-

ing equilibrium crystal structure cannot be accom-
plished by determining individual atom–atom (or
molecule–molecule) bond energies since the valence
electrons are delocalized; a situation unlike that for

ionic, and van der Waals bonds considered below.
Hence a full quantum mechanical treatment is re-
quired to determine the electron distribution, and
ultimately the bond energy of the solid. One such
treatment is called density functional theory (DFT),
which is useful for calculating electron distributions
in relatively small molecular ensembles, and will be
considered in Section 3.3 (Giustino, 2014).
An example calculation of the electronic bond con-

figurations in the anthracene molecule (C14H10) is
shown in Fig. 2.8a and b. Anthracene consists of
three fused benzene rings where the covalent carbon
bonds forming the structure distribute the highest
energy bound electrons in a cloud both above and
below the molecular plane. In this case, the electrons
are in the atomic p-orbitals of the molecule, and
hence have their greatest density approximately 1
Å from the plane of the atomic nuclei. The collection
of p-orbitals forms the �-electron system that ultim-
ately binds the molecules into a crystal by intermo-
lecular van der Waals attraction, as discussed in
Section 2.3.3.
Before describing the full DFT analysis use in calcu-

lating electron distributions in complex molecules
which is the topic of Sections 3.3 and 3.4, it is instruct-
ive to start here by considering the simplest case of the
hydrogen molecular ion, Hþ

2 as a means for under-
standing the basic nature of covalent bonds. The Hþ

2

molecules comprise two protons sharing a single elec-
tron. Given that this is a three-particle system, approxi-
mations must be made to allow for an analytical
solution. Recognizing that the electron distribution
can adjust to perturbations on a time scale much faster
than that of the far more massive nuclei, we assume
that the nuclei are stationary immediately following
such a perturbation. This central assumption for cal-
culating molecular ground states is known as the
Born–Oppenheimer approximation (cf. Section 3.2).

+12e

H:H

H – H

+1

Figure 2.7 Illustration of covalent bonding of the H2 molecule. Here the
two valence electrons denoted by • are shared by the two cationic
(proton) cores, with the maximum electron density located in the region
between the ions. The localized electrons form the molecular bond
denoted by �.
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While this approximation is reasonable for ground
states, it can lead to significant inaccuracies when
calculating molecular excited state energies.

To calculate the ground state energy of the H2
+ ion,

we start by writing the Hamiltonian for both the
electronic and nuclear energies for a multinuclear
molecule:

H ¼ � �h2

2m
r2

r �
X

i

�h2

2Mi
r2

Ri
þ Vðr;RiÞ; ð2:25Þ

where �h is Planck’s constant divided by 2π, m is the
electron mass, Mi is the mass of the ith nucleus, and
V(r, Ri) is the potential for an electron at r and the
nuclei at Ri. The square of the gradients, r2

r and r2
R

are relative to the electronic and nuclear coordinates,
respectively. The total energy is given by a solution to
Schrödinger’s equation:

HΨðr;RÞ ¼ EΨðr;RÞ; ð2:26Þ

where Ψ r;Rð Þ is the total molecular wavefunction
that depends on the positions of both the electron
and protons. For the case of H2

+, i = 1, 2 and Eq. 2.26
reduces to

HΨðr;R1;R2Þ ¼ EΨðr;R1;R2Þ
¼ Eψðr;R1;R2ÞΦðR1;R2Þ;

ð2:27Þ

where the second term on the right assumes that the
wavefunction (and hence the solution) can be separ-
ated into an electronic part, ψ r;R1;R2ð Þ, that depends
on both the electron and nuclear positions, and a
purely nuclear component, Φ R1;R2ð Þ. Finally, the po-
tential energy of the system is

Vðr;R1;R2Þ ¼ � q2

4π " 0

1
jr� R1j þ

1
jr� R2j �

1
jR1 � R2j

� �
;

ð2:28Þ
where the first two terms are the attractive potentials
of the electron to the two nuclei, and the third term is
the repulsive interaction of the protons.
Now, inserting Eq. 2.25 into Eq. 2.27 gives

HψðrÞΦðR1;R2Þ ¼ � �h2

2m
ΦðR1;R2Þr2

rψðr;R1;R2Þ

�
X

i

�h2

2Mi

��
2rRiψðr;R1;R2ÞrRiΦðR1;R2Þ

þΦðR1;R2Þr2
Rj
ψðr;R1;R2ÞÞ

þψðr;R1;R2Þr2
Ri
ΦðR1;R2

�	
þVðr;R1;R2Þψðr;R1;R2ÞΦðR1;R2Þ ð2:29Þ

Now, the Born–Oppenheimer approximation implies
that the first two terms in the square brackets are
insignificant compared to the other terms due to the
large nuclear mass,M. Then our problem is simplified
to the following two eigenvalue equations, one for
the nuclear and the other for the electronic
wavefunctions:

EΦðR1;R2Þ ¼ �
X

i

�h2

2Mi
r2

Ri
ΦðR1;R2Þ

þE*ðR1;R2ÞΦðR1;R2Þ ð2:30Þ

and

E * ðR1;R2Þψðr;R1;R2Þ ¼ � �h2

2m
r2

rψðr;R1;R2Þ
þ Vðr;R1;R2Þψðr;R1;R2Þ:

ð2:31Þ
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Figure 2.8 (a) An anthracene molecule viewed from the edge of the
molecular plane. The electronic p-orbitals extend both above and below
the molecular plane to form a conjugated π-electron system (Pope, 1966).
(b) Calculated electronic density of states in anthracene. The positions of
the 14 C atomic cores are clearly apparent. The denser contour line
packing corresponds to a higher electron density (Robertson, 1958).
(c) The equilibrium packing of anthracene molecules in a monoclinic lattice
showing the lattice translation vectors a, b, and c, along with the unit cell
(frame). Adapted from Pope (1966).
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The solution to Eq. 2.31 using the potential in Eq. 2.28
provides the locus of electron energies corresponding
to different nuclear separations jR1 � R2j in the H2

+

molecule, and whose minimum provides the equilib-
rium molecular radius.
Even for the three-body problem considered, how-

ever, the solution is complex. Nevertheless, analytical
solutions can be found using elliptical coordinates
(Atkins and Friedman, 1997). The solutions show
that the relative internuclear distance results in a
positive, repulsive term as the nuclear separation
jR1 � R2j ! 0, and a negative, or attractive inter-
action that vanishes at large nuclear separations, as
illustrated in Fig. 2.9a. Only the potential energies of
the two lowest energies, labeled 1σ and 2σ, are shown.
The 1σ bonding state has a potential minimum at an
internuclear separation of R ¼ jR1 � R2j � 2a0, where
a0 is the Bohr radius of an H atom. Furthermore, as
shown in Fig. 2.9b, the electron concentration is high-
est in the region between the atoms, forming a stable
covalent bond between the nuclei. On the other hand,
the electron density of the 2σ antibonding state is
considerably less in the internuclear region, being
more highly localized at the nuclear cores themselves.
The 2σ state increases for all jR1 � R2j, and hence the
ion is unconditionally unstable.

Moving beyond the simplest case of a H2
+ molecu-

lar ion is extremely complex, and does not lead to
exact, analytical solutions. Hence, several approaches
have been developed to determine the lowest energy
bond configurations, most notably the method of lin-
ear combination of atomic orbitals (LCAO). The molecu-
lar structures resulting from intramolecular covalent
bonds are responsible for many of the morphological,
electronic and optical properties of organic solids. The
dependence of optical properties on the molecular
configuration in the ground and excited states can
be accurately predicted by LCAO and other methods,
and is the subject of Chapter 3.

2.4.3 Dipolar interactions and van der
Waals bonds

The most prevalent cohesive force bindingmolecular
crystals and polymeric films is the van der Waals
force. This attractive force is due to induced
dipole–induced dipole interactions between non-
polar molecules. However, in many cases the mol-
ecules themselves have a fixed dipole moment in the
ground state, in which case the strength of the bond
is determined by the magnitudes of the individual
dipoles.
In induced dipole interactions, the valance elec-

trons are spatially distributed over a large propor-
tion of the molecular surface. The covalent carbon
bonds within the molecule result in the distribution
of the highest energy bound electrons both above
and below the molecular plane. The electrons in
anthracene, for example, occupy the π-orbital of the
molecule, with the greatest density approximately 1
Å above and below the atomic nuclear plane, as
shown in Fig. 2.8a.
A dipole or higher order multipole is formed by an

instantaneous fluctuation in the equilibrium electron
distribution of neighboring molecules. Regions that
experience this instantaneous increase in electron
density are balanced by regions where the density is
depleted, thereby forming an electrostatic dipole. This
dipole then induces an oppositely directed instantan-
eous dipole in a neighboring molecule. According to
the Born–Oppenheimer approximation, the electronic
charge redistribution occurs on a time scale too short
for the nuclei to respond, and hence we consider the
molecular structure to be stationary.
The two oppositely directed dipoles Coulombically

attract, thereby forming the van der Waals bond as
illustrated Fig. 2.10. Since the dipoles are perturba-
tions in the electronic distributions, they continue to
fluctuate on a time scale on the order of the
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(b)(a)
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Figure 2.9 (a) The two lowest potential energies of a H2+ molecular ion
corresponding to the bonding (1σ) and antibonding (2σ) states vs. the
internuclear separation, R/a0. The electron density contour plots for the
states are shown in (b) and (c), respectively. The 1σ state has a higher
concentration of electron density between the nuclear cores than the 2σ
state shown by the connecting contours in the former in contrast to the
localized contours in the latter. Here, ao ¼ 0.5 Å is the Bohr radius.
The energies are in units of hcR∞ ¼ 13:6eV (the Rydberg energy),
which is the ionization energy of an H atom, with h ¼ Planck’s
constant and c ¼ speed of light. From Atkins and Friedman (1997).
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interatomic vibrational time (or phonon lifetime) of
τph~10�14 to 10�12 s, continually inducing the oppos-
ite response in the neighboring molecule, thus form-
ing a stable, electrostatic bond. Now the highest
energy phonon in anthracene is due to the C-C stretch
vibrational mode, with energy Eph ~ 0.12 eV, leading
via the uncertainty principle to τph ¼ �h=Eph ~30 fs. The
quantum mechanical origin of the fluctuations sug-
gest that they are present even at T = 0 K as a result of
the zero-point energy of the molecule.

A similar attraction can exist between two mol-
ecules with fixed dipole (or higher order multipole)
moments, or a molecule with a fixed moment and one
with an induced moment. In all cases, the force is
attractive, with the molecular distance ultimately
reaching its equilibrium value depending on the mag-
nitude of the ground state dipole moments, the rela-
tive molecular orientations, and the repulsive force of
the atomic cores.

To determine the molecular potential due to the
van der Waals interaction, we first consider the elec-
tric field due to charge multipoles. Consider a mol-
ecule with a charge density ρ(r) determined from the
covalent bonds between atoms comprising the com-
pound, such as that in Fig. 2.8a and b, where r is the
distance to an arbitrary origin. Then, the total (mono-
pole) charge, is given by

q ¼
ð
ρðrÞd3r; ð2:32Þ

where the integral is over all space. The higher mo-
ments of charge are then

p ¼
ð
rρðrÞd3r; ðdipoleÞ ð2:33Þ

Qij ¼
ð
ð3rirj � r2δijÞρðrÞd3r; ðquadrupoleÞ ð2:34Þ

with increasingly complex expressions for higher
order multipoles (Jackson, 1998). Here, ri and rj are
relative coordinates within the charge distribution,
and δij is the Kronecker delta. Now, the expansion of

the electrical potential in a medium with relative di-
electric constant, "r, can be written

ΦðrÞ ¼ 1
4π " 0 " r

q
r
þ p � r

r3
þ 1
2

X
i;j

Qij
rirj
r5
þ . . .

24 35;
ð2:35Þ

with higher order multipoles decreasing more rapidly
with increasing r. When we consider two dipoles due
to adjacentmolecules, "r� 1.However,when placed in
a medium containing other polarizable molecules,
their collective response is a physical reorientation of
the induced dipoles. This screens the local electric field
at the original molecule, which by superposition alters
the net electric field, as illustrated in Fig. 2.11. For a
solution of mobile molecules, this is known as the
solvation effect, or in a solid, the solid-state solvation effect,
which is treated analytically in Section 3.6.7.

2.4.3.1 Interactions between fixed dipoles

Since the potential of the nth charge moment is pro-
portional to 1/rn+1, it is generally not useful to con-
sider multipole orders higher than four due to their
rapid decrease with distance. Indeed, in many prac-
tical cases, only the zeroth and first order moments
are required. For the remainder of this treatment, we
will only consider the effects of charges and their first
moment. For neutral molecules, q=0, leaving only the
first, or ground state dipole moment contributing
significantly beyond the first nearest neighboring
molecule in a crystal. Hence, we write

ΦðrÞffi p � r
4π " 0 " rr3

ð2:36Þ

for the dipole potential of a neutral molecule. Pois-
son’s equation gives the electric field: F(r) = ���(r).
Then, Eq. 2.36 yields (Jackson, 1998)

A

t  =  t 0 t  >  t 0

B B

A

Figure 2.10 Illustration of the fluctuating induced dipole–induced
dipole van der Waals attractive interaction. The arrow points in the
direction of the dipole (from a negative to a positive charge at the
arrow point). “A” and “B” refer to two adjacent molecules. The
fluctuation is implied by the time (t) dependence of the relative dipole
orientations.

Figure 2.11 Polarization of the surrounding medium by the fixed dipole
in the center. The tendency to polarize gives rise to the dielectric properties
of the medium.
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F rð Þ ¼ 3bn p � bnð Þ � p
4π " 0 " rr3

; ð2:37Þ

where bn is the unit vector in the direction from the
center of the dipole to the point, r.
Now, the dipole energy is given by

U rð Þ ¼ �p � F rð Þ: ð2:38Þ
Then the interaction energy between two fixed di-
poles, p1 and p2 separated by distance r12 oriented in
the direction bn12 (i.e. r12 ¼ r12bn12; see Fig. 2.12) is

U r12ð Þ ¼ p1 �p2 � 3 bn12 �p1

� � bn12 �p2

� �
4π " 0 " rr312

: ð2:39Þ

While calculating the dipole interaction energy in a
solid can be complicated due to its dependence on
relative orientation, it is clear that the energy decreases
rapidly as 1/r3 compared to 1/r for a point charge, q.
Hence, the dipole–dipole interaction is short range;
vanishing rapidly beyond nearest neighbor inter-
actions in a lattice.
Assuming that two in-plane dipoles are anti-

parallel (corresponding to the lowest energy config-
uration), with r12 at angle θ relative to the dipole axes,
Eq. 2.39 can be written

U12ðr12Þ ¼ � p1p2
4π " 0 " rr3

1� 3cos2θ
� � ¼ � p1p2

4π " 0 " rr3
f θð Þ;

ð2:40Þ
where we have replaced the dipole vectors with their
scalar magnitudes, p1 and p2.
To calculate two randomly oriented dipoles (at an-

gles θ1 and θ2 relative to bn12 , and rotated by azimuthal
angle, ϕ relative to each other), we must use the full
expression for the fixed dipole interaction, Eq. 2.39.
As noted above, the lowest energy of the system is
when p1 and p2 are anti-parallel (and henceU(r12)< 0),
and is highest when they are parallel. Hence, the most
probable orientation in an ensemble of dipoles is the
one that achieves the lowest energy, requiring that we
weight each orientation by a Boltzmann factor,
exp �U r12ð Þ=kBTð Þ. Here, kB is Boltzmann’s constant.

The potential distribution theorem then gives a spatially
averaged value for the energy according to (Beck et al.,
2006)

e�U r12ð Þ=kBT ¼

ð
e�U r12;θ1;θ2 ;ϕð Þ=kBTdΩ12ð

dΩ12

; ð2:41Þ

where dΩ12 ¼ sin θ1sin θ2dθ1dθ2dϕ. Then the denom-
inator is equal to 8π, and the fixed dipole energy can
be solved when U(r12) < kBT. Expanding the
exponential gives

he�U r12ð Þ=kBTi ¼


1�U r12ð Þ

kBT
þ 1
2

U r12ð Þ
kBT

� �2

�…

�
:

ð2:42Þ

Writing the spatial average in terms of the expansion
in U(r12) we obtain

e�U r12ð Þ=kBT ¼ 1�U r12ð Þ
kBT

þ 1
2

U r12ð Þ
kBT

� �2

�…

¼


1�U r12ð Þ

kBT
þ 1
2

U r12ð Þ
kBT

� �2

�…

�
:

ð2:43Þ

Solving this to first order, we get

U r12ð Þ
kBT

¼



U r12ð Þ
kBT

þ 1
2

U r12ð Þ
kBT

� �2

�…

�
: ð2:44Þ

The final step is to integrate over all angles using the
relative dipole orientation function f ðθ; ϕÞ ¼
2cos θ1cos θ2 � sin θ1sin θ2cos ϕ, where �2 	 f θ; ϕð Þ
	 2. Using the expression for the dipole energy in
Eq. 2.40, this finally gives the Keesom interaction be-
tween fixed dipoles:

U r12ð Þ ¼ � 2p21p
2
2

3 4π " 0 " rð Þ2kBT
1
r612
¼ �ADD

r612
: ð2:45Þ

This expression has the rapidly decaying 1/r6 de-
pendence characteristic of all dipole interactions. Fur-
thermore, by superposition, the potential is additive
to other molecular attractive energies such as dipole–
induced dipole and induced dipole–induced dipole
interactions to be discussed below.

2.4.3.2 Dipole–induced dipole interactions

Since a fixed dipole induces a dipole in a neighboring
molecule, the pair will orient in the lowest energy,
anti-parallel, position. The geometry of the system is
illustrated in Fig. 2.13. The polarization of the electron

r1

p2

p1

r2

O

r12n̂12

Figure 2.12 Two dipoles and positions, r1, r2, relative to the
observation point, O.
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system of the molecule leads, to first order, to an
induced dipole moment whose magnitude is propor-
tional to the electric field:

pind rð Þ ¼ αF rð Þ; ð2:46Þ

where α is the molecular polarizability. Generally, α is
a tensor ($α) although in this treatment we take it as a
scalar for simplicity. The molecules have a linear po-
larizability that depends on the extent of the conju-
gated �-electron system and the molecular structure.
That is, planar, conjugated molecules such as anthra-
cene, tetracene, and pentacene (consisting of 3, 4, and
5 fused carbon rings, respectively) can have a very
large α, whereas molecules that are smaller or have
higher symmetry (e.g. Alq3 used in electrolumines-
cent devices) have a considerably smaller
polarizability.

We can write Eq. 2.46 for a pair of point charges
separated by distance d, using the scalar relationship
pind ¼ qd ¼ αF. Since F ¼ q=4π " 0d2 in vacuum, we
have α ¼ 4π " 0d3; that is the molecular polarizability
increases as the third power of the charge separation.
The units of p are Debye (D), where 1 D = 3.336 ×
10�30 C m. Hence, a molecule that supports a full
electron charge across its length of 1 nm has p = 4.8 D.

Using Eq. 2.37, we calculate the field at distance r12
from the dipole for the system in Fig. 2.13:

F r12ð Þ ¼ p1
4π " 0 " r

1
r312

2cosθ bn12 þ sinθbθ� 
; ð2:47Þ

which has a magnitude of

F r12ð Þ ¼ p1
4π " 0 " r

1
r312

1þ 3cos2θ
� �1=2

: ð2:48Þ

Induction leads to a displacement of the charge in
adjacent molecules, exerting a force, F , due to electric
field, F. Hence, the free energy of the system is
given by

U r12ð Þ ¼ �
ð
F r12ð Þ•d3r ¼ �q

ð
F r12ð Þ•d3r: ð2:49Þ

Averaging over all angles, θ, we are left with the
radial component of the electric field:

Fr r12ð Þ ¼ 2p1
4π " 0 " r

1
r312

: ð2:50Þ

Substituting pind = p1, we thus obtain for the
induced field:

Find r12ð Þ ¼ � 2α
4π " 0 " r

Fr

r312
¼ � 2αq

4π " 0 " rð Þ2
1
r512

: ð2:51Þ

Finally, integrating over r we arrive at the energy of
an induced dipole for a polarizable molecule of

U r12ð Þ ¼ � αq2

2 4π " 0 " rð Þ2
1
r412
¼ 1

2
αF2

ind: ð2:52Þ

The factor of ½ on the right hand side comes from the
energy expended in inducing the dipole in the neigh-
boring molecule. Using this relationship along with
Eq. 2.48, we obtain the energy for the fixed dipole-
induced dipole interaction:

U r12ð Þ ¼ � αp21
2 4π " 0 " rð Þ2

1
r612

1þ 3cos2θ
� �

: ð2:53Þ

Finally, taking the spatial average of hcos2θi ¼ 1=3, we
arrive at the dipole-induced dipole interaction energy
that once more is a function of 1/r6:

Uðr12Þ ¼ � αp21
4π " 0 " rð Þ2

1
r612
¼ �AD�ind

r612
: ð2:54Þ

2.4.3.3 Induced dipole–induced dipole (London)
interactions

The exact derivation of induced dipole-induced di-
pole interactions (also known as London or disper-
sion interactions) is considerably more difficult than
the cases of fixed dipoles since its origin is inherently
quantum mechanical. Its first derivation by London
was based on perturbation theory (London, 1930),
where the instantaneous formation of a dipole or
higher order multipole in the delocalized electron
distribution of one molecule generates an electric
field that induces a dipole pointing in the opposite
direction in a neighboring molecule. This instantan-
eous multipole arises from perturbations of the elec-
trons that can occur at T = 0 K due to zero point
fluctuations, or at higher temperatures due to ther-
mally excited molecular vibrations, or phonons.
The fluctuating charge distribution in a molecule

induces net attractive responses in all of the surround-
ing molecules. Due to the short range of the dipole

r12

n̂12

θ

Figure 2.13 Fixed dipole (large arrow) inducing a dipole (small arrow) in
the charge distribution of an adjacent molecule.
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interaction—we have seen that dipolar interactions
decrease as 1/r6—the charge distributions of only
the nearest neighbors oscillate in phase to the mol-
ecule at the origin. Since the zero point energy cannot
be dissipated, the induction process is non-radiative.
Clearly this electrostatic attraction between many
neighbors depends on the lattice type and basis, and
becomes increasingly complex for molecular struc-
tures that are non-planar or otherwise lack inversion
symmetry.
Induced multipole forces exist between all mol-

ecules and atoms, independent of other binding forces
that may exist. However, due to their relatively short
range, these bonds are often considerably weaker
than, and are thus dominated by covalent or ionic
forces when they coexist in a solid. Complications
arise where there are many neighboring molecules,
all responding to the initial fluctuation and hence
creating an instantaneous response as illustrated in
Fig. 2.11.
Induced dipole effects are extremely important in

determining the optical, electronic and structural
properties of organic solids. That is, they comprise
the dominant binding forces between neutral, non-
polar molecules, and they also participate in energy
and electron transfer between molecules. Important-
ly, since they are far weaker than ionic or covalent
bonds, the sublimation temperatures of molecular
solids (~100°C to 500°C) tend to be far lower than
for materials bonded by Coulombic attraction (~600°
C to 1500°C).
London has shown that the quantum dispersion

interaction can be described using second order per-
turbation theory (London, 1930, 1937):

Uðr12Þ ¼ �
Adisp

r612
; ð2:55Þ

where

Adisp ¼ 2
3

X
f1

0X
f2

0 jhi1jp1j f1ij2jhi2jp2j f2ij2
Ef1 þ Ef2
� �� Ei1 þ Ef2

� �: ð2:56Þ

Here, the initial and final states of molecules 1, 2 are
ji1i; ji2i and jf1i; jf2i, respectively, with corres-
ponding energies Ei1, Ei2 and Ef1, Ef 2. The sums are
over all final states, excluding those states where
jii ¼ j f i.
Deriving and then calculating Eq. 2.56 is compli-

cated and adds little insight to our understanding of
the dispersion interaction. A simple approximation
based on the polarizability of a pair of coupled di-
poles shown in Fig. 2.14 can be illustrative of

induction effects. For this calculation, consider the
zero point motion of the electron distribution around
a neutral atom or molecule as a simple harmonic
oscillator. The dipoles have lengths, �r1 and �r2,
which are much smaller than their separation dis-
tance, r12. The individual dipoles are parallel since
they each exist in response to anti-parallel fluctu-
ations in the charge of their neighbor. The total state
Hamiltonian of the system is then written

H ¼ � �h
2m0

r2
1 þr2

2

� �þ 1
2
k0 �r21 þ�r22
� �þ V r12;�r1;�r2ð Þ;

ð2:57Þ

where the first two terms are for the two independent
oscillators, and the third term is the interaction
potential.
The restoring force is related to the normal mode

vibrational frequency of the electron density, ω0, via
k0 ¼ m0ω2

0, and m0 is the electron mass. The intermo-
lecular coupling is then given by the electrostatic
potentials between the various charges:

V r12;�r1;�r2ð Þ ¼ q2

4π " 0 " r

1
r12
þ 1

r12 þ�r1 ��r2

�
� 1

r12 þ�r1
� 1

r12 ��r2

�
; ð2:58Þ

where the signs for the dipole displacements arise
from the oppositely directed dipole vectors,bp1 ¼ �bp2. Now, in the far-field approximation, we
have �r1;�r2
 r12, in which case expansion of
Eq. 2.58 to second order yields

V r12;�r1;�r2ð Þ ¼ � q2�r1�r2
4π " 0 " rr312

: ð2:59Þ

Schrodinger’s equation is solved by substituting the
symmetric and antisymmetric momentum and pos-
ition vectors into Eq. 2.58 and 2.59:

r12

∆r2

∆r1

Figure 2.14 Configuration of two induced dipoles. The electron
distributions around molecules 1 and 2 are illustrated by ellipses, and the
instantaneous dipole moments are shown by arrows.
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�r� ¼ 1ffiffiffi
2

p �r1��r2ð Þ

and r2
� ¼

1ffiffiffi
2

p r2
1�r2

2

� �
:

ð2:60Þ

Then Eq. 2.57 becomes:.

H ¼ � �h
2m0

r2
þ þ r2

�
� �þ 1

2
k0 � 2q2

4π " 0 " rr312

� 	
�r2þ

�
þ k0 þ 2q2

4π " 0 " rr312

� 	
�r2�

�
: ð2:61Þ

By comparing Eq. 2.57 and 2.61, we find that the
normal mode dipole oscillation frequency, ω0 is now
broken into two symmetric harmonics:

ω� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k0� 2q2=r312

m

r
’ω0 1� q2

4π " 0 " rk0r312

� �
� 1
2

q2

4π " 0 " rk0r312

� �2

�…

 !
:

ð2:62Þ
The lowest energy of the normal mode of a quantum
oscillator is 1

2�hω0. Thus, the induced dipole inter-
actions shift this zero-point energy by the amount:

�U r12ð Þ ¼ 1
2
�h ωþ þ ω�ð Þ ¼ � 1

2
�hω0

q2

4π " 0 " rk0r312

� �2

:

ð2:63Þ
Equating the Lorentz force (F ¼ qF) to the restoring
force of a harmonic oscillator, we find k0 ¼ q2=α.
Then, we finally arrive at the dispersion interaction
energy for the induced dipole–induced dipole
energy:

�U r12ð Þ ¼ � 1
2
�hω0

α

4π " 0 " r

� �2 1
r612
¼ �Adisp

r612
: ð2:64Þ

Since the magnitude of the energy decrease is propor-
tional to �h, this is a purely quantummechanical effect,
whereby the zero-point energy is lowered by the
dipole-dipole interaction.

Another, intuitive approach suggested by
London (1937) is to take �hω0 as the ionization
energy of the atom (e.g. He, Ar, Ne, etc.). General-
izing this to a molecule, the electron that occupies
the highest occupied molecular orbital (HOMO)
can be removed with energy equal to its ionization
potential (IP). Given that the induction between two
molecules follows a relationship similar to that
used to derive Eq. 2.45, and recognizing that in-
duced dipole energies can be superposed, the

following simplified approximate relationship for
Eqs. 2.54 is:

Uðr12Þ � � 3
2

α1α2

4π " 0 " rð Þ2
IP1IP2

IP1 þ IP2

1
r612

� �
: ð2:65Þ

By inspection, �hω0 � 3
2 IP, where we assume identi-

cal molecules as in Eq. 2.64 such that α1 ¼ α2 and
IP ¼ IP1 ¼ IP2: In fact these expressions are identi-
cal since Eq. 2.64 is solved for a one dimensional
coordinate system, whereas Eq. 2.65 more realistic-
ally assumes each molecule has three degrees of
freedom.
Up to this point, we have only considered the at-

tractive binding forces from fixed electronic multi-
poles due to molecules that contain electron
donating or withdrawing groups, or are spontaneous-
ly induced by zero-point and/or thermal fluctuations
of the electronic distribution within a molecule. The
total potential due to attractive dipole moments that
includes nuclear core repulsion is thus given by

U r12ð Þ ¼ Acore

r1212
� Adisp

r612
: ð2:66Þ

Equation 2.66 is known as the Lennard-Jones 6-12 po-
tential. As in the case of ionic bonds (Eq. 2.17), the
repulsive power law of 1/r12 is chosen for conveni-
ence. The very large power reflects the steep and
short range of core-core repulsion potentials. An
alternative form is known as the Buckingham potential
(Buckingham, 1938):

U r12ð Þ ¼ α12exp �β12r12ð Þ � Adisp

r612
: ð2:67Þ

In the following discussion, we will use the 6-12 po-
tential in its common, simplified form:

U r12ð Þ ¼ 4 " 12
σ12
r12

� �12

� σ12
r12

� �6
" #

; ð2:68Þ

where " 12 ¼ A2
disp=4Acore

� 
and σ12 ¼ Acore=Adisp

� �1=6
are empirical constants obtained from pairwise inter-
actions of atoms and/or molecules in the gas phase
(Vargasa et al., 2001). That is, they are obtained by
measuring deviations of atomic species from the ideal
gas law, PV = NkBT, where P is the pressure, V is the
volume, and N is the number of atoms or molecules.
The deviations from this expression as a function of
gas density are quantified by the virial coefficients
which are related to many-particle interactions in the
gas. These coefficients then provide the equilibrium

2.4 CRYSTAL ENERGY AND COHESION 47



interatomic distances and energies used to calculate
their interaction energies in Eq. 2.68.
Now the equilibrium separation, r0,12, of the mol-

ecules is found using Eq. 2.18 which gives
r0;12 ¼

ffiffiffi
26

p
σ12 ¼ 1:12σ12, and U r0ð Þ ¼ � " 12. Here,

r0,12 is known as the van der Waals radius, which is
the distance of closest approach of adjacent mol-
ecules. A list of Lennard-Jones coefficients for sev-
eral common interatomic interactions is provided in
Table 2.5. The Lennard-Jones potential and the def-
inition of the equilibrium values for U and r are
shown in Fig. 2.15. The short-range nature of the
van der Waals energy (solid line) is compared with
that of the longer-range Coulomb energy
(dashed line).
The elastic constant, k, for a van der Waals solid is

(cf. Eq. 2.21):

k ¼ ∂2U rð Þ
∂r2

����
r¼r0

¼ 72 "ffiffiffi
23

p
σ2
¼ 57:16

"

σ2
: ð2:69Þ

2.4.4 Hydrogen bonds

Hydrogen bonds exist between molecules when a
hydrogen atom is covalently bonded to an electro-
negative atom. The classic case of an H-bonded sub-
stance is water where neighboring molecules align
due to interactions between an H atom on one dipolar
H2O molecule with the O atom on an adjacent mol-
ecule, as illustrated in Fig. 2.16. The hydrogen bond is
represented by the dashed line: H. . .O�H. Here, the
covalent O─H bond distance is 1 Å, whereas the

H. . .O distance is 1.76 Å since it is considerably weak-
er than the former bond. Hydrogen bonds not only
exist between H and O, but also are found with N, F,
and Cl. The bond strength depends on the electro-
negativity of the atom bonded to the H atom. The
H bond results from Coulombic attraction between
an H atom bound to one molecule and the nearby
molecule with which it coordinates. It arises from
electrostatic dipole–dipole interactions whose bond
strengths can be considerably larger and more direc-
tional than van der Waals bonds. Hydrogen bonds
owe their properties to a limited but nevertheless
significant covalent content between the electron on

Table 2.5 Self-consistent Lennard-Jones 6-12 parameters between several atomic species commonly found in organic molecules (Scott and Scheraga,
1965, Abe et al., 1966)

Atoms i–j r0, ij Å «ij kcal mol�1 Atoms i-j r0,ij Å «ij kcal mol�1

C-C 4.00 0.150 O-S 3.60 0.200

C-N 3.75 0.155 O-H 2.60 0.063

C-O 3.60 0.173 S-C 4.00 0.173

C-S 4.00 0.173 S-N 3.75 0.179

C-H 3.00 0.055 S-O 3.60 0.200

N-C 3.75 0.155 S-S 4.00 0.200

N-N 3.50 0.160 S-H 3.00 0.063

N-O 3.35 0.179 H-C 3.00 0.055

N-S 3.75 0.179 H-N 2.75 0.057

N-H 2.75 0.057 H-O 2.60 0.063

O-C 3.60 0.173 H-S 3.00 0.063

O-N 3.35 0.179 H-H 2.00 0.020

O-O 3.20 0.200
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Figure 2.15 Van der Waals energy vs. molecular separation normalized
to their values at equilibrium (U(r0) and r0, respectively). The short range
van der Waals energy (which depends on 1/r6) is compared to the longer
range Coulomb potential (~1/r).
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the H atom shared with the electronegative atom on
the adjacent molecule. This leaves the H atom with a
slight positive charge that increases the electronega-
tivity of the adjacent molecule (Jeffrey, 1997).

The H-bond strength and directionality leads to
the high boiling points of polar liquids as H2O,
and can play a significant role in the bonding of
molecular crystals, and between polymers where
H atoms are suitably positioned on each monomer
along the molecular backbone. Importantly, H-
bonding is primarily responsible for the double
helix structure of DNA, providing the attractive
force between base pairs on the two strands that
comprise the molecule.

The directionality and strength of the bond that
leads to the complex structures of DNA, proteins
and other molecular species is qualitatively illustrated
in the plot of U(θ) in Fig. 2.17, where θ is the angle
between the two bonded molecules (inset). The
H-bond is more directional than the van der Waals
interaction, but is far less directional than are covalent
bonds. The bond reaches a minimum energy at θ = 0.
This forces it to be as linear as steric constraints be-
tween the molecules allow. Otherwise, in the example
of H2O, the O─O repulsion would dominate over the
H. . .O attraction, considerably reducing surface ten-
sion and all of the other unique properties of this
substance.

The larger directionality of the H bond compared
with that of the van der Waals bond suggests that its
influence attenuates less rapidly than 1/r6. Indeed,
the bond can be modeled by Coulomb attraction
from an extended (molecular) charge distribution of
dipole moment, p, at angle, θ, and distance, r, from a
point charge. This yields an attractive energy
(Israelachvili, 2011):

U r; θð Þ ¼ �δþ qpcosθ
r2

: ð2:70Þ

Here, δ+ is the fraction of a charge transferred from the
H atom to the neighboring molecule. Note that while
Eq. 2.70 is approximate, it provides the essential de-
tails of directionality and relatively slowly decreasing
energy with distance of the H bond. As in the case of
other bonding mechanisms, the hard nuclear core
repulsion becomes dominant as the distance between
molecules approaches their van der Waals radii.

2.4.5 Comparison of bond strengths

Ionic, covalent, van der Waals, and hydrogen bonds
are all found to play a role in determining the struc-
ture of organic materials, including molecular crystal-
line solids and polymers. The strength of the bonds
determines the hardness (elastic strength), as well as
melting and boiling points of the solid. A sampling of
materials bonded by these different forces is provided
in Table 2.6, along with some of their physical charac-
teristics. We note that in general, the higher the bond
energy, the higher the sublimation or melting point,
and the density of the solid (i.e. higher bond strengths
lead to tighter packing within the crystal). A seeming
exception to this rule in Table 2.6 is the van der Waals
bond. However, examination of the energies in
Table 2.5 shows that van derWaals bonds are roughly
0.2 kcal/mol per bond between atomic species. This is in
contrast to the molecular compounds in Table 2.6 that
consist of 20 or more atoms. To obtain the total mo-
lecular bond strength, we show in Section 2.5 that
energies from each atom within the molecule must
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Figure 2.17 The directionality of the hydrogen bond lies between
the highly directional covalent bond and the non-directional
induced dipolar van der Waals bond, sharing characteristics of both.
Inset: The angle between molecules bonded by H interactions
(Israelachvili, 2011).
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Figure 2.16 Five H2O molecules coordinated through H bonds denoted
by dashed lines. The oxygen atoms (large spheres) have 8 valence
electrons. The increase (decrease) in charge density is denoted by (+).
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be summed to result in the total molecular bond en-
ergies. Then, these are only slightly less than covalent
bond energies between individual Si or Ge atoms. As
a rule of thumb, we find that van der Waals bond
energies are ~kBT at room temperature, compared
with 10kBT for H bonds, 100kBT for covalent bonds,
and perhaps 5–10 times higher still for ionic bonds.

2.5 Equilibrium crystal structures

Using the interaction energy between two induced
dipoles, in principle it is straightforward to determine
the energy of an ensemble of molecules to determine
the minimum energy that determines the equilibrium
crystal structure. In practice, Eq. 2.68 is solved to de-
termine simple, pairwise interatomic interactions. It
can, however, also be extended to molecular binding
as inferred from our discussion in Section 2.4.3, al-
though the determination of the Lennard-Jones coef-
ficients, " and σ, is more complex and is unavailable
for most molecules. Recall that these coefficients are
determined from deviations at high density from the
ideal gas law for atomic species. Such data rarely exist
for molecules, and hence a different approach is
required.
Let us assume that the interaction energies areU(Rij)

for individual molecules, i, j separated by a distance
Rij¼ |Ri� Rj| are known. Then we can write the total
crystal energy as the sum of the individual molecule–
molecule binding energies, which are expected to have

a form similar to Eq. 2.68. The total crystal energy is
given by the sum over all molecule–molecule inter-
actions in a manner identical to that used between
atoms, viz.

Ucrystal ¼ 1
2

X
i 6¼j

U Rij
� �

: ð2:71Þ

The minimum free energy of a solid is then obtained
by taking the first derivative of Ucrystal relative to
position, Rij and then setting this derivative to zero
to find the equilibrium intermolecular separation, R0.
In this discussion we have implicitly assumed that

the minimum energy is achieved in a crystal struc-
ture, rather than in an amorphous collection of mol-
ecules. However, often conditions do not exist to
kinetically drive the molecules into the energy struc-
ture minimum. Also, some solids comprising hetero-
geneous mixtures of molecular isomers (e.g. both cis
and trans isomers), or more than a single compound,
may not have a well-defined structure with a distinct
minimum energy. In these instances, metastable
crystalline phases corresponding to a local energy
minimum, or even amorphous solids can result, de-
pending on the conditions used to achieve crystal
growth. It is important to emphasize, however, that
growth kinetics notwithstanding, the minimum en-
ergy structure of a homogeneous material is crystal-
line whereby neighboring molecules achieve the
closest possible equilibrium packing habit, as dis-
cussed in Section 2.2.

Table 2.6 Example materials, their bond types and physical properties

Bond type Material Melting point
(°C)

Boiling point
(°C)

Sublimation pointa (°C) Densityb (g/cm3) STP Bond energya

(kJ/mol)

Covalent Si 1414 3265 2.33 222

Ge 938 2833 5.35 188

GaAs 1238 5.32 210

Ionic NaCl 801 1413 2.17 787

LiF 845 1676 2.64 1046

van der Waals Anthracene 216 340 1.28 129

Alq3 350 162

PTCDA 550 1.70 240

Pentacene >300 372 1.3 166

Hydrogen Water 0 100 1 21

Ammonia �77 �33 0.82 (s) 46

Ethanol �114 78 0.79 (l) 38

a Approximate values are given for sublimation points and several bond energies.
b STP = standard temperature and pressure, s = solid, l = liquid.

50 BULK AND THIN FILM ORGANIC CRYSTAL STRUCTURES



While in principle the determination of the min-
imum energy structure is straightforward, in practice
the process generally consumes extraordinary
amounts of computer resources. The absence of data
for molecular van der Waals coefficients requires that
the energy calculation includes all pairwise inter-
actions between atoms comprising the interacting
molecules. Then, their energy contributions are deter-
mined using Eq. 2.68 with the help of the coefficients
in Table 2.5, summed using Eq. 2.71, and then minim-
ized. This calculation must be done for each molecule
with respect to all others in the ensemble, and for all
possible orientations for each molecule relative to all
others in the neighborhood that extends until the
contributions from more distant molecules becomes
negligible. To accomplish this for almost any crystal
structure, the number of degrees of freedom rapidly
leads to an intractably large computational challenge.
However, there are several simplifications that can be
safely applied to many molecular solids that can pro-
vide a reasonably accurate estimation of the lattice
energy and structure.

The process of reducing the molecule to its atomic
constituents, and then summing over all the pairwise
interactions between atoms to calculate their indi-
vidual bond energies is known as the atom–atom
potential method. In this case, the energy between
molecules i, j is

UðRijÞ ¼ 1
2

X
m;n

UðrmnÞ; ð2:72Þ

where m, n are atoms in different molecules, i, j,
whose potential is given by Eq. 2.68. The validity of
this approach is based on several assumptions: (i) The
calculation applies to equilibrium at T = 0 K, and
hence it cannot predict dynamic growth processes,
nor does it consider vibrational contributions or
phase changes that may occur at T > 0 K. Thus, the
model is static. (ii) The van der Waals forces between
atoms on neighboring molecules are isotropic, and are
not significantly perturbed by the molecular structure
in which they reside. (iii) The molecules are rigid, that
is, there are no internal degrees of freedom where
they might flex or twist when placed in proximity to
another molecule. In effect, the ground state config-
uration of the isolated molecule is unaffected by its
environment. This constraint is quite limiting since
there are many molecules that have extended, linear
structures that do indeed conform to the forces exert-
ed by their neighbors. (iv) There is no significant
contribution to the intermolecular energy arising
from Coulombic forces, hydrogen bonds, higher

order multipoles, etc. Hence, intermolecular charge
transfer is ignored. In principle, these forces can be
added although their long-range nature extends the
neighborhood of molecules that must be included,
and hence can greatly increase calculational intensity.
On the other hand, the calculation can be simplified by
eliminating configurations prohibited by crystal sym-
metry or unlikelymolecular orientations. For example,
we can start the structural calculations by assuming
either a monoclinic or triclinic lattice with the adjacent
molecules stacked in either a lamellar or herringbone
configuration, which captures a large majority of or-
ganic structures (see Table 2.1). Previous calculations
for planar, nonpolar molecules such as anthracene and
coronene have shown that the assumptions used in the
atom–atom potential calculations generally lead to ac-
curate,first-order estimations of equilibriumstructures
(Kitaigorodsky, 1973).
The accuracy of the method has been tested by

calculating the bulk crystal structures of NTCDA
and PTCDA, and then comparing these results with
crystallographic data (Forrest, 1997). Perspective
views of the measured bulk PTCDA and NTCDA
unit cells are provided in Fig. 2.18a and b, respectively
(Forrest et al., 1987). Here, PTCDA and anthracene
(Fig. 2.8) form lamellar structures, whereas NTCDA
is in one of many possible herringbone arrangements.
Table 2.7 provides the details of the lattice structures
of both materials. In this table we see there are
two possible structures of PTCDA (called the α and
β phases), and only one known isomorph of
NTCDA. PTCDA is polymorphic; that is, it can take
on several different stable or metastable forms, each
one known as an isomorph. Polymorphism is a com-
mon attribute of molecular solids, with each iso-
morph achieved via a different kinetic route. Also,
the unusually close intermolecular spacing of only
3.21 Å in α-PTCDA leads to many of its remarkable
physical as well as electronic properties, that will be
discussed in the following chapters.
As noted above, tackling the full structure is a

complex 3D problem involving numerous degrees
of freedom between the several molecules in the
cells. Hence, only limited aspects of the 3D structure
are calculated to demonstrate the application and
accuracy of the atom–atom potential method. In
Fig. 2.19, the energy surfaces of two PTCDA mol-
ecules and two NTCDA molecules are stacked one
above the other (forming physical dimers). The sur-
faces are obtained by calculating the total energies
(Eq. 2.72) while translating the molecules along the
glide plane normal to the stacking axis using the
atomic van der Waals coefficients in Table 2.5.
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From these calculations, the equilibrium distances
(i.e. the van der Waals radius) in the stacking direc-
tion are between 3.20 Å and 3.26 Å for these planar
molecules. It has been assumed that the molecular
planes of adjacent molecules are parallel, which is not
the case for the herringbone structure of NTCDA. The
binding energy of the PTCDA dimer is approximately
�1.3 eV, corresponding to 24 kcal/mol (see Table 2.7).
This value is consistent with the sublimation energies
of many aromatic molecules similar to PTCDA and
NTCDA (Cox and Pilcher, 1970). Indeed, the sublim-
ation temperatures or evaporation temperatures
that range between 80°C and 500°C for most organic
crystals (compared to 700°C to 2000°C characteristic
of covalently bonded semiconductors) are a direct
consequence of the bond strengths. Stronger bonds
result in higher boiling or evaporation temperat-
ures. Thus, van der Waals bonds are typically in
the range of 1–10 meV/atom (Kitaigorodsky, 1973),
leading to a binding energy/molecule � 1 eV,
whereas for covalent or ionic bonding, the energies

range from 100 meV to ~5 eV/atom (Ashcroft and
Mermin, 1976).
There are two minima located at �1.1 Å from the

center of the PTCDAmolecules forming the dimer, and
�1.0 Å for NTCDA. The energy minima are displaced
from the molecular centers of mass, and are located
along the longmolecular axis. The equilibrium offset is
experimentally observed in the PTCDAbulk structure,
resulting in the molecular lamella stacking along the
(102) axis, forming a slip-stacked structure. That is,
there is an 11° tilt of the molecular plane within the
unit cell, which has been widely observed for PTCDA
deposited on such insulating substrates as glass
(Forrest et al., 1984b) and polymers (Taylor et al.,
1995, 1997). Interestingly, this 11° tilt is not observed
for PTCDA on conducting substrates such as Au or
GaAs (Hirose et al., 1996), suggesting that more com-
plex charge exchange interactions not included in the
calculations may exist for these latter situations.
Already we have seen that the computational in-

tensity of even these simple dimer structures involves

(a) (b)

Figure 2.18 Views of the crystal structures of (a) α-PTCDA and (b) NTCDA. PTCDA is a closely packed, monoclinic lamellar structure, with a
minimum distance of 3.21 Å between stacked molecules. NTCDA forms a more open herringbone monoclinic lattice. The unit cells are shown by the
frames. Carbon atoms are shown as open circles, O as closed circles, and H are the small circles at each outer vertex at the carbon rings. Adapted
from Forrest (1997).
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a considerable investment of computer time. As a
simplification, the molecule can, in some cases be
substituted by a proxy structure for the individual
atoms. The proxy has a similar spatial symmetry of
the actual molecule. For example, PTCDA and
NTCDA have been replaced by ellipsoidal “atoms”
whose effective van der Waals coefficients approxi-
mate the total intermolecular interactions (Forrest and
Zhang, 1994). In the ellipsoidal approximation, all the
atom–atom potentials between two planar molecules
(e.g. PTCDA and NTCDA) are reduced to ellipsoidal
potentials, one for each molecule, but where the

Buckingham coefficients, α12, β12, and Adisp in Eq. 2.67
are replaced by phenomenological constants that de-
pend on angle and distance to the nearest neighbor
molecule.
To account for more complex molecular shapes, the

molecular structure can be broken into a limited set of
interaction sites representing a cluster of atoms in a
molecule, and spatially arranged to approximate the
shape of the actual molecule. The Lennard-Jones po-
tential is then used, along with “effective” atom–atom
interaction coefficients derived for each site to calcu-
late the lowest energy crystal structures. For example,
the 54 atoms comprising the CuPc molecule are re-
placed by 13 spherically symmetric sites, thereby elim-
inating 95% of the pairwise calculations required to
determine the interaction between two like molecules
(Liu et al., 1996). The number and distribution of sites
chosen is determined by a compromise between the
requirement to accurately represent molecular geom-
etry and symmetry, and the need to include as much
of the interaction physics as possible without making
the calculation impractically unwieldy.
Unfortunately, none of these potential approxima-

tions can be employed without some a priori experi-
mental verification of their accuracy. Yet, obtaining
such data (via, for example, examining the structure
of the actual solid under study) can ultimately min-
imize or even eliminate the need for the calculation in
the first place.
It is inevitable, therefore, that approximations must

be employed to make structural calculations tractable,
such as limiting the interactions to short range van der
Waals forces, eliminating unlikely structures from the
outset, or by replacing all the atom–atom potentials
with a few effective potentials. Even with such ap-
proximations, the predicted structures may be diffi-
cult or even impossible to reach by conventional
growth methods. Given these significant limitations,
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Figure 2.19 Potential energy surfaces obtained by fixing the
intermolecular spacing of (a) PTCDA and (b) NTCDA as the molecules are
translated relative to each other in the dimer (Forrest and Zhang, 1994).

Table 2.7 Monoclinic unit cell parameters for PTCDA and NTCDA (from Forrest and Zhang, 1994 for α-PTCDA and NTCDA, and Mobus et al., 1992 for
β-PTCDA)

Parameter α-PTCDA β-PTCDA NTCDA

Formula C24O6H8 C24O6H8 C14O6H4

Space group P21/c(C2h5) P21/c(C2h5) P21/c(C2h5)

a (Å) 3.72 3.78 7.89

b (Å) 11.96 19.30 5.33

c (Å) 17.34 10.77 12.74

α (°) 90 90 90

β (°) 98.8 83.6 109.04

Z (basis) 2 2 2
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structures are often approximated using molecular dy-
namics (MD) methods, whereby a limited set of inter-
actions for an ensemble of molecules are applied at a
temperature, T > 0 K. The non-zero temperature pro-
vides kinetic energy to the ensemble. The calculation
of the structure is then carried out for a time sufficient
for the molecules to reach an equilibrium, or near-
equilibrium configuration. This is equivalent to struc-
tural annealing, whereby the individual molecules are
jostled around to find an energetically favorable
structure that may actually be reached under realistic
laboratory conditions.
MD simulations, for example, have been used to

understand the structure of an interface between
films of C60 and BP4mPy and its evolution over
time after its growth by organic vapor phase deposition
(OVPD, see Section 5.4.2) (Baldo et al., 1998, Song
and Forrest, 2016). The molecular structural formu-
las of C60 and BP4mPy are shown in Schemes 1 and
2, respectively.

In OVPD, organic molecules are volatilized by a hot
inert carrier gas that transports them to a cold sub-
strate where they are adsorbed (Shtein et al., 2001).
The carrier gas imparts kinetic energy to adsorbate
molecules to promote diffusion along the surface until
the molecules find suitably low energy sites where
they stabilize. In MD calculations, the annealing

energy, however, is provided by the ambient tem-
perature. For OVPD-based growth, the dependence
of kinetic energy on pressure can be substituted by an
equivalent small change in substrate temperature ac-
cording to the ideal gas law. That is, if the tempera-
ture at pressure P1 is T1, then at a different pressure, P,
the incremental kinetic energy is given by the canon-
ical relationship:

δEkin T;Pð Þ ¼ kBðTeff � T1Þ
kBT1

δEkin;0ðT1;P1Þ

þδEkin;0 T1;P1ð Þ ¼ kBT1 P=P1 � 1ð Þ
kBT1

þ 1
� 	

δEkin;0 T1;P1ð Þ;

ð2:73Þ
where Teff is the equivalent substrate temperature that
leads to the increased energy. Note that Teff is not the
actual temperature; it is the temperature needed to
supply the same kinetic energy to the molecules as the
change in pressure in the actual growth environment.
The increase in carrier gas pressure allowsmolecules to
find lower energy sites during the annealing process
due to their larger kinetic energy. Equation 2.73 de-
pends on the activation energy barrier, δEkin;0, that
must be overcome for a molecule to have sufficient
surface mobility to seek a low energy site, rather than
fixed at its point of initial incidence on the surface. For
the system considered, nanocrystalline films formed at
P1 = 0.17 torr, whereas in vacuum only amorphous
films were grown. From these data, it was inferred
that T1 = 350 K, from which the activation energy for
crystallite formation was δEkin;0 ¼ 4:5meV (Song and
Forrest, 2016).
Molecular dynamic simulation results were ob-

tained for an ensemble of 32 C60 and 12 BP4mPy
molecules that were initially segregated into amorph-
ous regions bounded by an abrupt, planar interface.
This is clearly a far more challenging problem than
seeking the lowest energy of a homogeneous pair of
flat, polyaromatic hydrocarbons. In this case, we are
examining an inherently disordered structure com-
prised of 44 molecules with vastly different volumes,
shapes and atomic distributions. Whereas C60 has
spherical symmetry, BP4mPy is approximately pla-
nar, although its single C─C bonds between phenyl
groups allows for numerous twisting and bending
degrees of freedom, all of which are considered in
the simulations. Molecular dynamic simulations
based on a 6-12 Lennard-Jones potential, and that
included simulated annealing for times up to 400 ps
were performed using commercial software (Bovia
Corp, 2016). Convergence toward structural equilib-
rium in <150 ps is found for P2 = 0.28 torr (with an
equivalent temperature of Teff = 576 K; see Fig. 2.20).

N

N

N

N

Scheme 2 BP4mPy

Scheme 1 C60
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The simulation proceeds by allowing the ensem-
ble of molecules to reach different equilibrium ar-
rangements at each background pressure. At P1

(Teff ¼ 350 K), Fig. 2.21a shows that there is minor
reorganization within the C60 and BP4mPy regions
with a slight intermixing at the interface. At P2

(corresponding to δEkin ¼ 7:4meV) in Fig. 2.21b, C60

molecules form into their characteristic, tight packed
fcc lattice that limits interdiffusion of BP4mPy. As
the growth pressure increases to P3 = 0.49 torr
(corresponding to δEkin ¼ 13:0meV in Fig. 2.21c),
the C60 region becomes more disordered, allowing
BP4mPy molecules to interdiffuse across the inter-
face. The molecules become completely blended in
an amorphous mixture at the highest pressure, P4 =
0.82 torr (δEkin ¼ 21:7meV in Fig. 2.21d). The corres-
ponding van der Waals energies of each configur-
ation are �0.833 eV/molecule at P1, �0.872 eV/
molecule at P2, �0.935 eV/molecule at P3, and
�1.01 eV/molecule at P4. This implies that the en-
semble energy decreases as the BP4mPy:C60 blend
becomes more intermixed. Increasing pressure (and
hence kinetic energy) drives the morphology to an
increasingly stabilized structure.

2.6 Molecular layer structures
2.6.1 Epitaxial growth modes

For practical applications, the optoelectronically ac-
tive material is layered onto a supporting substrate.
Unlike inorganic semiconductors, it is impractical or
exceptionally difficult to grow molecular crystals of a
size useful for studying and exploiting their proper-
ties in the bulk. Hence, almost all electronic devices

(a) (b)

(c) (d)

Figure 2.21 Molecular dynamic simulation results of an ensemble of 12 BP4mPy and 32 C60 molecules after simulated annealing with effective
molecular kinetic energies of (a) δEkin = 4.5 meV, (b) 7.4 meV, (c) 13 meV, (d) 21.7 meV corresponding to OVPD growth pressures of 0.17 torr, 0.28 torr,
0.49 torr, 0.82 torr, respectively. The initial condition corresponds to (a) with C60 to the left and BP4mPy to the right of the interface in the center of the
diagram. Note the ordered fcc C60 lattice in (b), and the almost complete intermixing of the equilibrium structure achieved at the highest pressure of 0.82
torr in (d) (Song and Forrest, 2016).

Reprinted with permission from Nano Letters, 16, 3905-3910, Song, B. & Forrest, S. R., Nanoscale Control of Morphology in Fullerene-Based Electron-Conducting
Buffers via Organic Vapor Phase Deposition. Copyright 2016 American Chemical Society.
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Figure 2.20 Potential energy of the simulated molecular configuration
annealed at T = 576 K (corresponding to P2 = 0.28 torr) as a function of
simulation time. The equilibrium structure is achieved after approximately
150 ps (Song and Forrest, 2016).

Reprinted with permission from Nano Letters, 16, 3905–3910, Song, B. &
Forrest, S. R., Nanoscale Control of Morphology in Fullerene-Based Electron-
Conducting Buffers via Organic Vapor Phase Deposition. Copyright 2016
American Chemical Society
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employ thin films of active materials grown onto a
supporting substrate. Epitaxial growth, or epitaxy, is
achieved when the lattice structure of the film
matches that of the substrate, that is, when the lattice
of the adlayer atoms or molecules is identical to that
of the underlying substrate. When this condition is
met, the substrate acts as a template on which to grow
the layer. For materials bonded by strong and long
range covalent and/or ionic forces (e.g. Si, GaAs, InP,
etc.), lattice-matching between the substrate and epi-
taxial layer is essential in achieving a thin film free of
dislocations or other defects that are generated to
relieve lattice strain.

Strain is defined as the degree of lattice mismatch
between two contacting layers. The lattice mismatch
for a cubic structure is given by

�a ¼ jaS � aEj; ð2:74Þ
where aS is the lattice constant of the substrate and aE
is that of the epitaxial layer. For example, due to the
strong interatomic bonding of inorganic semiconduct-
ors, a close lattice-match (typically with strains of
f ¼ �a/aS < 10�3) is required when growing films
thicker than a critical value beyond which a very
high density of strain-energy relieving misfit disloca-
tions are generated (Matthews and Blakeslee, 1974).
While such mismatched epitaxy can occasionally be
useful for device applications, the short carrier life-
times and high junction leakage currents that accom-
pany high defect densities are often unacceptable.
This severely restricts the choice of materials available
to the device engineer.
The Matthews–Blakeslee thickness limit is an estimate

of the thickness at which a high density of disloca-
tions is generated in an epitaxial layer. The critical
Matthews–Blakeslee thickness is

tcrit ¼ kakð1� ν=4Þ
4
ffiffiffi
2

p
πf ð1þ νÞ log

ffiffiffi
2

p
tcrit
kak

" #
þ 1

 !
: ð2:75Þ

This is proportional to 1/f, that is, tcrit decreases in-
versely with the degree of lattice mismatch between
the epitaxial layer and the substrate. Also, it scales
linearly with kak, the magnitude of the Burgers vector
of the dislocation, which depends on both the magni-
tude and direction of the lattice distortion due to a
lattice dislocation. The relationship between the Bur-
gers vector and a dislocation is shown in Fig. 2.22. It
points in the direction, and has the magnitude of the
gap in a clockwise path originating and ending at the
dislocation.
Ultimately, the tolerable strain is determined by

how much distortion the lattice can withstand before
a dislocation is formed. Distortion into the out-of-
plane direction (i.e. normal to the substrate) relieves
strain by attempting to maintain a constant unit cell
volume, and hence maintaining its minimum lattice
energy. In cubic lattices, this is known as tetragonal
distortion, and is determined by the magnitude of the
Poisson’s ratio (Eq. 2.22). The effect of tetragonal dis-
tortion on a square lattice is illustrated in Fig. 2.23.
The substantially weaker cohesive forces exerted

by van der Waals bonds between the adlayer and
the substrate leads to a significantly reduced Pois-
son’s ratio (ν ~ 0.01) compared to that for inorganic
materials (ν ~ 0.3–0.5). The magnitude of the lattice
distortion is correspondingly reduced, thereby re-
sulting in an increase in the critical thickness. For
strains of ~10�3 that are tolerable in covalently
bonded materials, the critical thickness is ~100 nm,
whereas this value can be at least an order of mag-
nitude larger for organics.
While the properties of organic molecular crystals

have been studied for nearly 70 years, only recently
has long range structural ordering of layers been
achieved on a wide range of substrates (Forrest
et al., 1984a, Hara et al., 1989, So et al., 1990, Umbach
et al., 1998, Lunt et al., 2011). There has been both
experimental and theoretical investigation of the

P P

vectorvector
BurgersBurgersBurgers
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N

Figure 2.22 An undistorted cubic lattice (left) and one with a dislocation (right). The Burgers vector extends from the start to the end of the clockwise
path of MNOP.
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conditions that lead to these ordered molecular thin
films (Forrest and Zhang, 1994, Hillier and Ward,
1996, Yang and Forrest, 2008).

In the preceding discussion, we have emphasized
the effects that the substrate lattice can have on the
quality of subsequently grown layers, and the degree
to which mismatch-induced strain can have on the
quality of the epitaxy. To categorize the various
types of structures, it is interesting to note that the
etymology of the word epitaxy is a combination of the
Greek epi for “upon”, plus taxis for “arrangement” or
“in the form of.” Several such overlayer arrangements
are shown in Fig. 2.24, where the deposited layer is
shown by the grid with black circles, and the sub-
strate with open circles. A conventional epitaxial

layer is both commensurate with the underlying lattice
(i.e. both lattices precisely fit), and is aligned to it. An
epitaxial layer therefore has a lattice with an identical
symmetry as the substrate, as well as a lattice constant
that is an integer multiple (usually no larger than 2) of
the substrate. This motif results in an unstrained layer
since there are no periodic mismatches between the
upper and lower lattices. Thus, analogous to
Fig. 2.24a, the lattice sites in the upper layer lie direct-
ly on top of those in the lower layer. In this example,
the epitaxial layer is tilted such that its lattice points
match every second substrate lattice point in both the
x and y directions. This is known as a 2 x 2 surface
reconstruction.
If such a registry is not possible, the coincident

layer illustrated in Fig. 2.24b may be achieved.
The particular configuration shown is known as
point-on-line coincidence. Notice that the epitaxial lat-
tice is registered along each column of lattice sites on
the substrate. This registration minimizes misfit
strain, although it is not entirely eliminated. Coinci-
dent structures find “magic angles” of alignment to
produce the minimum energy structure. Coinci-
dence occurs for lattices with similar, but not identi-
cal symmetries (in the diagram a rectangular layer is
registered with a square substrate lattice), and the
lattice constants are related by a simple, rational
fraction or integer multiple of each other. For ex-
ample, if the substrate has a square lattice with lat-
tice constant a, the overlayer can find a coincident
registration if it is a rectangular lattice with lattice
constants a, 3

2a.
Finally, the most common situation found in or-

ganics is the nearly total lack of periodicity between
the upper and lower layers. This results in an
incommensurate registration between the lattices.
Incommensurate lattices have both different symmet-
ries and lattice constants. Since there is no perfect
fit, the lattice constants differ by irrational numbers.

>

>

Substrate

Epitaxial 
layer

Heterointerface

aE

aE aS

aS

as

Figure 2.23 An epitaxial layer whose lattice constant, aE, is slightly
larger than that of the substrate, aS. The strain energy is relieved in the
layer by tetragonal distortion to maintain the original unit cell volume.
In this case, the lattice constant perpendicular to the substrate plane,
a?E , is enlarged relative to that parallel to the substrate, where
akE ¼ aS.

(a) (b) (c)

Commensurate Coincident Incommensurate

Figure 2.24 Three possible layer schemes of a misfit lattice on a substrate. (a) Commensurate, (b) coincident, and (c) incommensurate. The square
substrate lattice is shown by open circles and the overlayer structure is shown by filled circles. Coincidence in (a) and (b) is highlighted by red points.
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Such a layer will always be strained, although as
shown below, it can nevertheless find a preferred
alignment with the substrate that can produce long-
range order. Indeed, given the highly elastic nature
van der Waals solids, incommensurability does not
necessarily result in structural defects, as it would
surely do in covalent or ionically bonded materials.
To distinguish these possible relationships between

the layer and the substrate, van der Waals film
growth has been identified by various terms includ-
ing epitaxy (Hara et al., 1989), quasiepitaxy (So and
Forrest, 1991) and epitaxy (Koma, 1992), depending
on the degree of strain or morphology of the resulting
film. Here, we will clarify this terminology as well as
identify the primary characteristics of molecular films
grown on a variety of substrates.
In conventional epitaxy, the molecules are chemi-

sorbed onto the substrate surface through the relative-
ly high energy covalent bond, whereas in van der
Waals epitaxy adhesion to the substrate is through
purely electrostatic bonds (Burrows et al., 1992). Inev-
itable mismatches between the substrate and film
lattices result in strained layer growth that promotes
three different surface morphologies illustrated in
Fig. 2.25. In order of decreasing strain between the
adsorbate and the substrate, the growth mode is

(Smith, 1995): (i) layer-by-layer, or Frank–van der
Merwe growth (Fig. 2.25a), (ii) wetting layer-plus-island,
or Stranski–Krastanov growth (Fig. 2.25b), and (iii) is-
land, or Volmer–Weber growth (Fig. 2.25c).
In the absence of significant strain, epitaxial growth

occurs layer-by-layer, with each layer lattice matched
to the one beneath. In this case, the Matthews–
Blakeslee critical thickness is substantially larger
than the total layer thickness. The surface morph-
ology is either flat or terraced. If the strain is large
(i.e. the epitaxial lattice is significantly mismatched to,
or incommensurate with the substrate lattice), only a
few molecular layers (“wetting layers”) can grow be-
fore tcrit is exceeded. The strain in subsequent layers
exceeds the elastic limit of the material, and hence the
strain energy is released by the formation of defects.
The defects separate strain-relaxed islands that nucle-
ate on the wetting layers. Finally, for the most highly
strained layers, the growth commences by isolated
island nucleation on the substrate surface. The size
of the islands is determined by the degree of strain;
the mean island diameter decreases with increasing
lattice mismatch. As the layer thickness is increased,
the islands grow in both height and width in a layer-
by-layer mode, eventually merging into a highly dis-
rupted and often discontinuous, polycrystalline layer
with grain boundaries separating each island. The
process of island nucleation and increasing size with
thickness is known as Ostwald ripening (Ratke and
Voorhees, 2002). The rate and scale of island growth
are determined by the wetting properties of the nu-
cleation sites on the substrate (i.e. the mismatch in
surface energies between substrate and adsorbate),
and the available thermal energy that promotes mo-
lecular migration across the surface to the growing
islands.

2.6.2 van der Waals epitaxy and quasiepitaxy

Perhaps the most “classical” example of a van der
Waals bonded solid is graphite. The carbon atoms
within a layer are covalently bonded into graphene
sheets, yet the forces bonding the sheets together to
form a three dimensional solid are by the weaker van
der Waals interaction. Like mica, graphite is a layered
material whose individual sheets can easily be separ-
ated. This gives graphite a significant asymmetry in
tensile strength along these orthogonal axes.
As noted in the previous section, it is difficult to

find commensurate molecular crystal/substrate com-
binations leading to unstrained van der Waals epi-
taxy. Thus, Stranski–Krastanov growth tends to be
the most frequently observed mode, albeit with a

(a)

(b)

(c)

Figure 2.25 Growth modes of epitaxial layers. (a) Layer-by-layer
(Frank–van der Merwe), (b) layer-plus-island (Stranski–Krastanov), and
(c) island (Volmer–Weber) growth. The substrate lattice is in black, and
the epitaxy is in red.
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wetting layer that is considerably thicker than found
in inorganic semiconductor materials combinations.
Somewhat compensating the lack of a matching sub-
strate is the large number of degrees of freedom that
the adlayer molecules can assume due to their large
size and complex structure. For example, with appro-
priate substrate surface preparation, the molecules
can assume various configurations that compensate
for strain, such as standing on edge, or lying flat on
the substrate plane (Shtein et al., 2002, Lassiter et al.,
2010, Yook et al., 2011). As a result, all of the modes in
Fig. 2.25 have been realized in crystalline organic
layers. The mode that develops depends on the kin-
etic conditions present during growth (i.e. substrate
lattice mismatch to the equilibrium film structure,
bonding energy betweenmolecules and betweenmol-
ecules and substrate, rate of film growth, substrate
temperature, background pressure in the case of
vapor phase deposition, etc.).

Examples of different growth modes of organic
films on various substrates are given in Figs. 2.26–
2.28. Figure 2.26 shows the surface of a PTCDA film
grown on highly oriented pyrolitic graphite (HOPG).
The growth is by thermal evaporation in ultrahigh
vacuum. This is an example of layer-by-layer, Frank-
van der Merwe growth, with a monolayer at the
bottom left, and a terrace leading to an additional
layer, forming a bilayer, at the upper right. The crys-
talline molecular planes are clearly visible and orient-
ed relative to the graphite substrate. Also, a few
defects appear in the monolayer toward the top center
of the image. These are apparently holes in the film

where PTCDA molecules are absent, exposing the
underlying HOPG substrate.
Figure 2.27 shows Stranski–Krastonov, layer-

plus-island growth of pentacene on an amorphous
polyimide substrate. The polyimide does not have
the structure to provide a growth template. Thus,
the first layer of thermally deposited pentacene mol-
ecules in high vacuum form randomly distributed
nucleation sites on the substrate. As subsequent mol-
ecules arrive, they migrate to those sites leading to the
formation of nanocrystalline islands. The islands con-
tinue to grow until they contact a neighboring island,
eventually covering the entire substrate area. Further
growth only increases the island thicknesses, but the
deep fissures between the islands remain. These
fissures (the darkest regions in the image) are grain
boundaries that possibly extend all the way to
the wetting layer. The crystallinity of the islands
themselves is inferred from the fern-like, dendritic
appearance that radiates from a central location cor-
responding to the original nucleation site.
Finally, Fig. 2.28 shows an isolated island

oligoethylene-bridged ferrocene grown by thermal
deposition in ultrahigh vacuum on the surface of Ag
(110). This is an example of Volmer–Weber, or island
growth. The island has a mesa-like morphology, that
is, it is a multilayer structure that rises above the
substrate. Growth within the island itself is layer-by-
layer, since the island is sufficiently small such that
dislocations and grain boundaries are absent. The
terraced features characteristic of layer-by-layer
growth are clearly apparent across the island surface.

[201]
-

[010]

Figure 2.26 Scanning tunneling microscope image of layer-by-
layer growth of PTCDA on graphite. Note the molecular planes and the
step edge of the second layer. Also indicated are the crystal plane
directions of PTCDA. The image size is approximately (150 nm)2

(Kendrick et al., 1996).

Figure 2.27 Stranski–Krastonov growth of pentacene on
polyimide. Note the deep fissures and rough morphology formed by
the islands. Approximate dimension of the image is 4 × 3 μm (Yang
et al., 2005).

Copyright © 2005 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim
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As in the other growth processes, nucleation on the
substrate is random. Once an island is nucleated,
subsequently deposited molecules migrate toward
those nucleation sites, growing the size and height
of the islands. Insufficient material has been deposit-
ed for the separate islands to grow together in what
would undoubtedly be a very uneven surface with
many grain boundaries. The absence of a nearby is-
land in this image, in spite of its multilayer thickness
of 40 nm and edge faceting, suggests that the binding
energy of the molecules to themselves (i.e. to the
island) is significantly larger than the binding energy
to the Ag surface. Thus, molecules can migrate rela-
tively large distances until they find an island on
which to attach. The substrate temperature of
300 K is sufficiently high to promote this long-
distance molecular migration. The energy available
to molecular surface motion increases with substrate
temperature. Thus, the island thickness is under-
standably temperature dependent, ranging from 38
nm at 250 K to 51 nm at 350 K.

Quasiepitaxy (QE) has been used to describe, and
understand how ordered films can be grown on

incommensurate substrates. That is, quasiepitaxial
ordering appears to be a unique feature of highly
elastic van der Waals solids, where large crystal
domains (sometimes extending across entire sub-
strates) can be grown, even though there is no clear
integer relationship between the dimensions of the
unit cells of the adlayer (called unit meshes) and
substrate (Fenter et al., 1995, Sellam et al., 2001,
Kilian et al., 2006).
The epitaxial relationship between lattices is ex-

pressed using a 2D vector:

a0

b0

� �
¼ a11 a12

b21 b22

� �
a
b

� �
¼ Ta;b

a
b

� �
; ð2:76Þ

where Ta,b is the spatial transform matrix. The matrix
elements, aij, bij (i, j = 1, 2) are rational numbers that
transform the substrate lattice unit mesh with primi-
tive vector, (a, b), into the adlayer lattice vector, (a’,
b’). Even in lattice-mismatched QE growth, however,
there remains an orientational relationship between
the film and substrate that results in a defined azi-
muthal orientation between the lattices. Residual
stress can develop in the film as it “attempts” to
conform to the substrate lattice; this is known as
strained QE. Strained QE films can be distorted from
their bulk lattice structure, although there is no sig-
nificant relaxation of this distortion with film thick-
ness. It has been suggested that strain relaxation in QE
films results from local periodic variations in molecu-
lar density of the adsorbate molecules along the sub-
strate surface. That is, the unit cells are distorted,
similar to tetragonal distortion in the vertical growth
direction, with the compression of cells in one region
followed by expansion farther along the surface. This
results in an oscillating energy strain along the surface
that is insufficient to generate dislocations (Zhang
and Forrest, 1993). Periodic longitudinal lattice distor-
tions, known as mass density waves, have been pro-
posed as a strain-limiting mechanism in Ar adsorbed
on graphite (McTague and Novaco, 1979).
The ability of van der Waals-bonded molecular

crystals to accommodate strain over large distances
is due to their small elastic constants. In contrast to
van der Waals epitaxy that results in relaxed and
often highly disordered systems, QE is often achieved
under non-equilibrium growth conditions, that is, on
cold substrates or at high growth rates. Since strain
relief can occur without inducing defects, Frank–van
der Merwe as well as Stranski–Krastanov QE growth
modes have been observed.
The primary requirement for QE is that there

exists a range over which a surface molecule can
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Figure 2.28 (a) Image of an island of oligoethylene-bridged ferrocene
grown in ultrahigh vacuum on Ag (110). The terraces on the island show
layer-by-layer growth. (b) Faceting of the island denoted by E1, E2, E3
correspond to the (0,1), (1,1), and (1,0) directions in the ð�211Þ plane,
respectively. (c) Thickness profile of the island taken along a line between
the short arrows. It is roughly 2 μm at its widest point (Zhong et al.,
2008).
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be translated relative to the substrate without a
significant change in energy. If the total potential
between molecules within a layer is Uintra, and
between molecules in different layers is Uinter

then this condition met when the relative magni-
tudes of the inter- and intralayer compressibilities
follow

∂2Uintra rð Þ
∂r2

>>
∂2Uinter rð Þ

∂r2
: ð2:77Þ

This is the governing condition for QE growth. In this
admittedly “static” model, the condition for QE is
relatively independent of the absolute magnitudes of
the energies themselves. As in many cases involving
large planar molecules, Uinter > Uintra even though the
inequality of the elastic constants in Eq. 2.77 is
reversed.

The QE condition highlights an inherent difference
with “orientational epitaxy” of inert gas atoms bond-
ed to surfaces whose periodicities are similar (Itoh
et al., 1988). In QE growth, large molecules are often
bound to an inorganic substrate with a considerably
smaller lattice constant than the adsorbed layer.
Hence, the molecule can “sample” many substrate
atoms to find its minimum energy position, which is
not the case for adsorbed inert gas atoms.

The condition for QE can be understood from the
plot of elastic constants for a pair PTCDA molecules
shown in Fig. 2.29, where the elastic constant within a
layer (proportional to the second derivative, Uintra’’,
as in Eq. 2.77) is clearly larger than the elastic shear
constant (proportional to Uinter’’) near the equilibrium
molecular separation corresponding to a displace-
ment of �r = 0. Indeed, attempting to compress the
molecules in the plane even further (at �r! 1 Å)
results in a dramatic increase in lattice stiffness for
separations less than the van der Waals radius.
Thus, the QE condition implies that the surface

mesh of the overlayer is only slightly distorted when
deposited onto a substrate. This small lateral com-
pressibility allows for minor but important adjust-
ments of the layer orientation relative to the
substrate. The potential surface of the molecule-
substrate interaction has a relatively broad minimum
(leading to a small Uinter’’), allowing for the orienta-
tional conformation between lattices without a large
expense of strain energy. Rafts of large molecules thus
have a range of energy-equivalent positions, and
therefore can form (under appropriate growth condi-
tions) an incommensurate overlayer with only a small
interfacial strain energy. These assumptions suggest
that a QE thin film is a rigid overlayer that is largely
undistorted when contacting the incommensurate
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Figure 2.29 Calculated elastic constants of two PTCDA molecules that are positioned perpendicular to the molecular plane (with a second spatial
derivative of Uinter’’), and in-plane (Uintra’’) as a function of relative molecular displacements, �r defined in the insets. For calculating Uinter’’, the “test
molecule” is located at an equilibrium molecular distance of r0 = 3.2Å over an infinite, 1D lattice of substrate molecules. The calculation of Uintra’’
corresponds to that of two adjacent, co-planar molecules. The equilibrium molecular distance within the plane is calculated to be r0 ~ 0.7 Å. Adapted from
Forrest and Burrows (1997).
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substrate lattice. Since the overlayer has a very low
spatial periodicity as compared with the substrate,
strain may be relieved through modifications of the
internal degrees of freedom within the larger, ad-
sorbed molecular lattice. The elastic distortion of the
film does not appear to relax even in the thickest films
studied. The details of QE structures are considerably
more complex than predicted by the model discussed
here, although their general features can be predicted
by the somewhat simplified assumptions used to
make the calculations both intuitively useful and
tractable.
In many respects, the conditions leading to QE are

similar to those responsible for self-assembly of ma-
terials, a topic we discuss further in Section 2.7 and in
Part II. Self-assembly is the process by which the
forces between atoms or molecules are sufficiently
high that an equilibrium structure, whether it is a
colloidal particle, an island grown on a substrate, or
even a complete and macroscopically thick layer, is
achieved largely independent of its energetic environ-
ment, although such assembly is often driven by
forces between the layer and the substrate that can
serve as a growth template. Hence, crystalline QE
layers are essentially self-assembled films grown in
their native equilibrium crystal habit on a substrate
whose own structure may influence their relative
orientation or the degree of strain within the adlayer.
The internal organization of the film (i.e. its assembly
into its equilibrium structure) arises from strong in-
ternal molecular forces that are greater than the ad-
hesive forces to the substrate itself.

2.6.3 Modeling and growth of ordered layers

In previous sections we introduced methods for find-
ing equilibrium structures of bulk molecular crystals.
We now turn to methods that can predict the struc-
tures of epitaxial layers whose lattices might have
significant misfits with the substrate. In particular,
we need to develop an understanding of the factors
that determine the relative axial orientation of incom-
mensurate lattices. The QE condition explains how
strain is accommodated by the asymmetric stiffness
between and within a layer, but it does not provide a
predictive model for the film structure itself. Several
models have been advanced to understand epitaxial
growth of covalent/ionic bonded epitaxial layers that
can provide a foundation for understanding van der
Waals bonded systems (Reiss, 1968, van der Merwe,
1982). The growth dynamics, and indeed the various
growth modes achieved are the same for these appar-
ently different systems, although the energies (and

hence the temperatures) involved in growth are a
function of the different bond strengths. Epitaxial
growth is typically modeled using a harmonic poten-
tial for the atomic cores, with a period equal to the
atomic spacing of the substrate (van der Merwe,
1982). This is different for incommensurate lattices
whose potential between overlayer and substrate is
anharmonic. Hence, the analytical solutions attained
for epitaxial systems must be modified using often
impractically computationally intensive methods.
One approach is to employ the atom–atom potential
calculation simplified using one or more of the fol-
lowing strategies:

1. If we consider a set of n atoms in the epitaxial layer
and m atoms in the substrate, the total number of
atomic pairwise interactions is ½nm. To make these
calculations more efficient, we recognize that van
der Waals interactions decrease as 1/r6. Hence,
only nearest and next-nearest neighbor inter-
actions need to be considered.

2. Extending the model to include molecules where
long-range (but weak) intra- and interlayer Cou-
lomb binding plays a role (e.g. where charge trans-
fer between molecules does not occur) can
significantly complicate the problem, and to our
knowledge has not been treated in detail. How-
ever, the calculational methods employed for van
der Waals solids can, in principle, be extended to
include other, long-range bonding forces. When
such interactions are dominant, conventional epi-
taxy results, and a harmonic potential can be em-
ployed. In this case, intralayer interactions between
molecules need not be included, and the equilib-
rium configuration of the first monolayer is accur-
ately determined by the single molecule/substrate
binding interactions (Hashimoto et al., 1995).

3. Since the number of degrees of freedomwithin and
between the molecules is large, an accurate and
predictive calculation must include minimization
of total energy with respect to all degrees of free-
dom. Where possible, therefore, it is essential to
limit the degrees of freedom. For example, mol-
ecules can be restricted to lie within the substrate
plane, and the molecules and substrate are both
assumed to be rigid. This is known as the rigid
lattice approximation. Whether or not it is an accur-
ate representation of reality depends on the details
of both the molecular and substrate structures.

Whatever assumptions are made, the calculations
must include sufficient physics to lead to an
accurate, equilibrium lattice configuration. Example
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simplifications are to assume that there is an approxi-
mate lattice match, or to recognize and exploit sym-
metries common to both the substrate and the
adlayer. Then there are a very limited number of
preferred alignments that lead to a minimum energy
configuration.

An example of this is to find directions where there
is an apparent “fit” between substrate and adlayer. It
would then seem logical that this orientation should
lead to a minimum energy configuration. For ex-
ample, for a given situation there may be an angle
that results in point-on-line coincidence (Hoshino
et al., 1994, 1995), where the lattice points of the ad-
layer are aligned along a primary (i.e. low Miller
index) direction of the substrate, as illustrated in
Fig. 2.24b. Coincidence models have also been pro-
posed whereby a large epitaxial “super cell” consist-
ing of many unit cells is found that achieves
approximate coincidence along a particular substrate
direction (Hillier andWard, 1996). While these simple
coincidence models are appealing, they simply seek
“geometric” fits between substrate and supercell. This
approach may provide intuitive insights, although it
is not based on a rigorous energy minimization that
seeks the equilibrium crystal structure. Indeed, point-
on-line and super cell approaches can result in several
equivalent orientations of the adlayer with the sub-
strate, but they do not distinguish between those with
higher or lower energy.

In contrast to coincidence models, energy mini-
mizations employing simplified molecular structures
have also been attempted. That is, the full, atom–atom
potential summation between two complex molecules
can be replaced by an ellipsoidal, site specific, or other
potential approximations discussed in Section 2.5.
These simplifications reduce the massive computa-
tional challenge required in modeling layers con-
sisting of a sufficient number of molecules to
approximate actual physical systems, although they
have the shortcomings of being applicable to only spe-
cific molecular types or substrate-layer morphologies.
Hence, they lack a clearly predictive quality ofmolecu-
lar combinations that lead to a particular structure.

In the context of this discussion, the validity of the
atom–atom potential method has been directly com-
pared to coincidence models to understand the long
range, and perfect QE ordering of multilayer stacks
of NTCDA and the neutral charge transfer complex,
DB-TCNQ grown by OVPD on KBr substrates (Lunt
et al., 2011). Figure 2.30 shows themolecular structural
formulae for NTCDA, DB-TCNQ, and KBr. The multi-
layers were grown on crystalline substrates via OVPD
(see Chapter 5). Sustained ordering of NTCDA/DB-

TCNQ pairs initiated on a KBr substrate was main-
tained for several periods, with a clear quasiepitaxial
relationship between adjacent, 5 nm thick layers in the
stacks.
Figure 2.31 illustrates the multilayer stack along

with structural models of the molecules within each
layer. The structure was monitored in situ during
growth using reflection high energy electron diffrac-
tion (RHEED) whereby a beam of electrons incident
at 1–2° from the surface plane is scattered by
the surface mesh of the growing layer. The shallow
e-beam incidence angle results only in surface scat-
tering since the electron beam penetration into the
film is only ~10 Å. A flat surface results in diffraction
streaks whose spacing gives the Bragg spacings
of dxy from the (x, y) surface mesh. The pattern for
a single crystal appears only when the Bragg
condition of

KBr NTCDA DB-TCNQ

Figure 2.30 Molecular structures of the molecules used in the multilayer
stacks in Fig. 2.31. The KBr substrate is an ionic crystal, NTCDA is a
neutral molecule and DB-TCNQ is a charge transfer salt. K = red, Br =
purple spheres. In NTCDA, C = gray, O = red and H = white. In DB-TCNQ
the color code is the same as for NTCDA with S = yellow (in DB) and
N = blue.

NTCDA

DB-
TCNQ

Figure 2.31 Schematic of a three-period stack of bilayers of NTCDA and
DB-TCNQ. In the actual structures, the layer in the period is 5 nm thick,
which is roughly 10 monolayers thick. From Lunt et al. (2011).

Reprinted figure with permission from Phys. Rev. B, 83, 064114, Lunt, R. R.,
Sun, K., Kröger, M., Benziger, J. B. & Forrest, S. R., Ordered Organic-Organic
Multilayer Growth. Copyright 2011 by the American Physical Society
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mλ ¼ 2dxysinθ ð2:78Þ

is met. Here, λ is the electron wavelength (¼ hc=ERHEED

where ERHEED is the electron beam energy), m = 0, 1,
2…is the diffraction order, and θ is the angle between
diffraction streaks.
The growth of the multilayer stack commenced

with the NTCDA deposited onto KBr. The diffrac-
tion streaks were continuous, indicating a flat sur-
face, and their intensities varied along different
azimuthal angles corresponding to different crystal
directions in the NTCDA lattice. This indicated sin-
gle crystalline, layer-by-layer growth across the en-
tire 2 × 2 cm2 substrate covered by the glancing
incidence beam (Lunt et al., 2011). The bulk lattice
of NTCDA(100) has unit mesh dimensions of a1 =
0.531 nm, a2 = 1.257 nm, and β = 90°, which is
slightly different than the reconstructed values
measured for the first layer. The in-plane NTCDA
lattice constants were not found to vary for thick-
nesses up to 100 nm, suggesting that although the
lattice is reconstructed differently than in the bulk,
the maximum strain of �a=a ¼ 6:4% accumulated
even in the thick layers is insufficient to generate
dislocations. Note that this amount of strain is more
than an order of magnitude larger than can be ac-
commodated in covalently bound crystals without
inducing a high density of misfit dislocations, attest-
ing to the elasticity inherent in the van der
Waals bond.
The epitaxial relationship between the KBr and

NTCDA lattices is TKBr;NTCDA ¼ 1:99 0:009
0:01 0:753

� �
(cf.

Eq. 2.76), where the NTCDA molecules contact the
KBr substrate in its characteristic herringbone struc-
ture. Hence, an approximately coincident structure is
observed within the error of the measured surface
mesh, as shown in Fig. 2.32.

The lattice surface mesh of DB-TCNQ(001) on KBr
is a1 = 0.922 nm, a2 = 1.064 nm, and β = 67.66°, which
is similar to its bulk dimensions. Remarkably, al-
though DB and TCNQ molecules were deposited
from separate sources in the OVPD system, a 1:1
concentration of these two constituents is achieved
in the layer. This is an example of congruent growth
where the layer has the same stoichiometric compos-
ition as the bulk. This implies that excess DB or
TCNQ is not incorporated into the lattice and hence
is removed by the carrier gas in the growth chamber.
Similar congruent growth is observed in binary in-
organic compounds such as GaAs and InP reinfor-
cing the conclusion that the growth of organics is
similar in almost all ways to that of inorganic com-
pounds once the different binding energies are taken
into account.
Finally, the transform matrix between the DB-

TCNQ and NTCDA lattices is TNTCDA;TCNQ ¼
0:70 0:02
0:32 1:96

� �
. The absence of simple fractions

shows that there is no apparent epitaxial relationship
(corresponding to exact coincidence or commensural-
ity) between these two molecular structures. The ex-
istence of a 5 nm thick, strained single crystal DB-
TCNQ layer covering the NTCDA layer with a well-
defined orientation even though the lattices are in-
commensurate provides a compelling example of
strained, QE growth. The crystalline alignment, single
crystallinity of all layers, and surface flatness are
maintained by alternating 5 nm thick NTCDA fol-
lowed by 5 nm thick DB-TCNQ layers for up to at
least five periods (Lunt et al., 2011).
The geometric lattice potential (Hillier and Ward,

1996) that follows (in one dimension) the form U
(r)/U0 = cos(2πr/a), was compared to atom–atom
potential calculations as a function of angle be-
tween lattice directions. In the geometric approach,
(U/U0) vs. relative lattice angles of the overlayer
and substrate can describe the degree of lattice
commensurality. For example, if U(θ)/U0 = 1.0 for
all relative lattice orientations, θ, the lattices are
incommensurate and there is no preferred direc-
tion. However if U(θ)/U0 = 0.0 at a symmetry
equivalent orientations, the lattices are fully
commensurate.
The atom–atom potential calculations have to ac-

count for charge transfer between the anion and
cation pair of DB and TCNQ, respectively, which
makes the calculations considerably more compli-
cated. Nevertheless, by only including van der
Waals forces in the simulations confirmed that the

KBr

DB-
TCNQ NTCDA

Figure 2.32 Measured orientations of the surface unit meshes of DB-
TCNQ and NTCDA on KBr (atoms shown as circles) (Lunt et al., 2011).
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intermolecular distances between DB and TCNQ,
and between DB-TCNQ pairs of 3.29 Å and 3.27 Å,
respectively, were similar to their experimental val-
ues, indicating that charge transfer contributions
were small and could be ignored.

Structural simulations using the geometric lattice
and the full atomistic van der Waals potential en-
ergy between the substrate and the adlayer as a
function of substrate–adlayer azimuthal rotation
angle, θ, are compared in Fig. 2.33a. The geometric
potential tends toward coincidence (with a min-
imum U(θ)/U0 ~ 0.6) at the symmetry equivalent
angles of 0°, 90°, and 180° for NTCDA lattices
comprising 3 x 3 unit cells on KBr. For larger
overlayer cell meshes (15 × 15 cells) the coincidence
becomes less pronounced, with only a shallow
minimum of U(θ)/U0 ~ 0.95 at θ = 0°. In contrast,

the atom–atom energy calculations indicate an
energy minimum (baseline minus bottom of poten-
tial well) of approximately �0.3 kcal/mol nm2 at
θ = 0° that grows deeper and narrower with in-
creasing cell size. The depth of the energy well for
a 3 × 3 surface mesh is 75meV, or ~3kBT at room
temperature where growth proceeds. This suggests
the route taken to achieve ordered growth. As the
NTCDA nucleates, the first monolayer samples the
energy landscape to find a preferred geometric align-
ment. As the grain grows, the alignment becomes fixed
since the energy cost for rotation increases.
The preferred alignments predicted by both models

are consistent with electron diffraction data.
A significant difference between the approaches,
however, is that the atom–atom potential calculation
predicts that the total binding energy increases with
the area of the film, whereas the coincidence model
suggests that the energy decreases under this circum-
stance. This latter result is both unintuitive and
unphysical.
For DB-TCNQ grown on KBr (see Fig. 2.33b), the

geometric model fails to predict the existence of any
preferred angle, that is, it suggests an incommensur-
ate lattice at every rotation, U(θ)/U0 ~ 1. On the other
hand, the potential calculations exhibit minima at 0°
and 90° consistent with the experimental data. As the
lattice size increases, the potential well depth de-
creases while the minima remain at the same angles.
The depth of the well is ~0.1 kcal/mol nm2, which is
smaller than for NTCDA on KBr, indicating a weak-
er driving force for alignment. For DB-TCNQ depos-
ited on NTCDA in Fig. 2.23c, the geometric model
predicts one coincident (U(θ)/U0 ~ 0.6) alignment at
θ ¼ 90.5° (a1(DB-TCNQ)‖a2(NTCDA)) for small
cells that disappear for larger surface meshes. In
contrast, the atom–atom potential calculations indi-
cate several energy minima for small domain sizes,
with the deepest energy minimum at 180°. For
the larger 15 × 15 unit cell domains, the preferred
alignments are at θ = 0° and 180° (a1(DB-TCNQ)‖
a1(NTCDA)) with a well depth similar to NTCDA
of ~0.2 kcal/mol nm2. The 0° and 180° orientations
are experimentally observed.
The energy-based calculations predict that

preferred alignments can be observed for entirely
incommensurate organic lattices, which are absent in
purely geometric (i.e. coincidence or periodic poten-
tial) approximations. This highlights the importance
of molecular structure over lattice geometry in
determining the lowest energy layer-to-substrate
orientations.

(a)

(b)

(c)

1.2

–1.4

–1.6

–1.8

–2.0

–1.4

–1.6

–1.8

–4.2

–4.4

–4.6

–4.8

1.0

0.8

0.6

0.4

1.2

1.0

0.8

0.6

0.4
15x15
3x3

1.2

1.0

G
eo

m
et

ric
 L

at
tic

e 
Po

te
nt

ia
l, 

U
/U

0

Po
te

nt
ia

l E
ne

rg
y 

(k
ca

l/m
ol

-n
m

2 )

0.8

0.6

0.4

180

Rotation Angle, θ (°)

1501209060300

Figure 2.33 Lattice potential energy (via the atom–atom potential
method and via the coincident geometric method) for different lattice
combinations. (a) NTCDA on KBr, (b) DB-TCNQ on KBr, and (c) DB-TCNQ
on NTCDA. The orange line is for a 3 × 3, whereas the black line is for a
15 × 15 surface lattice. Arrows indicate measured rotation angles, θ (Lunt
et al., 2011).
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2.6.4 Dependence of strain on molecular
size and shape

Meeting the QE condition of Uinter" << Uintra" de-
pends on many different factors, including details
of the molecular size and shape, the symmetry
match between substrate and adlayer, substrate lat-
tice structure and surface morphology, etc. Molecu-
lar size, for example, strongly influences the shear
forces between molecules. For example, the energy
surfaces calculated for a (small) benzene (C6H6) and
a much larger planar coronene (C24H12) molecule
on a PTCDA substrate lattice are shown in Fig. 2.34.
Unsurprisingly, the energy minimum of the larger
molecule is broad and flat as compared to that of
benzene. Hence, the intermolecular shear stress
(Uinter") at the coronene/PTCDA interface is there-
fore much smaller than that of benzene, which
should enhance the probability for long range QE
ordering of this materials combination.
Molecular symmetry also plays a role in determin-

ing strain between layers. Figure 2.35 plots the min-
imum energies of adhesion on PTCDA for the linear
polyacene series that includes benzene, naphthalene,
anthracene, tetracene and pentacene, with 1, 2, 3, 4,
and 5 fused rings, respectively. The shear stress

decreases monotonically for the three smallest mol-
ecules, and then it increases with a further increase in
molecular length. Since the perylene core of PTCDA
extends to only three fused rings, longer molecules
(e.g. tetracene and pentacene) extend beyond the cen-
tral molecule in the PTCDA surface cell over the
carboxyl end groups, thus increasing the resistance
to shear.
From the foregoing, it is apparent that the shear

stress normalized to the equilibrium energies be-
tween layers decreases monotonically with increas-
ing molecular size, or number of carbon rings.
Hence, we expect that the ability to grow ordered
QE layers increases as we progress from smaller
(benzene) to larger, “rounder” molecules (coro-
nene). As in all epitaxial growths, QE is favored
when both the molecular shape and size of the
substrate and overlayer molecules are approximate-
ly matched.
We once more emphasize that while the energy

calculations predict the favored, or minimum energy
configuration of the grown layers, the degree and
extent of layer ordering that is actually achieved de-
pends critically on the non-equilibrium thermo-
dynamic conditions under which growth occurs.
Static models do not predict these conditions. How-
ever, we find that certain low-energy thresholds be-
tween theoretically predicted structural isomorphs
imply that growth at low substrate temperatures is
favored for achieving uniform crystalline order, as
has often been experimentally observed. Neverthe-
less, molecular dynamic models that consider the kin-
etic energy available during deposition are required
to find the preferred crystal structures. In Part II we
will describe how such dynamic simulations can be
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useful in describing and predicting the charge and
energy transport characteristics of a range of molecu-
lar structures that are employed in high performance
organic devices.

2.7 Self-assembly

Self-assembly is the process by which the structure of
a solid is guided by the cohesive energy and sym-
metry of its components. Self-assembly can spontan-
eously occur at several length scales, from the atomic
or molecular, to the nano-, all the way to the macro-
scale. Indeed, self-assembly of solids can span all of
these scales, resulting in what is often termed multi-
scale assembly (Whitesides and Boncheva, 2002). Self-
assembly occurs ubiquitously in nature, driving the
structure from cells to entire organisms. A classic
example of self-assembly is the growth of hoar-
frost. Water molecules nucleate into crystallites on
dust or other imperfections on a cold window pane.
As further molecules are adsorbed, the crystal grows
into fern-like, self-assembled dendritic structures.
Similarly, QE ordering is partially driven by self-
assembly of the adsorbed film: the structure of the
film is ultimately determined by strong intermolecu-
lar cohesion within a layer, with lesser adhesive
forces binding the layer to the substrate. Self-
assembly has been observed almost independent of
the method used in structural formation, and has
been achieved by growth in the vapor phase as
well as in solution.

Molecular materials are particularly suited to layer
formation by self-assembly due to weak intermolecu-
lar forces that allows for adjustment of molecules to
form near-perfect structures even at room tempera-
ture. In Part II we will describe numerous high
performance device structures that rely on self-
assembled mono- and multilayers to achieve desired
film morphologies. Self-assembly has been found
particularly useful in solar cells, transistors and in
limited-dimensional devices (Chapter 7–9).

Self-assembly relies on molecules or molecular
sub-units that interact with each other with suffi-
cient strength to form a stable structure. As we
have seen in Section 2.4, the subunits must interact
with an appropriate balance of attraction and
repulsion. If the molecules adhere with excessively
high binding forces, a glassy structure results.
However, if the binding is on the order of the
thermal energy, then the molecules can adjust
to find the most energetically favorable configur-
ation, which as we have seen, is often a crystal
structure with order that extends over considerable

distances. In this sense, the assembly process must
be reversible, where errors can be rapidly corrected
before the structural defects become embedded in
an imperfect assembly. This emphasizes the import-
ance of suppling external energy (most probably,
thermal) to allow for structural annealing and mass
transport. The formation of self-assembled struc-
tures with different degrees of order, depending
on the balance of attractive and repulsive forces
between units, is illustrated in Fig. 2.36.
Self-assembly plays an important role in the struc-

tural organization of organic thin films and crystals,
whether they are based on monomers, oligomers,
dendrimers, or polymers. The most elemental and
commonly used form of self-assembly in organic
electronics is where molecules are designed and
synthesized that have functional groups, steric prop-
erties or employ other strategies that force the assem-
bly of molecules into large-scale structures. The
adhesive forces between constituents are rarely cova-
lent due to the strength of the bond, but rather are
assembled via electrostatic Coulomb, van der Waals,
or hydrogen bonds.

repulsion

net interaction

attraction

Irreversibility gives glasses.

Reversibility gives crystals ...

... and ordered macromolecules.
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Figure 2.36 (a) A balance of repulsive and attractive forces
between structural elements is required for self-assembly. For
example (b) shows that when the attractive forces are large, a
disordered glass is formed, whereas (c) when thermal energy is
available for weakly bonded elements, they can adjust to find the
lowest energy configuration to form a crystal. (d) Likewise, large
macromolecules such as proteins or cells can assemble with an
appropriate balance of repulsive and attractive interactions
(Whitesides and Boncheva, 2002).
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A particularly useful electronic application of self-
assembly is substrate space filling via deposition of
self-assembled monolayers (SAMs). Alkanes with sulfur
end groups (known as alkane thiols) can attach to Au
substrates. Organosilicon groups can also attach to
appropriately prepared surfaces (Ullman, 1996).
A functionalized, space-filling layer pre-assembled
on a substrate can serve as a template for the ordered
growth of a subsequently deposited active organic
molecular species (see Fig. 2.37). This strategy has
been used to initiate ordered growth of pentacene
channel layers on pre-deposited octadecyltrichlorosi-
lane (OTS) SAMs to achieve high mobility organic
thin film transistors (Section 8.6.1) (Shtein et al.,
2002). Numerous strategies for using SAMs to create
a function or to prevent metallic particles from stick-
ing to each other on contact have been employed in
the design of materials and structures to suit a par-
ticular application need.
Beyond molecular assemblies, structures several

nanometers in size have been demonstrated to exhibit
interesting optoelectronic as well as mechanical prop-
erties. For example, composites consisting of an organ-
ic matrix where semiconductor or metallic quantum
dots, nanorods, tripods, tetrapods and other more
complex structures are embedded have applications
to organic light emission, photodetection, and solar
energy harvesting (Murray et al., 1993, Coe et al.,
2002, Gur et al., 2007). An example of a population of
CdS tetrapod nanoparticles grown from solution from

CdSe seeds in Fig. 2.38 illustrates the control that can
be obtained in creating self-assembled structures
driven by the chemical composition of the individual
constituents comprising the whole. Indeed, using self-
assembled structures in colloidal solids has become an
area of intense investigation from both a practical as
well as a fundamental materials science perspective.
Their application to organic photodetectors, memories
and light emitting devices is found in Part II of this
volume.
Beyond their optoelectronic properties, self-

assembled structures can serve as nano-scaffolds on
which larger, ordered mesoscopic structures can be
built. For example, highly complex assemblies based
on folded proteins are responsible for such varied
structures as molecular motors, photosynthetic com-
plexes and artificial materials with a wide range of
mechanical properties. An example of a natural self-
assembled structure is the light harvesting complex,
LH2, shown in Fig. 2.39. This is a nine-fold symmet-
ric system of two concentric cylinders supported by
protein coils that optimize the photogeneration of
charge in the bacteria, Rhodopsuedomonas acidophila.
The total volume of the assembly is 4287 nm3. In-
deed, cells found in all organisms, from the most
primitive to the most complex are, in themselves
examples of complex, mesoscopic self-assembled
units with volumes 106 times larger than LH2.
These units feature many diverse components, each
providing a specific function to the living organism
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Figure 2.37 Illustration of the formation of a self-assembled monolayer onto a substrate. In this case, an alkyl chain is functionalized on one end to allow
for chemical bonding to the substrate atoms, whereas the opposite end is functionalized to accommodate a different molecule that is later deposited, or
that prevents the continued deposition of more than a single monolayer (Ullman, 1996).
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as a whole. Considerable research has been done
over the years to mimic (largely without success)
various aspects of biological systems using self-
assembly.

The process of self-organization of a macrostruc-
ture based on the function and composition of its
microscopic components has been taken beyond the
molecular, nano-, and mesoscopic scales discussed
above, to realize large-scale mechanical systems. For
example small multifaceted objects and even robots

can be programmed to self-replicate and then organ-
ize into a larger system (Gross and Dorigo, 2008).
While this type of self-assembly is beyond the scope
of this book, it is nevertheless illustrative of the
power and versatility of multiscale self-assembly,
where building blocks at the nanoscale create sub-
assemblies at the microscale. These, in turn assemble
into larger functional systems at the millimeter and
centimeter scales. This is, in fact known as a biomim-
etic approach, whereby cells build to substructures
that assemble into organs, and ultimately into a fully
functional living organism. Self-assembly similarly
provides a route to creating a very diverse range of
functions in organic optoelectronics. It owes its use-
fulness and consequent nearly ubiquitous adapta-
tion in molecular devices to the comparatively
weak van der Waals bonds that allows for facile
adjustment of structure and properties during the
assembly process.

2.8 Summing up

In this chapter we have considered the important role
that structure plays in determining the properties of
organic (and all other) materials. We found that ma-
terials can be bonded by a variety of forces whose
strengths range over many orders of magnitude. All
of these forces are electrostatic, but their strengths
depend on whether the electrons are shared between
atoms as in the strongest covalent, metallic or ionic
bonds, or whether the attractive forces are based on
relatively weak dipolar or higher multipole forces, as
in van der Waals and hydrogen bonds.
Based on our understanding of the cohesive forces,

we showed that molecular materials are bonded pri-
marily by van der Waals attraction. The equilibrium
crystal structures are found, to first order, using
atom–atom potential calculations, although this static
model does not have the capability for predicting the
thermodynamic conditions that are needed to achieve
a given structure. More comprehensive (and necessar-
ily complex) MD simulations are required to achieve
this goal. Ultimately, the materials scientist is chal-
lenged to use a combination of intuition backed by
deep knowledge and experience to grow high quality
molecular layers useful for both scientific as well as
technological applications. We will discuss the
methods used to achieve such crystals and films in
Chapter 5.
A particular attribute of weak van der Waals forces

is the ability to achieve long range order in layers
grown onto substrates where there is substantial
strain between the contacting lattices. Even

(a) (b)

100 nm

Figure 2.38 (a) Tetrapods consisting of a CdSe seed with three,
radiating CdS arms. (b) Transmission electron microscope image showing
the zincblende structure of the seed (upper right) and the wurtzite
structure of two arms (Nelson et al., 2007).

(a)

(b)

Figure 2.39 Two views of the photosynthetic light harvesting complex,
LH2 showing the incredible complexity and diversity of this mesoscopic
biological, self-assembled system. The white coils are the protein
scaffolds, with other colors representing smaller molecular units active in
the charge generating process. (a) Top view of the nine-segment complex,
(b) side view. The dimensions of the unit cell are a = b =120.3 Å,
c = 296.2 Å (McDermott et al., 1995).
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incommensurate layers with strains approaching 10%
can be grown without incurring a high density of de-
fects. Such a large strain accommodation is unheard of
in covalent and ionically bonded inorganic semicon-
ductors. Thus, van derWaals solids avail themselves to
applications that are inaccessible to conventional semi-
conductors, enabling one of the most attractive fea-
tures of organic electronics: the ability to achieve very
high thin film device performance without regard to
lattice matching constraints with the substrate.
A qualitative summary of the growth modes of

materials with different interlayer binding energies
is shown in Fig. 2.40. Covalent and ionically bonded
structure can accommodate very small strains (typic-
ally < 10�3). Use of strained layer epitaxy, whereby
alternating layers with strains of opposite signs can
increase the strain tolerance, allows for relaxation of
the Matthews–Blakeslee thickness limit. However,
strain balance requires the use of layers of different
compositions which may not be desirable for all ap-
plications. In contrast, van der Waals structures have
bonding strengths at least an order of magnitude
smaller than inorganic semiconductors, allowing
them to accommodate a significantly larger strain
energy. The growth modes for this class of materials
are variously termed van der Waals epitaxy, strained
van der Waals epitaxy, and quasiepitaxy. The illus-
tration attempts to distinguish these different modes,
although the terminology is often used interchange-
ably in the literature. Finally, for all solids, excessive
strain results in relaxed polycrystalline or amorphous
structure. Wewill find in subsequent chapters that the
vast majority of organic devices exploit this class of
film structure.
We also found that self-assembly of molecules can

be used to drive structural organization of a higher

order, macroscopic structure. Indeed, the process of
quasiepitaxy has many features common to self-
assembled systems. Quasiepitaxial layers are those
whose lattices are incommensurate, or have large
lattice mismatches with the substrate lattice, yet
they can exhibit long-range order and a well-defined
orientation with the substrate. This structural organ-
ization is attributed to the pronounced asymmetry of
bonding forces within the layer, and between the
layer and the substrate. Self-assembly is found to
play a significant role in the organization of molecu-
lar and polymeric solids, and it is the governing
principle that drives the formation of mesoscopic
biological assemblies such as proteins, and function-
al biological complexes. It is responsible for such
fundamental processes as photosynthesis and even
the functioning of cells and entire organisms. In-
deed, self-assembly appears to be one of the most
fundamental principles governing the form and
function of all biological systems. As a result, biomi-
micry provides a foundation on which many con-
cepts in organic electronics are built.
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Problems

1. Crystal symmetry groups.
(a) What is the symmetry group of the diamond lattice?
(b) What is its coordination number?
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Figure 2.40 A qualitative plot of the binding energy (which spans
several decades) vs. lattice strain, and the resulting possible growth
modes over this range of parameters.
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(c) What is the symmetry group of the zincblende lattice?
(d) Calculate the d444 spacing for a zincblende structure

with lattice constant, a.
(e) Answer (a) and (c) for graphite.

2. For the crystal structures in Table 2.2,
(a) Derive the packing fractions.
(b) What are the coordination numbers of the lattices

considered?
(c) The wurtzite structure is a lattice with hexagonal

symmetry and a basis of Z ¼ 2, as shown in Fig. P2.2.
Do parts (a) and (b) for a wurtzite structure.

3. Assume that a charge transfer molecular pair form a
hexagonal close-packed structure with dimensions a and
c = 2a. Assume that one of the pair of molecules is
positioned in the center of the unit cell, that is, the basis
is Z = 2, and that δ = 0.6q is transferred between the anion
to the cation.
(a) Calculate the first five terms of the Madelung constant

for this structure.
(b) Assuming that only ionic forces are important,

calculate the total crystal energy using the result in
part (a).

(c) Calculate the bulk modulus of the crystal assuming
uniaxial compression along the c-axis.

4. (a) Fill in themissing steps leading to the derivations of the
expressions for the fixed dipole-fixed dipole (Keesom)
and fixed dipole-induced dipole interaction energies in
Eqs. 2.45 and 2.54, respectively.

(b) The quantum mechanical treatment leading to the
dispersion energy in Eq. 2.64 is based on a one
dimensional interaction between dipoles. Extend this
to three dimensions and compare with the London
equation in Eq. 2.65.

5. The “self-energy” of a molecule in a medium is the energy
equal to the sum of all of its interactions with its neighbors
(see Fig. 2.11).
(a) By integrating the attractive energy over all space,

show that this self-energy of an isolated molecule
approximated as a hard sphere of radius, R, in a
medium of density, ρ, consisting of induced dipoles
with an attractive pair potential u(r) ¼ �A/r6 at r > 2R
is Uself ¼ �πAρ/6R3.

(b) If a spherical molecule is placed into a close-packed
medium, it will have 12 nearest neighbors. Show that
by placing the molecule into its own medium, the
total energy change is Uself ¼ 6u(2R).

(c) From (a), show that Uself ¼ �4u(2R).
(d) What is the source of the difference between (b)

and (c)?
6. Assume that two benzene molecules (C6H6) form a face-

to-face dimer. Using the atom–atom potential method,
calculate:
(a) the equilibrium distance between the molecules

forming the dimer;
(b) the equilibrium energy;
(c) the elastic constant;
(d) the bulk modulus.
(e) Estimate the boiling point of benzene from this result.

7. Atomic lattice potentials can be approximated by a
periodic potential of the form (in one dimension):

UðrÞ ¼ U0cosð2πr=aÞ
whereU0 is the strength of the interatomic potential, r
is the displacement, and a is the substrate (1D) lattice
constant.

(a) Write the generalized 2D geometric potential.
(b) Defining the transformation matrix, T, which depends

on the relative azimuthal relationship between the
adsorbed layer and the substrate lattice, show that:

T ¼ b1sinðα� θÞ=a1sinðαÞ b1sinðθÞ=a2sinðαÞ
b2sinðα� θ� βÞ=a1sinðαÞ b2sinðθþ βÞ=a2sinðαÞ

� �
where i, j are the lattice sites of the adsorbed layers,
and a1,2,α and b1,2, β are the primitive vectors and
angles of the substrate and adlayer unit meshes,
respectively, and θ is the angle between principal
lattice directions in the two lattices.

(c) Show that U(θ)/U0 ¼ 0 at all symmetry equivalent
angles corresponds to the case of perfect commensur-
ality, whereas complete inccommensurality corres-
ponds to U/U0 = 1 at all angles.

8. (a) Calculate the zero point energies of Ar and anthracene.
(b) How does this compare to the van der Waals energy

and the thermal energy (at room temperature) of these
two species?

9. (a) Solve Eq. 2.30 and 2.31 for the H2
+ ion and show that

the result for the two lowest energy levels is given in
Fig. 2.9. Hint: This solution requires a transformation
to elliptical coordinates.

(b) What is the expectation value of the Hamiltonian, H?
How does this compare with literature values for the
energies of Hþ

2 ?
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CHAPTER 3

Optical properties of organic
semiconductors

“Light brings us news of the Universe.”

Sir William Bragg, The Universe of Light, 1933

The optical properties of organic semiconductors have their origins in the generation of a fundamental
excitation known as the exciton. Excitons are mobile molecular excited states that consist of a tightly bound
electron and hole pair. The large binding energies of molecular excitons are stable due to the low dielectric
constants characteristic of organics which, in turn, is a consequence of the absence of chemical bonds between
molecules. The excitonic nature of organic semiconductors leads to their exceptionally rich, complex and
ultimately useful optical properties. They can be extremely strong light absorbers whose absorption coeffi-
cients can be comparable to individual atoms, and they also often can reach 100% luminescent quantum
yields. The understanding of organic semiconductors, therefore, begins by understanding their optical
properties. It is the purpose of this chapter to introduce the reader to the many interesting optical phenomena
of organics, beginning with a discussion of the origins of light absorption and emission that arise from the
energy level structure of individual molecules. A fascinating aspect of organics is that the optical properties of
individual molecules are replicated, often with little modification, by their collective properties in the solid
state. That is, collective phenomena do not entirely overwhelm and mask the properties of the molecules
themselves. Indeed, molecular materials provide an ideal system whereby we can study the transitions
between isolated species and their behavior in ordered and disordered solids. We will find that properties
emerging from interactions of just a few molecules, such as excimer and exciplex emission, provide insights
into molecular characteristics that can be exploited in practical device applications.
Unlike conventional semiconductors where bonds lead to degeneracy of the electronic states, the spin

multiplicity of excited states in organic materials, that is, whether the exciton is a singlet, triplet or a higher
ordermultiplet state, plays a defining role in its characteristics.We, therefore, make an effort to clarify the origins
and properties of both singlets and triplets, and the electronic transitions that lead to their absorption and
emission spectra. Within this discussion, wewill find that other transitions between vibronic (i.e. phonon) states
and non-radiative transfer between spin states within an electronic manifold also influence in the optical
characteristics of organic materials.
Next, we discuss the quantum mechanical origin of energy transfer between molecules. Transfer can occur

by electron exchange (also known as Dexter transfer) from one molecule to the next, or by longer-range
electrostatic interactions between molecules due to Förster or radiative processes. Exciton transfer is intimately
related to exciton–exciton interactions such as annihilation, fusion and fission. Long range transfer that
consists of a series of individual steps is called energy migration (or exciton diffusion). We include in this
treatment a discussion of the optical (i.e. excitonic) properties of very thin multilayer, and even “multiple

Organic Electronics: Foundations to Applications. Stephen R. Forrest. © Stephen R. Forrest 2020.
Published in 2020 by Oxford University Press. DOI: 10.1093/oso/9780198529729.001.0001
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3.1 The electronic structure of molecules

In the following three sections, we describe increasing-
ly accurate approaches to calculate the electronic struc-
ture of complex molecular species. The principal
objective of the calculations is to derive the energy
levels from which emerge many rich and diverse op-
tical properties. Indeed, the molecular spectra are ex-
ploited in all photonic applications ranging from light
emission to detection. The molecular energetics are
essential to computing molecular conformations (e.g.
rotational and vibrational modes), and even transition
energies leading to intermolecular reactions. Under-
standing their fundamental origins ultimately enables
rational molecular design based on sound physical
principles. For this reason, a great deal of effort has
been dedicated over many decades to accurately cal-
culate the energetics of molecular and polymeric sys-
tems. The discussion of energy fundamentals in
Sections 3.2 and 3.3 will be followed in Section 3.4 by
a brief introduction to computational approaches used
to approximate electronic energies of individual mol-
ecules, extended to include to those of ensembles of
interacting molecules in the solid state.

3.2 The Born–Oppenheimer approximation
and the Franck–Condon principle

In Section 2.4.2, we calculated the electron distribu-
tion, and its role in forming covalent bonds in the
simplest of all molecular species, the H2

+ cation. This
molecule is, in fact, the most complex situation that
can be solved analytically. As more atoms and va-
lence electrons are added, the solutions become in-
creasingly approximate and unreliable, and require
considerable computational resources to solve. We
start by describing the physical principles leading to
estimations of the energies of multi-electron molecu-
lar systems.

Themolecular wavefunction has three components:
electronic, nuclear, spatial and electron spin. These

components can be decomposed into the product of
the individual wavefunctions. The total wavefunction
for a molecule with N electrons is given by

Ψ tðfrig; fRIg; fSigÞ ¼ Φðfrig; fRIgÞσðfSigÞ; ð3:1Þ
where ri represents the position of the ith electron, and
the brackets, fg; represent all N position vectors, r1,
r2, . . . rN, {RI} are the nuclear coordinates, {Si} are the
electron spins, Φ is the spatial wavefunction, and σ is
the electronic spin wavefunction. Nuclear spins are
ignored since coupling to the electron spin gives rise
to the hyperfine interaction that does not play a signifi-
cant role in determining the electronic properties of
the molecule.
The Pauli Exclusion Principle demands that the entire

wavefunction be antisymmetric under the exchange of
two electrons. For electrons at r1 and r2 with total spin
quantum number, S, and its projection along the z-axis,
mS, the total electronic wavefunctions are given by
ψðr1; r2; S;mSÞ. Thus, if the spatialwavefunction is sym-
metric, then the spin function must be antisymmetric,
andvice versa. For theS¼ 0 state,mS¼ 0. This results in
a single, totally antisymmetric function:

ψ r1; r2; 0; 0ð Þ ¼ 1ffiffiffi
2
p ϕa r1ð Þϕb r2ð Þ þ ϕa r2ð Þϕb r1ð Þð Þ

� α1β2 � α2β1ð Þ:
ð3:2Þ

Here, ϕi(rk) is the spatial wavefunction of an electron
in atomic or molecular orbital i at position rk, and α
corresponds to a spin with mS ¼ þ 1

2 (also denoted as
α ¼ j "i) and β corresponds to mS ¼ � 1

2 (i.e. β ¼ j #i)
for electrons 1 and 2. The factor of ½ normalizes the
wavefunctions.
Similarly, the antisymmetric spatial wavefunction,

S=1 results in three possible spin states corresponding
to mS ¼ 1, 0, and �1:

ψðr1; r2; 1; 1Þ ¼ 1ffiffiffi
2
p ϕaðr1Þϕbðr2Þ � ϕaðr2Þϕbðr1Þð Þα1α2;

ð3:3aÞ

quantum wells” consisting of alternating films of different composition, each only a few monolayers thick.
Excited states in such thin layers provide information about their spatial extent.
Our treatment is necessarily based on several quantum mechanical principles. We introduce each phenom-

enon starting with the wavefunction of electrons comprising molecular bonds, and extending this to the
understanding collective phenomena in the solid state. The interested reader should be able to follow all of the
discussion, although some of the more involved derivations are left to the problems at the end of the chapter.
For those only seeking to use important results in analyzing their data, relevant expressions are highlighted
by shading throughout the chapter, as is the custom throughout this book.
To paraphrase Sir William Bragg, we will see that the optical properties of organics do indeed bring us

news of their universe!
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ψ r1; r2; 1; 0ð Þ ¼ 1ffiffiffi
2
p ϕa r1ð Þϕb r2ð Þ � ϕa r2ð Þϕb r1ð Þð Þ
� α1β2 þ α2β1ð Þ; ð3:3bÞ

and

ψðr1; r2; 1;�1Þ ¼ 1ffiffiffi
2
p ϕaðr1Þϕbðr2Þ � ϕaðr2Þϕbðr1Þð Þβ1β2:

ð3:3cÞ
For convenience, we replace the combined spatial
and spin functions with a spinorbital function,
Φσ r; S;mSð Þ ¼ ϕ rð Þσ S;mSð Þ. For example, we write
Φ"ðr1Þ ¼ ϕðr1Þα1. The total wavefunction asymmetry
can then be expressed using a determinant for the two
particle system:

ψ r1; r2ð Þ ¼ 1ffiffiffi
2
p det Φ" r1ð Þ Φ# r1ð Þ

Φ" r2ð Þ Φ# r2ð Þ
���� ����: ð3:4Þ

Extending this to an N-electron system we can
write the asymmetric wavefunction in terms of an
N-dimensional Slater determinant:

ψ rif gð Þ ¼ 1ffiffiffiffiffiffi
N!
p det

Φa r1ð Þ Φb r1ð Þ ‥ ‥ Φz r1ð Þ
Φa r2ð Þ Φb r2ð Þ ‥ ‥ Φz r2ð Þ

‥ ‥ ‥ ‥ ‥

‥ ‥ ‥ ‥ ‥

Φa rNð Þ Φb rNð Þ ‥ ‥ Φz rNð Þ

����������

����������
:

ð3:5Þ

The Pauli Exclusion Principle is clearly expressed by
this formulation since if any two rows are the same,
which corresponds to two electrons in identical states,
then the determinant, and hence ψ rif gð Þ, vanishes.
The lone antisymmetric spin state in Fig. 3.1 is

called the singlet state (corresponding to S ¼ 0,
mS ¼ 0), and the three symmetric combinations of
spin under exchange in Eq. 3.3 comprise the triplet
state. The two electron spin quantum states are

visualized by their vector representations in Fig. 3.1.
Here, S is the vector sum of the two separate spins
whose projections along the z-axis give their quantum
numbers ms. The two coupled spins for a given state
precess in phase. For the singlet state, the individual
spins are at 180o relative to each other while they
precess about the z-axis to give S ¼ 0, which is equal
tomS¼ ½� ½¼ 0. Interchange of the spins results in a
π-phase change, resulting in its antisymmetric prop-
erty. In contrast, the three triplet states require no
phase change on spin exchange, and hence they are
spin symmetric. Nevertheless, the spin precession
must be coupled to result in S¼1 in all three cases.
Note that formS¼ 0, the total spin vector rotates within
the x–y plane, thereby lacking a projection along z, as
required.
We will return to the spin wavefunction and sym-

metry, which play vital roles in the optical properties
of molecules, in Section 3.5. Since spin and spatial
wavefunctions are separable, we will first treat the
spatial wavefunction to determine the electronic dis-
tribution across the molecule.
The time independent Schrödinger’s equation for

the total system of energy, ET, consisting of both
nuclei and electrons is

HTΦðfrig; fRIgÞ ¼ ETΦðfrig; fRIgÞ; ð3:6Þ

where the Hamiltonian is:

HT ¼ � ℏ2

2me

XN
i

∇2
ri �

ℏ2

2

XM
I

1
mNI

∇2
RI
þ q2

4πε0

�
XN
i> j

1
jri � rjj �

XN;M

i;I

ZI

jri � RIj þ
XM
I> J

ZIZJ

jRI � RJ j

0@ 1A
ð3:7Þ

(cf. Eqs. 2.25 and 2.28). Here, i and I are the indices of
the ith electron and Ith nucleus of atomic number ZI,

(b)

S =1
mS =1

S

(a)

S = 0
mS = 0

mS = –½

z
ms = ½

S =1
mS = 0

S = 0
mS = –1

Figure 3.1 Vector representation of states for two coupled spin ½ electrons. (a) Total spin quantum number S = 0 singlet state, and (b) three S = 1 triplet
states.
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and me (mN) is the electronic (nuclear) mass. The sums
are over all electrons and nuclei in the molecule. Now,
since mN >> me, we can neglect the kinetic energy of
the nuclei. Solving this problem for N electrons and
M nuclei has no analytical solutions for N > 1, M > 2.
To simplify the calculation, we apply the Born–
Oppenheimer approximation where we assume that the
electronic motion can be separated from that of the
nuclei. Then, since the last term in Eq. 3.7 is independ-
ent of electron position, it can be eliminated to sim-
plify an already complex problem. The nuclei thus
contribute a constant additive energy term. Due to
their orthogonality, we can then separate the nuclear,
ϕN RIf gð Þ, and electronic, ϕe rif g; RIf gð Þ, wavefunc-
tions accordingly:

Φ rif g; RIf gð Þ ¼ ϕe rif g; RIf gð ÞϕN RIf gð Þ: ð3:8Þ

The electronic contribution to the energy is thus

Heϕe rif g; RIf gð Þ ¼ � ℏ2

2me

XN
i

∇2
ri þ

q2

4πε0

"

�
XN
i> j

1
jri � rjj �

XN;M

i;I

ZI

jri � RIj

0@ 1A35ϕe rif g; RIf gð Þ

¼Eeϕe rif g; RIf gð Þ ð3:9Þ
where Ee is the total electronic energy.

The problem is further simplified if we write the
electronic wavefunction, ϕe,i(ri), as the product of one-
electron wavefunctions for the M atoms in the mol-
ecule, that is,

ϕ0e rif gð Þ ¼∏
N

i¼1
ϕ0e;i rið Þ: ð3:10Þ

Here, the “0” superscript indicates that this is a first
order approximation where the N electrons compris-
ing the atomic systems of the M molecules are non-
interacting. Once these electrons are shared within the
molecule, the approximation of Eq. 3.10 must be ad-
justed to account for their interactions. The problem
has now been simplified from the intractable situation
of a single system consisting of N interacting elec-
trons, to that of N single-electron systems perturbed
by their interactions.

Even with this simplification, the solution to Eq. 3.9
cannot be found in a closed form, analytical approach.
Itmust be solved for the entire electron systemof all the
atoms in the molecule, and minimized for each pos-
sible nuclear configuration. For this purpose, it is con-
venient to introduce the normal coordinates,Qk, which
represent a particular (kth) configuration of all the
nuclei. This configuration has a corresponding electron
energy, Ee(Qk), and wavefunction, ϕe rif g;Qkð Þ. The

equilibrium electron energy is thus obtained by min-
imizing Ee for each Qk, and set of electronic coordin-
ates, frig. That is, each set of nuclear coordinate
configurations has an associatedminimum electronic
energy. However, this may only be a “local” min-
imum; the true or “global” minimum energy of both
nuclear and electronic coordinates that defines the
most stable molecular configuration can in fact be
difficult to find for a complex molecule that can as-
sume many equivalent configurations. This situation
is shown graphically in Fig. 3.2 for a molecule with
six carbon and six hydrogen atoms that is well
known to have a global minimum configuration in
the form of the cyclic benzene molecule.
The various configurations that a compound can

assume as it approaches its global minimum are
called geometric isomers. When the same molecule
can have different topologies (i.e. DNA where both
helices and knots are possible), the differently shaped
structures are referred to as topological isomers. It is
also possible that two isomeric forms have identical
energies: the classical example being the ammonia
molecule that consists of a pyramidal structure
formed by three equally spaced H atoms forming
the base, and with the N atom at the apex. The sym-
metry of this configuration demands that the energy
be equal whether the N atom is above or below the
plane of H atoms, as shown in Fig. 3.3. The energy
surface thus consists of two minima, where the
N atom tunnels between the two. The isomers, NH3

and H3N, are mirror symmetric, and are known as
inversion isomers.
The general approach to finding a solution is to

determine the energy surface corresponding to a
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Figure 3.2 Different configurations and their electronic energies for a
combination of 6C + 6H atoms showing three example energy minima.
The deepest, global minimum corresponds to the equilibrium
configuration of the benzene molecule (Peumans, 2004).

Reprinted with permission.
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particular Qk, and then incrementally changing the nu-
clear coordinates to seek yet a lower value of Ee. This
application of the Born–Oppenheimer approximation
continues until the lowest value of Ee is found (corres-
ponding to E0

e ). Without a guarantee that the absolute
global minimum has been found, it is often necessary
that a new starting configuration for the molecule be
chosen and the procedure repeated once again.
The energy landscape of a simple linear molecule,

HCN, serves to illustrate this approach in Fig. 3.4.
Two different nuclear configurational “trajectories,”
Q1 andQ2, arrive at the same equilibrium energy. The
shape of these curves follows that for a covalently
bonded solid similar to that in Fig. 2.9. For example,
the electronic potential surface along Q1 assumes a
low attractive slope as the H-C separation distance is
increased from equilibrium at RH-C ¼ 1.1 Å, but be-
comes steep and repulsive as the distance is reduced
from that same point (indicated by “bunching” of the
contours for small RH-C and RC-N).
The lowest energy attained by calculating the en-

ergy surface for each nuclear configuration corres-
ponds to the ground state of the molecule. This
problem is computationally challenging due to the
nearly unlimited possible configurations that even
the simplest molecule can assume. For a molecule
consisting of M nuclei, there are 3M � 6 degrees of
freedom, where three translational and three rotation-
al dimensions are eliminated. The energy is invariant
under translation, and, in general, rotational mode
energies are small compared to those associated
with nuclear displacements and are ignored. Even
the simple benzene molecule with 12 nuclei presents
a daunting calculational challenge with its 30 inde-
pendent nuclear configurations. To simplify the prob-
lem, efficient calculations of molecular orbital

energies start by only considering known stable iso-
mers of a molecule, thereby confining the calculations
to a realistic set of configurations.
We now write the nuclear coordinates in terms of

the relative coordinate, Q, that is, ϕeðr;QÞ ¼ ϕðfrig;
fRIgÞ. Then, Eq. 3.7 becomes

HT ¼ TeðrÞ þ TNðQÞ þ VeðrÞ þ VeNðr;QÞ þ VNðQÞ;
ð3:11Þ

where T and V are the kinetic and potential energy
operators, respectively. It is further convenient to
write integrals in terms of bracket vectors to arrive
at the full solution to Eq. 3.6 as follows:

ET ¼hϕeϕN jTeðrÞ þ TNðQÞ þ VeðrÞ þ VeNðr;QÞ
þ VNðQÞjϕNϕei ð3:12aÞ

or

ET ¼ hϕNjTNðQÞ þ VNðQÞ þ EeðQÞjϕNi; ð3:12bÞ

where

hϕNjEeðQÞjϕNi ¼ hϕeϕNjTeðrÞ þ VeðrÞ þ VeNðr;QÞjϕNϕei
ð3:13Þ

is the electronic energy corresponding to the nuclear
configuration, Q.
Since we have already selected the configuration

near equilibrium, the total system energy can be ex-
pressed as a small deviation from its minimum at
Ee(0) + VN(0), giving:

ET ¼ Eeð0Þ þ VNð0Þ þ�EeðQÞ þ�VNðQÞ: ð3:14Þ
As discussed above, different molecular isomers re-
sult in different energy surfaces, each defined by a
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Figure 3.3 Molecular potential energy vs. N atom displacement for the
two inversion isomers of ammonia (N is shown in blue, H in brown). The
ground state energy level of the atom is shown by the horizontal line,
indicating identical energies for both isomers. The dashed arrow indicates
isoenergetic tunneling between the coupled states that approximately
form two harmonic oscillator potentials.

0
0

1.0

1.5
Q2

Q1

2.0

1.0 1.5
RH-C [Å]

R C
-N

 [Å
]

2.0

1
2
3
4
567

8

2.5

Figure 3.4 Ground state energy landscape for the HCN molecule
whereby the bond lengths of H–C and C–N are varied. The contours
correspond to energies of 1 ¼ 8 � 104 cm�1, 2 ¼ 7 � 104 cm�1,
3 ¼ 6 � 104 cm�1 . . . 8 ¼ 1 � 104 cm�1. Two possible nuclear
configurations, Q1 and Q2 are also shown to indicate how the minimum is
found (Peumans, 2004).

Reprinted with permission.
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separate equation with the form of Eq. 3.14. If the
energy surfaces of two isomers intersect, they are
degenerate at the value of Q where the intersection
appears. In most cases, the degeneracy occurs at large
deviations from equilibrium, in which case there is a
significant activation energy barrier separating the
isomers, as represented by the tunneling barriers in
Figs. 3.2 and 3.3. Transformations between such ener-
getically isolated isomers are difficult, making them
independent and chemically distinct. Hence, one does
not influence the energetic environment of the other.

As in Figs. 2.9 and 3.3, the Coulomb attraction
between neighboring nuclei forms an approximately
parabolic surface near their equilibrium separation.
Thus, the nuclear vibration about equilibrium
results in a new set of quantum states defined by
EN ¼�Ee(Q)þ�VN(Q) in Eq. 3.14. These vibrational
modes, or vibronics, form discrete levels. Since the
potential well near its minimum is approximately
parabolic, the total vibronic energy in level j follows
the well-known solutions for a simple harmonic
oscillator (SHO):

EN;j ¼ ℏ
X3M�6
l¼1

ωl Ee;j
� �

nl Ee;j
� �þ 1

2

� �
: ð3:15Þ

Here, nl¼ 0, 1, 2, . . . is the quantum number of the nth
vibronic state of the lth normal nuclear mode in a
molecule consisting of M atoms. Each electronic state,
itself, is defined by Ee,j (where j¼ 0, 1, 2 . . . ) and has its
own associated set of vibronic sub-levels. Since the
nuclear masses are much larger than the electron
mass, we infer that EN<< Ee; that is, the vibronic states
are much closer spaced than the electronic states, as
illustrated in Fig. 3.5.

The actual interatomic potential including nuclear
repulsion is not well approximated by the infinite
parabolic potential of a SHO with its equal spacing
of an unlimited number of vibronic modes in Eq. 3.15.
The anharmonicity of the potential is more accurately
represented by the Morse potential that was first ap-
plied to approximate the potential of a diatomic mol-
ecule. This is given by

VðrÞ ¼ V0 1� exp �α r� r0ð Þ½ �ð Þ2; ð3:16Þ
where r0 is the equilibrium interatomic spacing, and
V0 ¼ V ∞ð Þ � V r0ð Þ is the well depth. Since the refer-
ence energy is arbitrary, it is convenient to set
V ∞ð Þ ¼ 0, in which case V0 < 0. Finally,
α ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k0=2V0
p

, where k0 is the force constant in the
limit of r! r0 (see Eq. 2.21). A comparison of the
Morse potential to a SHO in an infinite potential
well is shown in Fig. 3.6.

Solving Schrodinger’s equation for V(r) in the
Morse approximation gives the energy eigenvalues
for the jth electronic state:

EN;j ¼ ℏ
X3M�6
l¼1

ωl Ee;j
� �

nl Ee;j
� �þ 1

2

� 	�

� 1
4V0

ℏωl Ee;j
� �

nl Ee;j
� �þ 1

2


 �2
( )#

; ð3:17Þ

where the lth normal mode frequency is

ωl ¼ α

2π

ffiffiffiffiffiffiffiffi
2V0

me

s
: ð3:18Þ
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Figure 3.5 Energy minima for the two lowest electronic states (Ee,0 and
Ee,1) of a polyatomic molecule, showing the vibronic modes within each
level with spacing �EN << Ee,1� Ee,0 due to the much larger nuclear vs.
electronic mass. The minimum energy configurations corresponding to the
nuclear coordinates Q0 and Q1 are shown. The three vertical arrows
represent transitions between similar vibronic states within the two
corresponding electronic states.
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Figure 3.6 Comparison of the harmonic and Morse potentials. The
vibronic quantum numbers for the kth normal modes, nk are shown. Note
the compression of levels in the Morse potential as V ! 0.
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Note that the energy eigenvalues are the same as
those predicted in Eq. 3.15 for the SHO, modified
by a second order term in ℏωl that becomes in-
creasingly important with increasing nl. This differ-
ence arises since the Morse potential widens as
V ! 0, resulting in compression of the spacing be-
tween the modes, which contrasts with the equally
spaced vibronics of the SHO. The energy between
two adjacent vibronics in the Morse potential
approximation is

�El ¼ E nlþ1ð Þ � E nlð Þ ¼ ℏωl 1� ℏωl nl þ 1ð Þ
2V0


 �
:

ð3:19Þ
This expression is valid until we reach the highest
bound state at nl,max near V ¼ 0, corresponding to

nl;max ¼ 2V0 � ℏωl

ℏωl
: ð3:20Þ

While the Morse potential more accurately represents
the anharmonicity of the interatomic potential, it re-
mains insufficient to accurately predict the spectral
characteristics of most multi-atom systems. To accom-
modate this inaccuracy, Eq. 3.16 has been further ad-
justed using the Morse long-range potential that
improves agreement with measured spectra (LeRoy
et al., 2009).
The approximations in Eqs. 3.15 and 3.17 are only

valid if the electronic states have an energy minimum.
We will find in Section 3.5 that this is not always the
case. For example, an excimer is a state shared be-
tween two neighboring molecules that is bound only
when excited. Since there is no bound ground state,
the vibronic progression is absent.
The equilibrium coordinate Q1 in Fig. 3.5 is depict-

ed at a different location than Q0. This indicates that
when the electronic state changes, the nuclear config-
uration of the molecule must also adjust. Often, ex-
cited states have a larger separation between nuclei
than in the ground state since the size of electronic
orbitals generally increases with quantum number
(i.e. d-orbitals tend to be larger than p-orbitals,
which in turn are larger than s-orbitals). Because of
the larger mass of the nuclei compared to that of the
electron, the reconfiguration of the nuclear positions
takes place on a time scale much longer than that of
the electrons, which is known as the Franck–Condon
principle. Like the Born–Oppenheimer approximation,
application of this principle greatly simplifies calcula-
tions and the interpretation of absorption and emis-
sion spectra since it implies that the molecular
structure relaxes into its new equilibrium state after
the electronic transition has occurred.

3.3 Linear combination of atomic orbitals,
hybridization, and the aufbau principle

In the previous section we described a model to
understand the absorption and emission spectra of
molecules consisting of M nuclei and N electrons
based on the quantum mechanical nature of the indi-
vidual electronic states. While that treatment was
based on first principles, it is not obvious how to
extend it to an understanding of more complex mol-
ecules, where the electronic system is distributed over
many atoms. In particular, as we build up the elec-
trons from the deepest atomic orbitals to those at the
highest (least tightly bound) valence states, the elec-
trons find themselves sharing valences among several
nearby and symmetrically equivalent atoms. These
shared valence states are called hybrid orbitals. The
most energetic bound state and the lowest energy
excited state that were treated in Section 3.2 are
known as the frontier molecular orbital energies between
which the dominant optical transitions occur. Calcu-
lation of these energies forms the basis of molecular
orbital theory.
The frontier energies are established using the auf-

bau principle (or “building up” principle). This is based
on the Pauli Exclusion Principle whereby no two elec-
trons can simultaneously occupy the same state. Since
there are two possible spin states (|αi and |βi) for
fermions, each molecular orbital can be occupied by
two electrons, resulting in the five possible
configurations illustrated in Fig. 3.7. In the ground
state, the electrons fill each orbital until the highest
occupied molecular orbital (HOMO) energy is
reached. The LUMO is the lowest unoccupied
molecular orbital energy level. State filling up to
the LUMO is characteristic of closed shell systems
that consist of an even number, N, of electrons that
fill the N/2 lowest energy orbitals. In open shell
systems, a single unpaired electron exists in the
HOMO (and perhaps one or more HOMO� i levels,
with i ¼ 1, 2, 3 . . . ). A singlet spin state consists of
one electron promoted from the HOMO to the
LUMO. Following excited state nuclear positional
relaxation, the state can emit light as the electron
transitions back into the HOMO, or ground state.
Electrons promoted from deeper occupied molecular
orbitals (HOMO� i) to higher unoccupied electronic
manifolds (LUMOþ i) can also be observed under
the appropriate excitation conditions.
The difference in energy between the HOMO and

LUMO is called the energy gap, that is,

EG ¼ ELUMO � EHOMO: ð3:21Þ
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If the excited electron in the LUMO has the same spin
as the electron remaining in the HOMO, the state is a
spin-symmetric triplet state, jβ1β2i. A molecule with
one additional electron is a negatively charged anion,
whereas a positively charged cationic molecule is
missing an electron. In the solid state, anions and
cations are also known as negatively and positively
charged polarons, respectively. When these species
move from molecule to molecule, they result in the
conductivity of organic materials, as discussed in
Chapter 4. If a charge is transferred from one mol-
ecule to its neighbor, the resulting state is a cation-
anion pair, also known as a charge transfer state or
polaron pair.

In Section 3.2 the Schrödinger equation comprised
of both the electronic and nuclear potentials was
introduced. We now extend this formalism to calcu-
late the full molecular orbital structure. A common
starting point is using the linear combination of atomic
orbitals (LCAO) method. Here, the molecule is as-
sumed to be comprised of atoms whose orbitals are
only slightly perturbed from their individual atomic
states. This allows us to choose a basis set of electronic
orbitals that have already been calculated for the in-
dividual atomic constituents, and then to correct them
based on small perturbations that occur when they
are combined in the molecule itself.

The ith orbital of a molecule consisting of L atoms
obtained from a sum over all M atomic orbitals is
expressed via:

ψi rið Þ ¼
XM
j¼1

XL
k¼1

cijkϕjk ri � Rj
� �

: ð3:22Þ

Here, the individual orbital wavefunctions, ϕij, are de-
fined for an electron at position ri relative to an atom

whose nucleus is at position Rj. The coefficients cijk
weight the functions according to their contributions
to ψi. This is precisely the method used in Chapter 2 to
calculate the solutions to the H2

+ molecular ion. Un-
fortunately, even a calculation of the atomic orbitals
using the Slater determinant in Eq. 3.5 can be daunting.
To make the calculations tractable, it is convenient

to choose approximate basis set functions that lead to
relatively rapid solutions that arrive at the wavefunc-
tions, ψi rið Þ. One example basis set is comprised of
Gaussian orbitals, which in Cartesian coordinates
take the form (Leach, 1996):

ϕ rð Þ ¼ Axaybzcexp �αr2� �
; ð3:23Þ

where α is the rate of decay of the wavefunction with
distance that is proportional to the atomic number,
Z, and the exponents a, b, and c express the orbital
symmetry (i.e. s- or p-orbital) such that a + b + c
equals 0, 1, or 2. Also, A is a normalizing constant.
Alternatively, the Slater basis set has a form similar
to that of the atomic hydrogen state with quantum
numbers n, l, m:

ϕðr; θ; φÞ ¼RnlðrÞYlmðθ; φÞ
¼Að2αÞnþ1

2rn�1expð�αrÞYlmðθ; φÞ:
ð3:24Þ

Here, Rnl(r) is the radial wavefunction component,
and Ylm(θ, φ) are the spherical harmonics describing
the angular distribution of the wavefunction. Hence,
the 1s state is simply ϕðrÞ ¼ 2Aα3=2expð�αrÞ. A plot
of the 1s Gaussian and Slater functions is shown
in Fig. 3.8. A single Gaussian function does not accur-
ately reproduce the tail at large r, nor does it provide
an adequate probability amplitude near the origin.
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Figure 3.7 Several possible electronic state configurations of the frontier orbitals of a molecule. EG is the energy gap.
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These problems can be partially fixed by summing
over several higher order Gaussian functions. There
are many other basis sets and useful variants that
are even more accurate than those in Eqs. 3.23 and
3.24 (see Further reading and Leach, 1996, for
example).
We now simplify Eq. 3.22 by invoking the Born–

Oppenheimer approximation, whereby the nuclear
coordinates (and interactions between nuclei) can be
ignored. Then:

ψi rið Þ ¼
XM
r¼1

cirϕ0r rið Þ; ð3:25Þ

where cir are the coefficients with respect to the elec-
tronic coordinates ri, and ϕ0r rið Þ comprise the new
electronic orbital basis set. From time-dependent per-
turbation theory, the solution to Schrödinger’s equa-
tion using Eq. 3.25 becomes (Atkins and de Paula,
2006): XM

r¼1
cr hϕ’sjHintjϕ’ri � Eihϕ’sjϕ’ri
� � ¼ 0; ð3:26Þ

where Hint is the Coulombic interaction Hamiltonian
in Eq. 3.9, and Srs ¼ hϕ0sjϕ0ri is the overlap integral be-
tween orbitals r and s. Its magnitude depends on the
relative proximity of the atomic orbitals: as the separ-
ation between two atoms increases, Srs rapidly de-
creases. Hence, only nearest neighbor interactions
are generally considered. The first term in Eq. 3.26
can be rewritten as Hrs. The diagonal matrix elements
are Hrr ¼ Hss, known as the Coulomb integral that
provides the kinetic and Coulomb potential energies
due to attraction between all nuclei and electrons
within a particular orbital. The off-diagonal term Hrs

¼ Hsr (r 6¼ s) is the resonance or bond integral that
gives the electron energy in regions between atoms
where the electron distributions overlap. As in the
case of Srs, Hrs decreases as atoms become

increasingly separated, and hence only nearest neigh-
bor interactions need be considered.
The solution to the eigenvalue Eq. 3.46 for the ith

electronic state is found by requiring the determinant
to vanish, viz.

detjH� EiSj ¼ 0; ð3:27Þ
where H and S represent the matrices consisting of
elements Hrs and Srs, respectively. The solutions to
Eq. 3.27 are computationally intensive for even the
simplest molecules (Atkins and Friedman, 1997). In-
deed, finding a suitable basis set jϕ0ri is in itself a
complicated undertaking and is usually approached
via the Hartree–Fock approximation (Callaway, 1974,
Konishi and Paffuti, 2009) that builds up the atom
starting with hydrogen. The interested reader is re-
ferred to the extensive literature on this subject for
further detail.
It is instructive to return to the simple problem of

the H2
+ molecule that we encountered in Section 2.4.2,

now solving the problem using the LCAO method.
This will allow for us to build the theory for more
complex and larger molecules. Assuming the separate
H atoms are in their 1s states, we can explicitly obtain
the matrix elements as follows (cf. Eq. 3.7):

Hrr ¼hϕ0rjHjϕ0ri ¼ E1s � q2

4πε0
hϕ0rj

1
jrr � Rsj jϕ

0
ri

þ q2

4πε0jRr � Rsj :
ð3:28Þ

Here, E1s corresponds to the interaction of an electron
with its own proton, which is simply the sum of the
Coulombic attraction and kinetic energy of a 1s
H atom. The second two terms are interactions of
the electron with the other proton, and the repulsion
of the two H nuclei. The second term in Eq. 3.28 is
solved using the 1s H ground state wavefunction,
which requires the use of elliptical coordinates (see
Problem 3.2). We can rewrite Eq. 3.28 as:

Hrr ¼ Hss ¼ E1s � J þ q2

4πε0jRr � Rsj : ð3:29Þ

where J is the Coulomb integral. The off-diagonal terms
are:

Hrs ¼Hsr ¼ hϕ0rjHjϕ0si ¼ E1s þ q2

4πε0jRr � Rsj
� �

Srs

� q2

4πε0
hϕ0r

1
jrr � Rsj
���� ����ϕ0si ð3:30Þ

or

Hrs ¼ Hsr ¼ E1s þ q2

4πε0jRr � Rsj
� �

Srs � K; ð3:31Þ

Slater orbital
ϕ(r)

r

Gaussian orbital

Figure 3.8 Calculated 1s states based on Gaussian or Slater
wavefunctions.
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where K originates from interactions of the
overlap of the electronic wavefunctions in the states
r and s. With these matrix elements in hand, we can
solve the secular equation using the determinant,
Eq. 3.27 to obtain the new eigenenergies for the H2

+

molecular ion:

E ¼ E1s þ q2

4πε0jRr � Rsj
� �

±
J∓K
1∓Srs

: ð3:32Þ

Thus, the original 1s states are now split into two
new orbitals: the lower orbital is the 1σ (correspond-
ing to the linear combination ψ ¼ 1ffiffi

2
p ðϕ0r þ ϕ0sÞ, where

cr ¼ cs ¼ 1 in Eq. 3.25) bonding orbital with energy E+,
and the upper 2σ orbital (with ψ ¼ 1ffiffi

2
p ðϕ0r � ϕ0sÞ and

cr ¼ 1 ¼ �cs) is the antibonding orbital with energy
E�, as shown in Fig. 3.9. In Fig. 3.9, we show that the
degeneracy between 1σ and 2σ at jRr � Rsj ! ∞ is
lifted once this distance becomes comparable to the
Bohr radius, a0. At ~2a0, E+ reaches a minimum equal
to the energy of the equilibrium bound state, and then
both E+ and E- become large and positive as the
atomic spacing is further reduced due to electron
repulsion. Also, from Fig. 3.9 we see that the anti-
bonding 2σ orbital has a higher energy than the 1σ
state due to repulsion of the electron densities away
from the region between the nuclei, whereas the elec-
tron density for the 1σ state is higher between the
protons, resulting in a lower energy at all nuclear
separation distances (c.f. Fig. 2.9). Hence, the names
antibonding and bonding for these two different
situations.

Moving to more complex organic molecules neces-
sarily requires further approximations to allow for a
reasonably tractable, yet predictive solution. The
most important case in organic electronics is that of
a conjugated electron system, which is a characteristic
of both semiconducting polymer and small molecular
weight compounds. Conjugated molecules allow for
significant simplification by taking full advantage of
molecular symmetry. We consider two atoms in a
molecule to be calculationally equivalent if under a
symmetry operation they can be transformed into

each other. For example, two atoms in their s-states
are equivalent since their wavefunctions are spheric-
ally symmetric. Hence, any spatial transformation
leaves such molecules unchanged. In contrast, higher
order orbitals (e.g. p or d) have a more restricted set of
symmetry operations that are invariant under ex-
change. Linear combinations of atomic orbitals of adja-
cent but symmetrically equivalent atoms therefore
results in an orbital whose symmetry is shared with
that of the constituent atoms; these linear combinations
are known as hybrid atomic orbitals (HAOs) that deter-
mine the physical, chemical and electronic properties of
the molecules that they comprise.
An example of hybridization is the heteronuclear

ethyne molecule, with the structure HC ≡ CH. In
this case, each spherically symmetric C 2s and 2pz

orbital forms two hybrid sp-hybridized orbitals. The
2pz-orbital is not spherically symmetric since it
changes sign when reflected at the x–y plane, as
shown in Fig. 3.10. The 2pz-orbital can have two
equivalent phase configurations, whereas the s-
orbital has only one (see the two left hand illustra-
tions). When added, there is larger electron content
where the phases are additive compared to when they
are of opposite sign. When linearly superposed, the
resulting spz π-orbital (right hand illustration) is sym-
metrically disposed about the x–y plane and oriented
along the ẑ axis.
The hybrid orbitals from Eq. 3.25 are therefore com-

prised of linear combinations of the s and pz states:

jψH
1 i ¼ c1sjϕsi þ c1pjϕpzi ð3:33aÞ

and

jψH
2 i ¼ c2sjϕsi þ c2pjϕpzi; ð3:33bÞ

where jψHi are the hybridized wavefunctions. These
hybrids lie along the axis between the nuclei, and
have the same symmetry as the pz-orbitals of which
they are comprised. Orthonormality of the individual
AOs in Eq. 3.33 leads to the following conditions:

hψH
1 jψH

2 i ¼ c1sc2s þ c1pc2p ¼ 0 ð3:34aÞ
and

hψH
1;2jψH

1;2i ¼ c21s þ c21p ¼ c22s þ c22p ¼ 1: ð3:34bÞ

Furthermore, from symmetry: jϕsðzÞi ¼ jϕsð�zÞi and
jϕpzðzÞi ¼ �jϕpzð�zÞi, from which we obtain c1s ¼ c2s
and c1p¼�c2p. It then follows that the spz-orbitals are
given by

jψH
1 i ¼

1ffiffiffi
2
p jϕsi þ jϕpzi
� 

ð3:35aÞ

En
er

gy

E1s E1s

E+

E–

1σ

2σ

Figure 3.9 Bonding (1σ) and antibonding (2σ) orbital energies of the
H2+ molecular ion compared to H atom ground state energies, E1s.
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and

jψH
2 i ¼

1ffiffiffi
2
p jϕsi � jϕpzi
� 

: ð3:35bÞ

These two hybrids are illustrated by the larger and
smaller p-like orbitals in Fig. 3.10 whose orientations
are along the internuclear (C ≡ C) axis.
The next level of hybridization is formed by a

superposition of an s-orbital and two p-orbitals (px,
py), forming three sp2-hybrid orbitals. An example
molecule with this hybridization is ethene (also called
ethylene), H2C=CH2. The molecule is planar with
relative bond angles between the HCH and HCC
atomic groups of 120°. The procedures for determin-
ing the hybrid wavefunctions is similar to that used
for sp-hybridization, leading to:

jψH
1 i ¼

1ffiffiffi
3
p jϕsi þ

2ffiffiffi
6
p jϕpxi; ð3:36aÞ

jψH
2 i ¼

1ffiffiffi
3
p jϕsi �

1ffiffiffi
6
p jϕpxi þ

1ffiffiffi
2
p jϕpyi; ð3:36bÞ

jψH
3 i ¼

1ffiffiffi
3
p jϕsi �

1ffiffiffi
6
p jϕpxi �

1ffiffiffi
2
p jϕpyi: ð3:36cÞ

These three hybrids are formed from the two, 2p
electrons of the C atom. All of the H atoms are sym-
metrically equivalent. The orbitals lie in the x–y (or
σ(3)) plane between the two C nuclei, as shown in
Fig. 3.11. The third electron in the 2pz orbital is ex-
cluded from the hybridization and lies perpendicular
to the plane along the ẑ-axis. This electron pairs with
that of the second carbon atom to form a cylindrical
π-orbital in the σ(2) (x-z) plane, holding the molecule
rigid within its planar structure. As we will see below,
the electrons occupying the π-orbitals contribute sig-
nificantly toward the optical and electronic properties
of conjugated molecules.

The final case is where the s-orbital electron hybrid-
izes with all three p-electrons to form sp3 hybrid
orbitals, characteristic of methane, CH4. The four tet-
ragonally oriented orbitals are linear combinations of
the four valence 2s orbitals with the three 2p-orbitals
of the C atom, viz.

jψH
1 i ¼

1
2
jϕsi þ

1
2
jϕpxi þ

1
2
jϕpyi þ

1
2
jϕpzi; ð3:37aÞ

jψH
2 i ¼

1
2
jϕsi �

1
2
jϕpxi �

1
2
jϕpyi þ

1
2
jϕpzi; ð3:37bÞ

jψH
3 i ¼

1
2
jϕsi �

1
2
jϕpxi þ

1
2
jϕpyi �

1
2
jϕpzi; ð3:37cÞ

jψH
4 i ¼

1
2
jϕsi þ

1
2
jϕpxi �

1
2
jϕpyi �

1
2
jϕpzi: ð3:37dÞ

The C atom is at the vertex of the tetragon with the
electron density shared in σ-bonds with the four
H atoms, as shown in Fig. 3.12.
Given these symmetry arguments for arriving at

the hybrid orbitals, we now can manage the general
case of conjugated molecular systems that consist of
alternating single and double bonds between adjacent
atoms. This is referred to as π-orbital conjugation,
whereby electrons within the hybridized π-system
are distributed between atoms along the molecular
plane. The calculations of the eigenfunctions and en-
ergies of such systems are enabled by using the sim-
plifications of the Hückel approximation that takes full
account of the molecular and bond symmetries be-
tween nearest neighbors as previously. The Hückel
approximation assumes the following:

1. The different σ- and π-orbital symmetries allow for
separation of their respective wavefunctions, ψσ
and ψπ, such that the total wavefunction is
ψT ¼ ψσψπ.
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Figure 3.10 Illustration of the hybridization of the s and pz orbitals to form the symmetric sp-hybrid orbital on the right. The signs indicate the relative
phases of the wavefunctions across the x–y plane.
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2. Nearest neighbor interactions are set equal to a con-
stant. That is, Hrr ¼ α, and Hrs ¼ β for |r � s| ¼ 1,
otherwiseHrs¼ 0. Both α and β are negative (bond-
ing) energies. Here, α is simply an energy offset,
and β is the energy due to the hybridization of the
orbitals themselves.

3. The overlap integrals Srs ¼ hϕ0sjϕ0ri ¼ δrs, where the
Kronecker delta function has values of δrs¼ 1 when
r ¼ s; and δrs ¼ 0 otherwise. This is the most
problematic of the assumptions since the overlap
from adjacent orbitals can be substantial; �0.2 or
larger in some cases.

With this approximation, the secular determinant in
Eq. 3.27 now becomes:

detjðα� EÞIþ βBj ¼ 0: ð3:38Þ
Here, I ¼ δrs is the unity matrix, and B ¼ δr,r±1.

Benzene (C6H6) provides a simple example of the
utility of the Hückel approximation in estimating the
energies of a conjugated system. Here, each C atom is
sp2 hybridized with its neighbors, with its third pz-
orbital lying perpendicular to the molecular plane. As

in the case of ethene, the pz-orbitals from adjacent
C atoms overlap to form an extended π-system that
maintains molecular planarity. For benzene, there-
fore, Eq. 3.38 becomes:

det

α� E β 0 0 0 β
β α� E β 0 0 0
0 β α� E β 0 0
0 0 β α� E β 0
0 0 0 β α� E β
β 0 0 0 β α� E

������������

������������
¼ 0:

ð3:39Þ
The solutions to this equation give the following four
energies of the six π-orbitals:

Eða2uÞ ¼ αþ 2β;

Eðe1gÞ ¼ αþ β;

Eðe2uÞ ¼ α� β;

Eðb2gÞ ¼ α� 2β: ð3:40Þ
Since both α and β are negative, the first two energy
terms are the lowest bonding π-orbitals, and the sec-
ond two are π*-antibonding orbitals illustrated in
Fig. 3.13. Note that there are two degenerate orbitals
(labeled e1 and e2). Also, since α is a common additive
energy offset, it is ignored.
The various symmetry states in Eq. 3.40 are identi-

fied by their spectroscopic nomenclatures based on
group theory. The subscript g refers to states that have
even symmetry, or gerade in German, under spatial
inversion across the molecular plane. Even orbital
symmetry (or parity) refers to the situation where the
wavefunction is unchanged due to this symmetry
operation, that is, ψ rð Þ ¼ ψ �rð Þ. On the other hand, u
is ungerade, or odd symmetry under such an

z
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Pz Pz

H2
2
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5 6
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H4H1

C1 C2
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σ(2)

σ(3)
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Figure 3.11 Orbital arrangements for ethene. The four H s-orbitals, four sp2 C orbitals (labeled 1-4) and two sp2 orbitals between the C atoms (5,6) are
indicated. Also, the unhybridized pz-orbitals lie in the σ(2) plane, forming the molecular π-bond. The several symmetry planes of the molecule are indicated.
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Figure 3.12 Hybrid sp3 orbitals of methane.
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operation. The other notations, a, e, and b refer to differ-
ent point group symmetrieswhose details can be found
elsewhere (see Chapter 2 as well as many texts on mo-
lecular spectroscopy, e.g. Harris and Bertolucci, 1989).
Since there are six valence electrons, and two spin states
per energy level, the ground state of the benzene mol-
ecule has the electronic configuration of a22ue

4
1g, which is

called the 1A1g state in the spectroscopic notation of
Platt (1949). Thus, the a2u state corresponds to the
HOMO-1 state, whereas the frontier orbital, or
HOMO, is the e1g state with its four electrons. Similarly,
the opposite (unoccupied) frontier orbital, or LUMO,
corresponds to the e2u state, and b2g is the LUMO+1
orbital. In benzene, the spectroscopic nomenclature for
the first excited state is 1Bu (Platt, 1949).
The total energy of six unhybridized electrons is

6(α + β) However, according to our LCAO calculation,
the ground state energy of benzene is 2(α + 2β) +
4(α + β) = 6α + 8β. Hence, the ground state benzene
molecule has an energy 2β lower than six individual
C atoms. This difference is the stabilization or delocal-
ization energy, and leads to the ground state benzene
ring configuration. As we move to higher energies in
the LUMO, the molecule becomes less stable since the
orbitals are now antibonding.
An admittedly oversimplified but intuitive predic-

tion of the π-system orbital energies of aromatic hy-
drocarbons can be found using perimeter-free electron
orbital (PFEO) theory (Platt, 1949). The PFEOmethod

can be applied to the catacondensed molecules com-
prising N fused rings. For polyaromatic hydrocar-
bons with the formula C4n+2H2n+4, each ring
contributes 4n + 2 π-electrons. The basic premise is
that π-electrons in the rings are completely de-
coupled from the inner σ-electrons, and are respon-
sible for establishing the electronic ground and
excited states of the molecule (Hückel approxima-
tion #1). Furthermore, the π-electrons contributed by
each C atom in catacondensed molecules belong to
no more than two rings and lie on the molecular
periphery. The electron is free to move along the
perimeter of length L ¼ 2πr ¼ 4nþ 2ð ÞaCC, which for
the purposes of this approximation is distorted into
a circle whose radius is r. Then L is equal to the
number of C–C bonds of length, aCC. Hence, the
π-electron wavefunctions have periodic boundary
conditions with the form:

ψl θð Þ ¼
1ffiffiffiffiffi
2π
p exp ilθð Þ; ð3:41Þ

where l ¼ 0, ±1, ±2, . . . is the orbital angular momen-
tum quantum number, and θ is the azimuthal angle.
The appropriate boundary condition is ψlð0Þ ¼ ψlð2πÞ,
as shown in Fig. 3.14.
The wavefunction can expressed using the LCAO

formulation by summing over the basis set of
p-atomic orbitals on N atoms (Moffitt, 1954):

ψl θð Þ ¼
1ffiffiffiffiffiffiffiffiffi
2πN
p

XN�1
k¼0

exp ikθlð Þϕk θð Þ: ð3:42Þ

where θl ¼ 2πl=N Solving Schrödinger’s equation for
the wavefunctions in Eq. 3.41 gives the PFEO
eigenvalues:

El ¼ αþ ℏ2

2mr2
l2: ð3:43Þ

There are two degenerate counter propagating wave-
functions (e.g. l ¼ ±1) resulting in four electrons oc-
cupying each level, except for the l ¼ 0 state which is
occupied by only two electrons following the aufbau
principle. The energy gap is between the highest filled
2n + 1 orbital (the HOMO) and the orbital at 2n+2
corresponding to the LUMO. In PFEO nomenclature,
the highest filled level is called the “f state,” with
letters ascending (descending) through the alphabet
with increasing (decreasing) l. This is consistent with
the picture for benzene in Fig. 3.13 where the six
π-electrons fill levels up to the HOMO energy corres-
ponding to the e1g orbitals. Unlike the more precise
solution obtained via the Hückel approximation,
however, the difference between energy levels

Energy

b2g

e2u

e1g

a2u

α–2β

α–β

α+β

α+2β

Figure 3.13 The π-orbitals of benzene and their relative energies. Light
and dark shaded areas correspond to regions of opposite wavefunction
phase. Note that both the e1 (bonding) and e2 (antibonding) orbitals are
doubly degenerate (Atkins, 1983).
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increase in separation with l2. Using the more accurate
basisofEq. 3.42, it canbeshownthat theenergies follow:

El ¼ αþ 2βcos θlð Þ; ð3:44Þ
which leads to “compression” of the energy levels
with the largest energy gap between states f and g
(corresponding to the first empty shell, or LUMO
energy), similar to predictions using LCAO theory.

A comparison of the calculations by both the PFEO
and LCAO approaches along with the measured
long wavelength absorption arising from equal
HOMO–LUMO transitions is shown in Fig. 3.15 for
linear polyacenes with an increasing number of rings,

starting with benzene (n ¼ 1), then naphthalene
(n ¼ 2), anthracene (n ¼ 3), tetracene (n ¼ 4), and
pentacene (n ¼ 5). Clearly, the approximations used
lead to increasing inaccuracy with molecular size.
Except in the case of benzene where both models are
reasonably consistent with experiment, the PFEO and
LCAOmethods lead to an underestimation of the gap
energy for the somewhat arbitrary choice of Srs ¼ 0.25
in Fig. 3.15 (Scherr, 1953). For Srs ¼ 0, the LCAO
model significantly underestimates the energy for all
of the polyacenes shown.

3.4 Improving accuracy: numerical models

To improve these admittedly coarse approximations
that become increasingly inaccurate with molecular
complexity, several of the approximations used in the
LCAO method must be abandoned. A complete dis-
cussion of the more sophisticated approaches outlined
here are found in the extensive literature on this subject
(see Further reading).
There are two principal methods for improving

computational accuracy. One is the ab initio approach
based on first principles, as its name implies. These
approaches all start with the Hartree–Fock equations
of the individual atomic electron energies. It is then
assumed that when placed in a molecule, each elec-
tron moves in a potential that is the average spherical
superposition of all the other, n � 1 valence electrons
in the molecule. The semi-empirical approach, on the
other hand, starts with the Hückel approximation,
and then lifts assumptions that lead to the greatest
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Figure 3.14 Wavefunctions, ψ θð Þ, for the lowest five orbitals with angular momentum quantum numbers, l. The number of nodal lines is equal to l. The
relative wavefunction phases (+, �) above and below the molecular plane are shown. Adapted from Pope and Swenberg (1982).

0

1

2

3

4

5

6

7

1 2 3 4 5

H
O

M
O

–L
U

M
O

 G
ap

 E
ne

rg
y 

(e
V

)

Number of Rings (n) 

PFEO

Meas.

LCAO

Figure 3.15 The HOMO–LUMO gap energy calculated using a modified
Gaussian basis set vs. the number of fused rings (n) in the first five linear
polyacenes (benzene to pentacene). The differences between experiment,
PFEO and LCAO theories increases with n. For the LCAO calculation,
β ¼ 2.85 eV and Srs = 0.25.
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inaccuracies by employing a few empirical constants
for a particular molecular system or class of struc-
tures. As already discussed, assuming Srs ¼ 0 leads
to significant inaccuracies. Hence, the first step is to
include the overlap integrals, Srs (|r � s| ¼ 1) be-
tween nearest neighbors. We first describe the most
popular ab initio approach known as density functional
theory (DFT). Next, we consider the suite of common
semi-empirical methods starting with the Pariser–
Parr–Pople (PPP) method, and then the complete neg-
lect of differential overlap (CNDO), the intermediate
neglect of differential overlap (INDO), and a few vari-
ations on these approaches (MINDO and ZINDO).
There are many approximation methods and an
equally large number of software packages that are
available (many of them open source) that can be
employed to calculate the orbital energetics of a
wide variety of molecular systems, albeit with vary-
ing precision.

3.4.1 Ab initio approaches

Ab initio approaches start with the assumption that
each electron in an orbital is affected by the mean
potential due to the n � 1 other electrons in
the molecule. Thus, we decompose the n-electron
problem into n one-electron problems, where the elec-
tron is in an orbital of the ith hydrogenic atom with
nuclear charge Ziq. The one-electron spin–orbital wa-
vefunction is then ϕ0e;iðri;RIÞ (see Eq. 3.8), and the total
wavefunction for the system is given by the product
of single electron wavefunctions, Eq. 3.10. Now the
energy for each electron is found using

H0ϕ0e;iðri;RIÞ ¼ E0ϕ0e;iðri;RIÞ ð3:45Þ

and

H0 ¼
Xn
i¼1

hi þ 1
2

X
i 6¼j

q2

4πε0jri � rjj; ð3:46Þ

where hi are the one-electron hydrogenic core Hamil-
tonians. It can be shown that Eq. 3.45 leads to n
Hartree–Fock equations for the ith electron following:

fiϕ0e;iðri;RIÞ ¼ εiϕ
0
e;iðri;RIÞ ð3:47Þ

with

fi ¼ hi þ
Xj 6¼i
j¼1

JjðiÞ � KiðiÞ
� �

: ð3:48Þ

Here fi is called the Fock operator, and

Jj ¼ q2

4πε0
hϕ0j

1
jri � rjj ϕ

0
j i

������� ð3:49aÞ

and

Kj ¼ q2

4πε0
hϕ0j

1
jri � rjj ϕ

0
i i;

������ ð3:49bÞ

where Jj is the Coulomb integral and is the en-
ergy due to repulsion of electrons i and j. Simi-
larly, Kj is the exchange integral that gives the
energy expense when the two electrons are
interchanged.
This set of equations is solved for each of n elec-

trons with a trial set of n spinorbital functions to
solve for the energies, εi. Reasonable trial basis sets
are the Gaussian or Slater functions in Eqs. 3.23 and
3.24, although other functional forms are often used.
This, of course, generates a new set of spinorbitals,
and the process is iterated until the changes in εi and
ϕ0e;iðri;RIÞ between successive iterations are accept-
ably small. This iterative procedure continually re-
adjusts the electron distribution such that it is
consistent with the functional form of the wavefunc-
tions, and hence is called the self-consistent field (SCF)
approximation.
The most important approximation used in the SCF

approach is that an electron only sees the average
potential of all other electrons. Yet, as the single add-
itional electron is added to the system, it instantan-
eously changes the original distribution, which
changes the potential environment for the added elec-
tron. In effect, the distribution of n � 1 electrons is
polarized by the extra charge. This is known as electron
correlation, and is treated using further approximations
that account for this so-called configuration interaction
between electrons (see Atkins and Friedman, 1997 for a
review of this method).
DFT provides a second approach to the Hartree–

Fock method by replacing the electron distribution
with a charge distribution, ρ(r), comprising the en-
tire system of n-electrons. The energy due to this
distribution is E(ρ). The initial wavefunction with
3n degrees of freedom ðfrigÞ is reduced to a single
density, with only three degrees of freedom
(r) (Kohn and Hohenberg, 1964) The challenge is
to determine the charge density functional that
can be expressed in terms of the electronic prob-
ability density due to n single electron spatial
orbitals, viz.

ρðrÞ ¼
Xn
i¼1
jϕe;iðriÞj2: ð3:50Þ

Thus, the energy is a function of the density,
following:
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EðρÞ ¼ � ℏ2

2me

Xn
i¼1

ð
ϕe;i*ðrÞ∇2ϕ*e;iðrÞd3r

�
XM
I¼1

ð
ZIq2

4πε0jr� RIjρðrÞd
3r

þ 1
2

Xi 6¼j
i¼1

ð ð
ρðriÞρðrjÞ

4πε0jri � rjjd
3rid3rj

þEXCðρÞ; ð3:51Þ

where EXC(ρ) is the exchange-correlation energy. This
energy is quantum mechanical in origin, and is com-
prised of both electron exchange and correlation ef-
fects on the distribution. The calculation of EXC(ρ) is
approximate, and can lead to the largest departures
from accuracy since it is determined by placing an
electron in the charge distribution using the unper-
turbed orbital basis set, ϕe,i(r) in Eq. 3.50. Then the
one-electron energies are minimized via the variation-
al principle by choosing an initial ρ(r). Once again we
proceed with iterative solutions solved to achieve self-
consistency between the orbitals and energies thus
derived. Calculation of EXC(ρ) is simplified by consid-
ering its value for a single electron, εXCðρÞ, and then
integrating over the entire distribution:

EXC ¼
ð
ρðrÞεXCðρðrÞÞd3r; ð3:52Þ

in what is known as the local density approximation.
Figure 3.16 shows calculated electron densities in

the HOMO and LUMO of the pentacene molecule.
The HOMO (Fig. 3.16a) shows four, and the LUMO
(Fig. 3.16b) six nodal planes perpendicular to the long
molecular axis. In addition, the HOMO has a nodal
plane along the long molecular axis. The phases of the
electron probability amplitudes invert across each of
the nodal planes.

In the presence of time varying electric or magnetic
fields such as encountered when light is incident on a
molecule, time dependence must be included using
time dependent DFT, or TD-DFT. The Hamiltonian
now includes a time dependent external potential,
Vext(t), as follows:

HTðtÞ ¼ Te þ VeðtÞ þ vextðtÞ; ð3:53Þ
which is solved using the time dependent Schrödin-
ger equation:

HTðtÞΦðtÞ ¼ iℏ
∂

∂t
ΦðtÞ; ð3:54Þ

where the total molecular orbital wavefunction is de-
composed into its time dependent basis set of n single
electron orbitals to give a density:

ρ r; tð Þ ¼
Xn
i¼1

����ϕe;i ri; tð Þ
����2: ð3:55Þ

Here we have included all of the Coulomb terms
(electron–electron, electron–nuclei, etc.) as well as the
exchange-correlation terms in the potential,Ve(t). Note
thatVext(t) is replacedwith vext(t) in Eq. 3.53 to indicate
that this formulation is simplified when we determine
the electron distribution under small external field
conditions that ensure linear response of the system.
In TD-DFT, we iterate the solution to achieve an

accurate estimation of energy in both space and time.
That is, the charge distribution responds to the exter-
nal field as well as to a charge added to the system.
This latter problem is solved using Slater determin-
ants as in DFT, and then the time response is calcu-
lated by solving Eq. 3.54.

3.4.2 Semi-empirical approaches

In contrast to ab initio methods that utilize an atomic
orbital basis founded on the Hartree–Fock equations,
semi-empirical approaches take a computational short
cut by making use of experimentally derived proper-
ties of molecules when it is appropriate, and when the
data are available. In particular, semi-empirical ap-
proaches focus only on the π-electron system, greatly
reducing computational intensity. This information is
combined with the LCAO method to arrive at an

(a)

(b)

Figure 3.16 (a) HOMO and (b) LUMO π-electron densities along the
pentacene molecular plane. The contour lines decrease logarithmically from
the carbon atom cores (large circles). Hydrogen atoms shown as small
circles. Relative phases of densities are not shown (de Wijs et al., 2003).

Reprinted from Synthetic Metals, 139, de Wijs, G. A., Mattheus, C. C., de
Groot, R. A. & Palstra, T. T. M. Anisotropy of the mobility of pentacene from
frustration. 109-114, Copyright (2003)
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improved estimate (compared to using the Hückel
approximation) of the molecular orbitals. Given the
significant complexity of larger molecules, semi-
empirical calculations can provide a sometimes
orders-of-magnitude more efficient path to finding
the energies and wavefunctions than purely ab initio
techniques. However, with the continual improvement
of computing power, semi-empirical approaches are
losing popularity since DFT calculations are now be-
coming possible for even the most complex systems.
Nevertheless, it is instructive to review some of the
principles underlying semi-empirical calculations
since they provide insight into the fundamental phys-
ics leading to observed molecular properties.
The procedure begins identically to ab initio

approaches, with the exception that only the nπ π-
electrons are considered. Then we develop a Hamil-
tonian analogous to Eq. 3.46, but only include outer
electrons thus:

Hπ ¼
Xn
i¼1

hπi þ
1
2

X
i 6¼j

q2

4πε0jri � rjj; ð3:56Þ

where the core Hamiltonian for the ith π-electron is
given by

hπi ¼ �
ℏ2

2me
∇2

i þ Vπ
i : ð3:57Þ

Here, Vπ
i is the potential due to all the nuclei compris-

ing the molecule, as well as all of the σ-bonds between
the nuclei. Then the total π-orbital wavefunction Φπ(r)
can be written as the product of the individual mo-
lecular orbitals:

ΦπðrÞ ¼∏
nπ

i¼1
ϕe;iðrÞ; ð3:58Þ

where each molecular orbital is given by the sum over
atomic orbitals (φk) following Eq. 3.22. The individual
orbitals are found via a solution to:

hπi ϕe;iðrÞ ¼ επi ϕe;iðrÞ: ð3:59Þ

Then, the total molecular energy is simply equal to the
sum of all the orbital energies as:

Eπ ¼
Xnπ
i¼1

niε
π
i ; ð3:60Þ

where ni is the total number of electrons in the ith
π-orbital. Hence:

εi ¼

XL
k¼1

XL
l¼1

c*k clhφkjhπi jφli

XL
k¼1

XL
l¼1

c*k clhφkjφli
¼

XL
k¼1

XL
l¼1

c*k clH
π
i;kl

XL
k¼1

XL
l¼1

c*k clS
π
i;kl

; ð3:61Þ

where Hπ
i;kl and Sπ

i;kl are the Coulomb and overlap
integrals, analogous to those used in the ab initio
formalism, and L is the number of atomic orbitals in
the basis. Equation 3.61 must be minimized using
variational theory for each orbital to obtain the total
energy in Eq. 3.60.
The solutions to this system of equations are found

by solving the secular determinant

detjHπ � ESπj ¼ 0 ð3:62Þ
using the usual Hückel approximations. When this
semi-empirical approach was first introduced, the
electron–electron repulsive interaction terms in
Eq. 3.56 were ignored. This Hückel molecular orbital
theory (HMO) was relatively easy to solve for conju-
gated systems, but its rather coarse approximation
introduces significant errors. This has led to more
robust and extended HMO methods that attempt to
correct the damage done by this simplification.
The Pariser-Parr-Pople (PPP) methodwas introduced

by Pariser and Parr (Pariser and Parr, 1953), and sep-
arately by Pople (Pople, 1953). The PPPmethod and its
extensions attempt to eliminate some of the most
troublesome approximations of HMO theory, particu-
larly recovering electron-electron repulsion. The PPP
method thus provides the foundation for many popu-
lar semi-empirical approaches in use today. The HMO
approach assumes that the single π-electron takes into
account the screening of all other electrons in their
orbitals. Then, by adding in the repulsive term in
Eq. 3.56, the interelectronic interactions will end up
being over-counted (by a factor of two).
In the PPP method, we start with the π-system

molecular orbital ðΦπðrÞÞ as the product of π spinorbi-
tals ðψπi ðrÞÞ following Eq. 3.10. The atomic orbitals are
given by the sum in Eq. 3.22 weighted by the coeffi-
cients, cir. Then the spinorbitals are found by minim-
izing the sum of secular equations:XN

r¼1
cir Frs � εiSrs½ � ¼ 0: ð3:63Þ

From the previous treatment, it follows that

Frs ¼ Hπ
rs þ

XN
t¼1

XN
u¼1

Ptu hrtjsui � 1
2
hrtjusi

� �
; ð3:64Þ

where Hπ
rs includes the full core Hamiltonian in

Eq. 3.46 along with the electron-electron repulsion
terms. Here, we have used the shorthand notation

hrtjsui ¼ q2

4πε0
hϕrðr1Þϕtðr2Þj

1
jr1 � r2j jϕsðr1Þuðr2Þi

ð3:65Þ
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to denote two-electron Coulomb integrals over the
atomic orbitals. Finally, we define

Ptu ¼ 2
XN
w¼1

cwt
* cwu; ð3:66Þ

which leads us to the total electronic energy (Pople,
1953):

Eπ ¼ 1
2

XN
r¼1

XN
s¼1

Prs Hπ
rs þ Frs

� �
: ð3:67Þ

The differences between HMO and the PPP method
are contained in the two electron terms, hrt|sui, other-
wise known as the differential overlap integrals. As in
the case of all such integrals, they decrease rapidly as
the electron separation increases, thus allowing us to
make some approximations. In PPP theory, we take:

hrtjsui ¼ δrsδtuhrrjtti; ð3:68Þ

which corresponds to the case of zero differential
overlap. This is the very simplest and approximate
condition that nevertheless is a considerable improve-
ment over HMO that neglects electron-electron inter-
actions entirely by setting all such integrals to zero.

The approach is inherently semi-empirical since
electrons in neighboring atoms that share a bond
replace the off-diagonal core Hamiltonian values
with an empirical parameter, hπij ¼ βij, whereas in ab
initio methods this term is calculated, or perhaps even
worse, it is ignored.

The CNDO method takes all electrons (not just the
π-system) into account, and then follows an identical
procedure to the PPP approach, including only inte-
grals of the form of Eq. 3.68. The next level of preci-
sion is achieved by including the exchange integrals:
hrsjrsi ¼ hrsjsri. This procedure is known as the
INDO method. As the approximations are lifted one
after another in an effort to achieve ever greater ac-
curacy, their computational complexities increase
accordingly. These methods go by the names of modi-
fied INDO (MINDO), Zerner’s INDO (ZINDO)
(Zerner, 1991) that includes more atomic species than
INDO, and so on. Numerous software packages exist
to calculate orbitals by these more exact means, but
their further discussion is beyond the scope of this text.

A comparison of the electronic distributions in the
HOMO and LUMO manifolds calculated for anthra-
cene by both the ab initio LCAOHückel method using
a modified Gaussian basis set, and by the semi-
empirical Austin model 1 (AM1 which is a MINDO-
based method) is shown in Fig. 3.17. Close examin-
ation of these distributions indicates subtle but

nevertheless important differences that are produced
using the different approaches.

3.5 Transitions between states

The symmetry and composition of electron wavefunc-
tions directly impacts the spectra and conducting
properties of organics. Themost important ingredients
for making the leap from molecular orbitals to the
optoelectronic properties of a compound is by under-
standing the transition rates between energy levels and
states, and their quantum mechanical selection rules.
Those properties are the subject of this section.

3.5.1 Fermi’s Golden Rule

Now that we are armed with expressions for
the electronic and vibronic wavefunctions, |ϕei and
|ϕNi, we are prepared to calculate the allowed tran-
sitions between the ground and excited electronic
states to determine the absorption and emission spec-
tra of a molecule. The transition rate between initial
state, i, and final state, f, is given by Fermi’s
Golden Rule:

kif ¼ 2π
ℏ
jhψf jHintjψiij2ρ Eif

� �
: ð3:69Þ

(c) HOMO  

(f) LUMO  (e) HOMO  

(d) LUMO  

(b) HOMO-14 (a) Structure  

Figure 3.17 (a) Structure of anthracene (C14H10). AM1 based
calculation of the π-electron systems in anthracene for the (b) HOMO-14
level showing complete delocalization of the electrons between the pz
atomic orbitals, (c) HOMO and (d) LUMO orbitals. Similar calculations
based on the LCAO model for the (e) HOMO and (f) LUMO orbitals. The
red and blue regions indicate opposite phases of the spatial wavefunctions
that invert across each molecular plane (cf. Fig. 3.16) (Peumans, 2004).

Reprinted with permission.
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Here, ρ(Eif) is the joint density of states of the initial
and final wavefunctions, ψi and ψf , respectively, and
Hint is the interaction Hamiltonian for the transition.
The term

Mif ¼ hψf jHintjψii ð3:70Þ

is the transition amplitude, or transition matrix element,
and M2

if is the transition probability for i ! f.
For discrete initial and final states, ρ Eif

� � ¼ δ Ei�ð
Ef ∓EphÞ, where Eph is the photon energy. The minus
sign refers to absorption, and the plus to emission. To
first order, the interaction Hamiltonian is approxi-
mated by the electric dipole transition:

Hint ¼ �μr;R � F; ð3:71Þ

where F is the optical electric field and μr,R is
the dipole moment operator that, following the
Born–Oppenheimer approximation, can be separated
into its nuclear and electronic components as follows:

μr;R ¼ μe þ μN ¼ �q
X
k

rk �
X
K

ZKRKðQÞ
" #

: ð3:72Þ

Here the nuclear positions are given relative to their
normal coordinates, Q, and the sum is over k valence
electrons and K nuclei. Hence, the dipole matrix
element is:

μif ¼ hϕe; f r;Qð ÞϕN; f Qð Þjμr;Rjϕe;i r;Qð ÞϕN;i Qð Þi: ð3:73Þ

The final and initial states of the wavefunctions are
orthonormal, for example,

hϕN;f ðQÞjϕN;iðQÞi ¼
ð
ϕ*N;f ðQÞϕN;iðQÞdQ ¼ 0 ð3:74Þ

where hϕN; i Qð ÞjϕN;i Qð Þi ¼ 1: Insertion of Eq. 3.72 into
Eq. 3.73 yields the integrals:

μif ¼ �q
�X

k

ð
ϕ*

e; f
r;Qð Þrkϕe;i r;Qð Þd3r

� ϕ*
N;f

Qð ÞϕN;i Qð ÞdQ
� �
þq
�X

K

ZK

ð
ϕ*

e; f
r;Qð Þϕe;i r;Qð Þd3r

� ϕ*
N;f

Qð ÞRKϕN;i Qð ÞdQ
� �

: ð3:75Þ

The second integral vanishes due to orthogonality of
the different electronic wavefunctions in the initial
and final electronic states, ϕe;i rð Þ and ϕe; f rð Þ, respect-
ively. In contrast, to first order during the transition,
the nuclei are fixed (the Franck-Condon principle),

and hence only the first integral survives. Thus we
arrive at:

μif ¼ �q
ð
ϕ*

N; f
Qð ÞϕN;i Qð ÞdQ

X
k

ϕ*
e; f

r;Qð Þrkϕe;i r;Qð Þd3r
" #

:

ð3:76Þ

3.5.2 Quantum mechanical selection rules

From the treatment thus far, we can determine which
transitions are allowed, and which are forbidden,
thereby developing a set of quantum mechanical se-
lection rules. From Eq. 3.69 and 3.70, we see that a
transition is allowed if the matrix element, Mif, is
non-zero. Since the electronic, nuclear and spin
wavefunctions are separable according to the Born–
Oppenheimer approximation, and since μif operates
only on the electronic wavefunction (Eq. 3.76), the
matrix element leading to an allowed transition in
the electric dipole approximation is given by:

Mif ¼ qhϕ; e;f rf
� �jr � Fjϕe;i rið Þi

hϕN;f Qf
� �jϕN;i Qið Þihσf Sf

� �jσi Sið Þi6¼0: ð3:77Þ

The first two terms are given by the integral in
Eq. 3.76. The spatial term enforces a change in parity
between ϕe;i rið Þ and ϕe; f rf

� �
. That is, since the dipole

operator has odd parity defined as μr rð Þ ¼ �μr �rð Þ,
and since the integral is over all space, then the inte-
gral is non-zero only when ϕe;i rið Þ and ϕe; f rf

� �
are of

opposite parity. Generally, the ground state of a mol-
ecule with inversion symmetry has even parity (e.g.
the A1g state Section 3.3). Hence allowed transitions
are to or from odd parity excited states (e.g. B2u). This
results in the selection rule that electric dipole transi-
tions are allowed only between electronic states of opposite
spatial symmetry. The higher the symmetry of the mol-
ecule, the more likely it is to find transitions whereby
the parity between the initial and final states is osten-
sibly the same, hence allowing for forbidden transi-
tions. Finally, the spatial integral will also be very
small (and hence Mif � 0) if there is little or no over-
lap between the electron orbitals in ϕe;i rið Þ and ϕe; f rf

� �
.

The integrals in Eq. 3.76 and 3.77 are also non-zero
only if the transitions are between the same nuclear
(i.e. vibronic) sub-state in the final and initial electron-
ic states, provided that there is sufficient overlap be-
tween the vibronic wavefunctions ϕN;i Qið Þ and
ϕN;f Qf

� �
. This second selection rule implies that tran-

sitions are only allowed between vibronics with the same
quantum number, nl, in Eq. 3.15. This is illustrated in
Fig. 3.5 by the vertical arrows that represent allowed
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absorption transitions between the same vibronic
levels in two different electronic states. This assump-
tion is partially justified by the Franck–Condon
principle whereby the relaxation of the electronic
states follows the transition, implying that Q is
constant.

In the common circumstance that the vibronic
quantum number is different in i and f, that is,
�nl 6¼0, then orthogonality of the wavefunctions de-
mands that μif ¼ 0 (cf. Eq. 3.76). However, if there is a
substantial shift in the molecular coordinates between
Ei and Ef, this symmetry-based selection rule is
broken. This is apparent when we expand Eq. 3.76
about equilibrium (Sponer and Teller, 1941, Gribov
and Orville-Thomas, 1988):

μif ¼ �q
ð
ϕ*N;f ðQÞϕN;iðQÞdQ

X
k

ϕ*e; f ðr;QÞrkϕe;iðr;QÞd3r

�q
X
k;l

ð
ϕ*N;f ðQÞQkϕN;iðQÞdQ

ð ∂ ϕ*e; fϕe;i

� 
∂Qk

����
0
rld3r

� q
2

X
k;l;m

ð
ϕ*N;f ðQÞQkQmϕN;iðQÞdQ

�
ð ∂2 ϕ*e; fϕe;i

� 
∂Qk∂Qm

����
0
rld3rþ :::: ð3:78Þ

This is known as the Herzberg–Teller expansion. The
first integral is the overlap between vibronics in the
electronic manifolds and is known as the Franck–
Condon integral. The intensity of the transition is
thus related to the square of the integral, whose
value is called the Franck–Condon factor (FCif) for
the transition. This is conveniently written as:

FCif ¼ jhϕN;f Qf
� �jϕN;i Qið Þij2: ð3:79Þ

As noted above, if there is no change in Q from the
initial to the final state, then only the first term in the
expansion around the potential minimum survives,
and only transitions corresponding to �nl ¼ 0 are
allowed.

It is quite rare for there to be no nuclear position-
al adjustments between two different electronic
states. This situation corresponds to a simple verti-
cal translation of the electronic potential. Often, an
electronic transition results in a significant nuclear
reconfiguration of �Q ¼ Qf �Qi, corresponding to
a horizontal as well as vertical translation of the
potentials in Fig. 3.5. This causes symmetry break-
ing, that is, the vibronic wavefunctions in the two
electronic manifolds are no longer orthogonal since
they become mixed with the electronic states. In this
case, higher order terms in the Herzberg–Teller
expansion survive. Transitions between vibronic

states with �nl 6¼0 are now allowedwith a probability
determined by time independent perturbation
theory. In other words, the transition results in the
simultaneous excitation of the vibrational as well as
electronic modes. The second term in the Herzberg–
Teller approximation corresponds to a transition
between states when �nl 6¼0. The product of
jϕN;f Qf

� �i and jϕN;i Qið Þi has odd spatial symmetry
which,when combinedwith theodd spatial coordinate,
Q, results in an integrand with even symmetry. Hence,
the integral is non-vanishing, whereas the first and
third terms vanish.
Similarly, for the next higher order transition

where two vibronics on different electronic states
are excited, the third integral is non-vanishing, and
so on. Each of these possible transitions is at a higher
energy of

�El ¼ jEf � Eij þ�n ℏωlð Þ ð3:80Þ

in both absorption and emission. As in Eq. 3.15, ωl is
the frequency of the lth normal vibrational mode that
is excited in the transition. Thus, the transition energy
differs from the energy of the electronic transition by
the vibronic energies with quantum numbers that
differ by n.
The final selection rule requires that the spin of the

initial andfinal states is conserved. Since the symmetry
of the S ¼ 0 and S ¼ 1 states are odd and even,
respectively, the spin integral hσf Sf

� �jσi Sið Þi is non-
zero only for transitions between states of the same spin
multiplicity, that is, when Si ! Sf or Ti ! Tf . How-
ever, an important exception to this rule occurs in the
presence of spin–orbit or spin–spin coupling, a topic
that is the focus of Section 3.7.
A summary of these three selection rules, and ex-

ceptions that lead to the observation of otherwise
quantum mechanically forbidden transitions, is pro-
vided in Table 3.1. We note that transitions between
states of opposite parity can arise from two photon
transitions, that is, absorption or emission that in-
volves more than a single photon. Also, higher order
multipole transitions can also lead to violations of the
parity rule.

3.5.3 Understanding molecular spectra

The vibronic progression of transitions in both ab-
sorption and emission are illustrated in Fig. 3.18.
Here, the ground (S0) and first excited (S1) singlet
states are shifted by a small but noticeable config-
uration shift, �Q. Since the electron population (N)
of the vibronic states follows a Boltzmann distribu-
tion, that is,

3.5 TRANSITIONS BETWEEN STATES 93



N nlð Þ ¼ N 0ð Þexp �nlℏωl=kBTð Þ; ð3:81Þ
then N decreases with increasing nl, where N(0) cor-
responds to the electron density of the lowest vibronic
(n ¼ 0). Equation 3.81 implies that the most intense
absorption and emission spectral features are due to
excitations from the lowest vibronic level in the initial
electronic state, S0. This is known as Kasha’s rule, and
it results in approximately mirror-symmetric replicas
of the absorption and emission spectra, separated by
an energy shift known as the Franck–Condon shift or
Stokes shift, �FC. The relative intensity of each transi-
tion depends on the overlap of the wavefunctions as
determined by the Franck–Condon integral, Eq. 3.79.
Thus, larger nuclear coordinate shifts result in a re-
duction in intensity in the lowest order (i.e. 0–0) tran-
sition, which is strongest for �Q � 0. The 0–0
transition, itself is known as the zero phonon transi-
tion. The quantized vibrational levels arise from the
many intramolecular phonon modes of polyatomic
molecules.
Recall that the Franck-Condon principle states

that molecules relax to their equilibrium configur-
ations following an electronic transition. Hence,
absorption occurs from the ground state into the unre-
laxed (and, therefore, higher energy) excited
state. This rapid relaxation occurs within the time
it takes the nuclei to reconfigure to their new equi-
librium positions, that is, on the order of a phonon
lifetime of 10�12 to 10�14 s. In contrast, emission
occurs from the relaxed excited state (known as the
Frank–Condon state) back to the ground state. The
Franck-Condon shift corresponds to this relaxation
energy. The singlet exciton energy (denoted in
Fig. 3.18 as S1) corresponds to the energy gap, EG,
reduced by the relaxation energy that is lost due to
the Coulomb binding energy (EB), which is the
difference in energy between the excited electron
and the hole left in the ground state.
In Fig. 3.18 we use spectroscopic notation of

S1 ! S0 to denote emission, and S1  S0 for absorp-
tion. In this convention, the highest energy state is

always on the left, and the arrow points in the
direction of the transition. This convention is not al-
ways rigorously followed, where the transition be-
tween the initial and final states, i and f is simply
written i! f along with an identification of the high-
est energy state.
An illustration of molecular reconfiguration lead-

ing to j�Qj> 0 is illustrated in Fig. 3.19 for FIPAC
dissolved in a solution of MeTHF. There is a dramatic
configuration shift between two isomers when the
temperature is changed between cryogenic and
room temperature. The ground state and the high
energy S* state have a saddle like conformation. Add-
ition of thermal energy (�H) induces an isomeric
transformation into the lower energy planar P* con-
formation. The conversion from P* to S* is reversed by
cooling.

Table 3.1 Summary of selection rules for electronic, nuclear and spin transitions for electric dipole interactions

Transition Selection rule Matrix element Exception

Between electronic states Parity of ϕe ;f and ϕe;imust be
different (e.g. even! odd)

hϕe ;f ðrÞjrjϕe ;i rð Þi Low symmetry molecules, two photon
transitions, higher order multipoles

Between vibronic states in different
electronic manifolds

Vibronic quantum number ni� nf = 0 hϕN ;f Qð ÞjϕN ;i Qð Þi �Q i f 6¼0: nuclear reconfiguration between
ϕe ;f r; Qð Þ and ϕe ;i r; Qð Þ

Between spin states S i ! S f ; T i ! T f hσfðS fÞjσiðS iÞi Spin–orbit coupling

Spin–spin coupling

Configuration Coordinate (Q)

n = 2
n = 1

n = 0

n = 2
n = 1

n = 0

ΔFC

ΔQ

→

←

Energy

Absorption
S1

S1

S0

S0

S1 S0

0→2

0→1

0→0

0→1

0→2

Emission

0→0

Figure 3.18 Ground (S0) and first excited (S1) state potentials vs. the
normal mode, or configuration coordinate, Q. Each vibronic level is
labeled by its corresponding quantum number (n = 0, 1, 2, 3 . . . ).
Emission and absorption spectra corresponding to the transitions are
indicated on the left by the ascending (absorption) and descending
(emission) arrows. The label for each peak indicates the vibronic quantum
number of the initial and final states (i.e. in emission, 0–2 corresponds to
a transition denoted as S1 ! S0 from n = 0 to 2). The Franck–Condon,
or Stokes shift is labeled �FC, and the configuration coordinate shift
between electronic manifolds is �Q.
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The configuration change is accompanied by a
large change in nuclear coordinates that results in
concomitant changes in the emission spectrum, as
shown in Fig. 3.20a. The energy from the ground to
the unrelaxed LUMO (S*  S0) is 3.43 eV. At room
temperature, the molecule relaxes into S*, but the
small activation energy between S* and P* results in
transfer of the excited state to P* followed by a radia-
tive transition at 595 nm (2.08 eV). At low tempera-
ture, the excitation is trapped in S*, shifting the
emission to 435 nm (2.85 eV). Note that the emission
at T < 200 K shows two clearly resolved peaks cor-
responding to the 0–0 and 0–1 transitions. That is, the
smaller, negative configuration shift of S* compared
with the positive shift for P* increases the overlap
with the ground state, allowing for transitions to
higher order ground state vibronics.

Figure 3.20b shows the electron density distribu-
tions calculated by TD-DFT using the B3LYP/6-31G*
functional. Opposite phases of the probability density
are indicated by the red and green regions. Unlike
nonpolar polyacenes such as PTCDA and pentacene
whose HOMO and LUMO electron densities are
evenly distributed across the molecular plane, the
twist of FIPAC creates separate regions occupied by
the frontier orbitals. The HOMO is localized on the
fluorene group, apart from the LUMO on the triphe-
nyl. Furthermore, the HOMO is largely unperturbed
by transformation between the isomers. The spatial
separation of the orbitals results in larger charge
transfer from the HOMO to LUMO in the unrelaxed
and S* conformations compared to that in the P* state.

Returning to Fig. 3.18, the 0–1 transitions have the
highest intensity. However, for molecules whose elec-
tronic systems are strongly coupled across a rigid
molecular plane (e.g. in polyacenes such as perylene
or anthracene), the 0-0 transition is often the most
intense, and decreases for transitions between higher
order vibronic modes. In Section 3.6.1 we will find
that the strength of a transition is proportional to the
magnitude of the overlap between vibronic wave-
functions in a transition between two electronic states,
as expressed by FCif. Figure 3.21 shows both emission
and absorption transitions between S1 and S2 that are
offset by a molecular reorganization of �Q. Superim-
posed on each vibronic state is the corresponding
probability amplitude of the wavefunction in the
SHO approximation. The maximum overlap for the
S1  S0 absorption is between the n ¼ 0 vibronic in
the ground state and n ¼ 2 in the first excited state.
Due to the Boltzmann factor in Eq. 3.81, the ground
state population is concentrated in the S0, n ¼ 0 state;
a realization of Kasha’s rule. Similarly, the S1, n ¼ 0
state also has the largest electron population after
relaxation due to phonon scattering. Hence, emission
in this case is most likely to the S0, n ¼ 2 vibronic
which has the largest overlap with the S1, n ¼ 0 state
(corresponding to a 0–2 transition). Both absorption
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Figure 3.19 Conversion between two structural isomers (S* and P*) of
FIPAC by heating (�H) or cooling (��H). The configuration shifts (�Q)
and transitions to the ground state (S0) are indicated. C atoms are shown
in grey, N in blue. Adapted from Chen et al. (2015).
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calculations of the HOMO and LUMO states of the unrelaxed states,
as well as the S* and P* isomers. After Chen et al. (2015).
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and emission transitions are vertical since the photon
carries very small angular momentum compared to
the electron. Usually, the Frank–Condon factor de-
creases with increasing difference in the vibronic
quantum numbers, n, between the initial and final
states, resulting in a lower transition probability,
and hence a concomitant decrease in spectral inten-
sity. However, this is by no means always the case for
molecules that are less rigid (and hence undergo a
larger �Q), or of higher molecular weight. The inten-
sity may be borrowed from one vibronic by another
(Orlandi and Siebrand, 1973), creating a progression
of vibronic overtones on the electronic absorption or
emission spectra whose intensities are due simply to
the value of the corresponding Franck–Condon inte-
grals in Eq. 3.79.
At this point, we need to clearly distinguish be-

tween electronic orbitals as represented in Fig. 3.7,
and electronic states in Fig. 3.18. Orbitals refer to en-
ergies of electrons and holes referenced to vacuum, as
shown in Fig. 3.22. That is, the HOMO and LUMO
energies are all negatively disposed relative to the
vacuum level since these represent the energies of
charges bound to a molecule. The energy needed to
remove an electron from the HOMO is the ionization
potential, IP (see Section 3.6). In contrast, states refer to
Coulombically bound electrons in the relaxed HOMO
and LUMO levels that, according to the LCAOmodel,

are comprised of a linear superposition of all the other
relaxed orbitals in the molecule. State energies are
referenced relative to each other (i.e. S0 to S1 in
Fig. 3.18), and hence it does not make sense to position
the state diagram relative to the vacuum level. As a
consequence, states and orbitals cannot be accurately
represented on the same diagram, although when re-
ferring to device energy level diagrams it is often con-
venient to do so, as we will see in Part II.
As above, the state, or exciton energy is given by

EX ¼ EG � EB: ð3:82Þ
In the solid, both free charges (i.e. polarons) and
excitons are free to move from molecule to molecule.
Perturbation theory implies that the influence of

orbitals to a particular state decreases with the energy
difference on that state. Hence, the principal contri-
bution to the ground, or S0 state is due to the HOMO
level, with diminishing contributions from states
HOMO � i as i is increased from 1 to 2 to 3, etc.
Similarly, the first excited state S1 consisting of one
electron in the relaxed HOMO and a second in the
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Figure 3.21 Transitions between S0 and S1 showing the probability
amplitudes of the vibronic states in each electronic manifold. Transitions
are most likely where the wavefunction overlap in the S0 and S1 manifolds
is highest. In this case absorption is most likely from the filled n ¼ 0
vibronic in S0 to the n¼ 2 vibronic in S1, and emission from n¼ 0 in S1 to
n ¼ 2 in S0, accounting for a configuration change of �Q.
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Figure 3.22 Reconciling the differences between the electron orbital
picture and that of electronic states. A state is comprised of a linear
combination of orbitals, with the nearest orbital having the greatest
influence. In this case, we show that the ground, S0 state is a
superposition of the HOMOs, with lesser influence from the empty LUMO
levels. The S1 and higher excited states are primarily determined by the
LUMOs. The diagonal lines represent the relative contributions of the
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LUMO. S2 is similar to S1 except the Coulombically shifted LUMO+1 is
now half filled. The shifts of the state energies relative to the orbitals
(dashed lines in S1 and S2) are indicated. Here, EG ¼ energy gap, EB ¼
binding energy between the excited electron and the hole in the ground
state, and IP ¼ ionization potential energy.
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relaxed LUMO has a major contribution from the
LUMO, with decreasing influence from LUMO + i as
i increases.

A distinction between charges occupying energy
levels and excitons is that while charges have spins
equal to ½, states are comprised of two or more spins
whose combination results in the state spin multipli-
city (e.g. singlets, triplets, quintets, etc.). These multi-
plicities are denoted by S, T, and Q, respectively.

Figure 3.23 shows examples of the emission and ab-
sorption spectra of three molecules of varying stiffness
and conjugation lengths.We notice that the absorption
energy is higher than thefluorescence emission energy,
with a crossing of the spectra at the adiabatic transition
energy, E00. This is often taken as equal to the energy
gap, EG, between theHOMOand LUMO energies. The
absorption spectra show well-resolved vibronic pro-
gressions at low temperature that are considerably
broadened at room temperature, particularly for the
molecules that have multiple rotational or vibrational
degrees of freedom (Fig. 3.23b and c). One reason that
the vibronics in the fluorescence spectra are poorly
resolved at high temperatures is that their inter-ring
bonds are shortened in the excited state, resulting in a
closer overlap between higher frequency vibronics and
rotational modes. At low temperatures, many of these
modes are “frozen out,” which results in spectral line
narrowing.

The vibronic progression is often dominated by
the highest energy phonon mode, which in the poly-
acenes and related compounds is due to the C–C
stretch. An example of vibronic progressions in the
mirror-symmetric absorption and fluorescence spec-
tral at low temperature is shown for DBP in Fig. 3.24.

The ability to resolve individual vibronic features
in the fluorescence (or photoluminescence) and ab-
sorption spectra increases with decreasing tempera-
ture. In addition, there is a hypsochromic (blue) shift
in E00 with increasing temperature, and the intensity
of the 0–1 PL peak increases relative to the 0�0
(highest energy) emission peak at room temperature.
The nearly featureless PL spectrum at T ¼ 300 K is
due to thermal broadening of the many intramolecu-
lar vibrational, rotational and intermolecular libra-
tional features that allows for greater intensity
borrowing between the substates, consistent with
Eq. 3.81. Also, the room temperature PL spectral in-
tensity is approximately 5% of that at low tempera-
ture since non-radiative exciton decay competes
with radiative decay with increasing temperature.
The energetic separation between vibronics,
�E ¼ E0�n � E0�ðnþ1Þ � 0:1 eV, corresponds to the
C–C stretch mode. The absorption feature at wave-
lengths < 350 nm is due to S2  S0 transitions.
The relationship between unrelaxed excited and

ground states is shown in Fig. 3.25. Here, �Eeq is the
lowest equilibrium energy within a particular mani-
fold (corresponding to the energy of the lowest, nl ¼ 0
vibronic) relative to the electronic energy state min-
imum. We have the following relations for the unre-
laxed, vertical electronic transition energies:

EvertðAbsÞ ¼ E00 þ�EeqðAbsÞ ð3:83aÞ
and

EvertðPLÞ ¼ E00 þ�EeqðPLÞ ð3:83bÞ
with �E PLð Þ � �E Absð Þ, where PL and Abs denote
emission and absorption transitions, respectively
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Figure 3.23 Fluorescence (Fl) and absorption (Abs) spectra of three
molecules with different degrees of conjugation and stiffness at two
different temperatures. (a) Ladder-type oligophenylene,
(b) diphenylvinylene, (c) triphenylene. E00 is the adiabatic transition
energy. From Gierschner et al. (2007).
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3.5 TRANSITIONS BETWEEN STATES 97



That is, the lowest (0–0) transition is approximately
equal to the energy difference between vibronics at
the bottom of the S0 and S1 energy surfaces and the
vertical transition energy.
While this analysis has been developed for mono-

meric species, with some important modifications it
can also accurately provide the emission and absorp-
tion spectra of polymers consisting of a chain of indi-
vidual monomers of indeterminate number. The
lowest energy for a single monomer in the chain is
E00. However, as the chain lengthens to more than a
single unit, the conjugation length also increases, re-
sulting in accessing even lower energies of the more
spatial extended states. The conjugation length cor-
responds to the extent of the π-electron system that is
supported by a chain of alternating single and double
C–C bonds. Thus, the long wavelength (low energy)
absorption cut-off energy, E0 < E00, now corresponds
to excitation of the longest continuous electronic con-
jugation length of the chain. This length is set by the
mean spacing of defects in the chain structure that
ultimately limit the spatial extent of the excited state.
Defects can arise from intrinsic, thermodynamically-
induced irregularities in the chain structure (e.g. due
to rotation between adjacent units), or they may be of
extrinsic origin (e.g. due to a kink, impurity, contact
with another molecule, or other inhomogeneity along
the chain).

The dependence of absorption energy on the
number of monomer units comprising a thiophene
oligomer is shown in Fig. 3.26, which gives the
equilibrium (lowest) energy as a function of the
total number of double bonds (N) in the oligomer.
Each thiophene monomer unit (m ¼ 1) contains
two double bonds, corresponding to N ¼ 2. In
this case, E00 ¼ E0 ¼ 5.2 eV. As m increases, the
relationship between E0 and 1/N is nearly linear,
until m � 10 (N � 20), at which point the equilib-
rium energy reaches an asymptote of E0 ¼ 2.5 eV
(horizontal dashed line).
The dependence of E0 on N can be estimated by

assuming that each monomer is a SHO consisting of
double bonds that are coupled by a force constant, k0.
Then the energy of the normal modes of the ith unit in

the polymer is given by ε ¼ ℏ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
k0=mr*

p
, wheremr* is the

reduced mass:

1
mr*
¼ 1

me*
þ 1

mh*
; ð3:84Þ

and me* mh*ð Þ is the effective mass of the electron
(hole). For a chain of N double bonds, the equilibrium
energy is then given by
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E0 ¼ ε

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 2

kN
k0

cos
π

N þ 1


 �s
; ð3:85Þ

where kN ~ 0.4k0 > 0 is the force constant of the total of
N oscillatory modes, which can be extracted from the
energy obtained from an infinitely long (N >> 20)
chain (Kuhn, 1948). A fit of the harmonic oscillator
model to the data for the thiophene oligomers in
Fig. 3.26 is indicated by the solid line. The fit is rea-
sonably predictive for shorter chain lengths, and im-
portantly, the cosine functional behavior results in a
minimum energy of 2.5 eV for a polymer of infinite
length, suggesting that the limited conjugation length
is indeed an intrinsic property of these molecular
species.

We conclude that the maximum conjugation length
in polythiophenes is limited to only 10 or fewer mo-
lecular units. This is, in general, true of most highly
pure polymers: thermodynamic or structural defects
limit the effective conjugation length of the molecule
to only ten or so individual monomeric units. This
results in a lowest energy transition that is consider-
ably higher than the minimum E00 ¼ 2.2 eV for poly-
thiophene obtained by linear extrapolation of the data
in Fig. 3.26.

The electron density distribution along the polymer
backbone under both ideal (i.e. completely straight
and rigid) as well as more realistic chain configur-
ations where defects, folds or torsional stresses can
impact the extent of the electronic system, is illus-
trated for polyoligoenes in Fig. 3.27. The mean
electron–hole spatial separation along the polymer
backbone, hrehi ¼ ji� jj, calculated using DFT is
plotted vs. the length of the oligoene, L, in units of
the number of carbon bonds. The electron is located
on polymer site i and the hole on site j. In the ideal
case, the effective conjugation length (equal to hrehi) is
5.1L, which is reached when L > 40. That is, the
asymptotic conjugation length is achieved only
when the ends of the chain are well removed from
the excitation such that edge interactions no longer
influence the electron distribution of the excited state.
The size of the excited state is further reduced when
the chain is twisted, as shown when the torsional
deviation is less than θmax ¼ 9° and 21°, resulting in
hrehi ¼ 4.9L and 4.4L, respectively.

The electron probability distributions (Pi,j) in the
lower insets of Fig. 3.27 show the first three excited
states. The fact that the probability of finding the
electron and hole confined in a narrow strip spread
out only slightly along the diagonal indicates that the
effective separation between them is small, even for

very long and perfect chains. This calculation also
shows the nodes of the electron probability density
that suggests a particle confined along a one dimen-
sional (quantum wire) potential defined by the oligo-
mer backbone.
From elementary quantummechanics, the confined

wavefunctions follow:

ϕe;l ¼
ffiffiffi
2
L

r
sin

lπx
L


 �
ð3:86Þ

with energies

Em Lð Þ ¼ lπℏð Þ2
2m*

r L2
; ð3:87Þ

where l is an integer. To first order, the 1/L2 depend-
ence of the energy on the number of polymer units,
such as in poly-p-phenylenevinylene, is observed
until the number of carbon bonds approaches the
limit of L ¼ 1. Then, the lowest absorption energy
edge approaches the adiabatic transition energy, E00,
of the monomer.
The electronic density is even more spatially con-

fined for polymers containing torsional defects, as
seen in the upper insets in Fig. 3.27, with greater
confinement occurring for a larger maximum torsion-
al angle, θmax. Confinement is shown by the electronic
distributions in the first two excited states of a thio-
phene oligomer containing a kink in Fig. 3.28. The
kink decreases the effective conjugation length with
the higher excited state more confined than the lower.
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Figure 3.27 Calculated first excited state electron–hole separation,
<reh>, along a polyoligoene molecule vs. the chain length (L) in units of
C–C bonds. A defect free chain (solid line), is compared to one with a
maximum torsion angle along the chain of θmax ¼ 9° (dashed line) and
θmax¼ 21° (dotted line). Lower insets: Electron probability density along j
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excited states of a defect-free oligomer. Upper insets: (left) A chain with
θmax ¼ 21°, and (right) θmax ¼ 9° (Rissler, 2004).
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The kink itself does not perturb the distribution suffi-
ciently to prevent electronic leakage beyond the pos-
ition of the defect.
Similar dependences on conjugation length (i.e. the

extent of the electron system) have been observed in a
class of small molecules that are used in high effi-
ciency organic photovoltaics. The design of these mol-
ecules follows a donor–acceptor–acceptor0 motif,
where there is a single electron donating (i.e. electron
deficient) moiety (the d-group), followed by two
electron accepting (i.e. electron rich) groups labeled a
and a0. Two isomers of the archetype d-a-a0 molecule,
BTDC are shown in Fig. 3.29a, with the electron conju-
gation path traced in orange. The synBTDC isomer
has a shorter conjugation length than antiBTDC due
to cross conjugation. That is, the transposition of the
two thiophene groups in the d-moiety in synBTDC
breaks the conjugation path. The HOMO energy
(EHOMO) corresponding to the ionization potential of
a series of heterotetracene-based d-a-a0 donors contain-
ing a benzothiadiazole or pyrimidine central electron-
withdrawing block that bridges the a0 unit of dicyano-
vinylene, and an electron-donating dithieno[3,2-b:20,30-
d]pyrrole (DTP) group is plotted vs. the inverse of the
conjugation length, 1/N, in Fig. 3.29b.Here,N=5 to 9 is
defined as the number of double bonds along the short-
est path connecting the terminal carbon atoms of the
backbone. Since the LUMO energies of this molecular
series are all approximately equal, the energy gap scales
approximately with EHOMO (Gierschner et al., 2007)
The group of molecules with benzothiadiazole is

shown by squares, while those with pyrimidine are

shown by circles. For both molecular groups a linear
relationship is observed between EHOMO and 1/N: the
longer conjugation (smaller 1/N) leads to more ex-
tended π-electron delocalization, resulting in red-
shifted absorption (and hence a reduced EG) and a
shallower HOMO. With reduced aromaticity, the
molecules with pyrimidine generally exhibit a larger
energy gap and deeper HOMO than their benzothia-
diazole counterparts with the same N (PYDC-
antiBTDC; DPM-DBT; TDPM-TDBT), and their
HOMO levels are more sensitive to the change of
molecular conjugation as indicated by the larger fitted
slope. The crossing point of the two fits at N ¼ 13
indicates an upper limit of EHOMO ¼ �5.2 eV. Similar
to the polymers discussed above, extended small mol-
ecules are subject to kinetically induced disruptions
(e.g. twist or kinks) in the backbone, limiting the
spatial extent of the orbitals in excited state. Never-
theless, further tuning of EHOMO may be possible for
N > 9.
From the foregoing, we see that the Born–

Oppenheimer and Franck–Condon approximations
are essential for interpreting electronic transitions in
both small molecules and polymers. To simplify our
analysis, we have intentionally neglected all but the
most dominant vibronic modes corresponding to the
high energy C–C bond stretch. The remaining de-
grees of freedom of a molecule appear as features
corresponding to lower energy vibronic and
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S2

Figure 3.28 Electron densities for the S1 and S2 states in a horizontally
kinked oligomer, dodecithiophene. Also shown are the molecular
transition dipole moment vectors, μ (Beenken and Pullerits, 2004).

Reprinted with permission from J. Phys. Chem. B, 108, 6164, Beenken, W. J. &
Pullerits, T., Spectroscopic units in conjugated polymers: A quantum chemically
founded concept? Copyright 2004 American Chemical Society.
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rotational intramolecular phonon modes (10–100
meV, typical), as well as by very low energy inter-
molecular libratory modes (1–10 meV). These finer
spectral features are typically masked by inhomogen-
eous thermal line broadening that resolve into separate
absorption or emission lines only at very low tem-
perature. The low and room temperature absorption
and emission spectra of perylene in Fig. 3.30a and b
provide a dramatic illustration of inhomogeneous
broadening. As temperature is decreased, the vari-
ous modes are distinguishable as narrow, homoge-
nously broadened features.

Possible transitions in singly charged molecules are
shown in Fig. 3.31. Charged molecules can be either
cationic (positive) or anionic (negative), with transi-
tions occurring from singly occupied molecular orbitals
(SOMOs). To observe these transitions, the molecule
must be prepared in a charged state by charge injec-
tion, or by doping with a second electron donating or
accepting species. This corresponds to oxidation or
reduction, respectively (cf. Section 4.4.1). That is, if a
dopant is introduced whose LUMO is lower than the
HOMO of the subject molecular species, an electron
can transfer from its HOMO to that of the dopant,

thereby oxidizing the molecule. Conversely, reduc-
tion occurs when the HOMO energy of the dopant is
sufficiently high that it donates an electron to the
LUMO of the host molecule. By a similar mechanism,
ionic species such as the alkali metals, Na or K, serve
as strong reductants, or the halogens Cl or F can serve
as oxidants when doped into an organic material.
Charged PAHs have been a subject of consider-

able interest for understanding their optical and
conducting properties (Shida and Iwata, 1973). In
fact, charged PAH spectra found in interstellar
space have been identified by their spectra
(Halasinski et al., 2000). Low temperature (4.2 K)
near infrared (NIR) spectra from both cations and
anions of pentacene in solid Ne are shown in
Fig. 3.32a. The radical molecular species are formed
by exchanging charge with Na and K atoms that are
co-deposited with pentacene in the inert gas mat-
rixes. The cationic and anionic transitions are la-
beled by (+) and (�), respectively.
The lowest excited state neutral pentacene transi-

tions are centered around 525 nm. Irradiating the
pentacene/Na mixtures with a Na lamp ionizes the
alkali metal which donates an electron to form
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Figure 3.30 (a) Mirror symmetric, low temperature (T ¼ 4.2 K) absorption and emission spectra of perylene in an n-hexane solution. The narrow peaks
are due to discrete phonon modes. The energies (in wavenumbers) of each mode are indicated (Gribov and Orville-Thomas, 1988). Inset: Molecular
structural formula of perylene. (b) The modes merge to form inhomogeneously broadened spectral features at room temperature. The dominant 0–0
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pentacene anions (Fig. 3.32a, spectrum A). Irradiation
by the 10.2 eV Lyman-α line from a hydrogen lamp is
sufficient to directly ionize the pentacene, giving rise
to a series of long wavelength features apparent in
spectra B and C. The direct ionization of pentacene is
confirmed by Lyman-α illumination of pentacene in
the absence of Na or K where both cation and anion
features are apparent.
Comparing the measured spectra to simulations

(Halasinski et al., 2000), the feature at 979.3 nm in
Fig. 3.32a is assigned to the cationic LUMO SOMO
(12B1u  X2B3g in spectroscopic notation) transition,

whereas the transition at 943.9 nm is assigned to the
SOMO SOMO� 1 (12Au  X2B3g) transition.
Simulation results are illustrated by the electron

density distributions of the LUMO, SOMO, and
SOMO-1 orbitals in Fig. 3.27b. The opposite phase of
the probability amplitudes are indicated by the filled
and open circles, and the magnitude of the wavefunc-
tion is represented by their diameters. The anionic
satellite features are separated from the parent excita-
tions by 250 nm�1. These correspond to the progres-
sion of higher order ag vibronic stretching modes,
illustrated in the bottom panel of Fig. 3.32b. The
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Figure 3.31 Several example transitions from singly occupied molecular orbitals (SOMOs) from anionic and cationic molecules.
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vibronics manifest themselves as symmetric stretching
modes of the transitions in the SOMO-1 and SOMO
states shown immediately above. Similarly, the anionic
modes at 904.0 nm and 872.6 nm are identified
with SOMO SOMO� 1 and LUMO SOMO tran-
sitions, respectively, with the secondary peak at 883.8
nm due to the ag vibronic.

3.6 Excitons

Thus far, we have been concerned only with isolated
molecules. However, when the molecules are con-
densed into solids, the excited states can diffuse
from molecule to molecule. These mobile excited
states are referred to as excitons, whose properties
dominate the optical characteristics of organic elec-
tronic materials. An exciton is a quasiparticle that can
transport energy (i.e. the molecular excited state) be-
tween molecules. Since it carries no charge, its motion
is not influenced by external electric fields. Given
their central role in transporting energy in organic
materials, the remainder of this chapter will be con-
cerned with excitonic properties in dielectric media,
their spin characteristics, and exciton diffusion.

The relationship between excited states, spins,
vibronic levels and the transition processes between

the states is illustrated by the Jablonski diagram
(Jablonski, 1933) in Fig. 3.33. The ground state is
nearly always a singlet, and hence is denoted S0.
The most common source of emission is known as
fluorescence (subscript, F). It arises from spin-
conserving transitions from the singlet manifolds
to the ground state, that is, via S1 ! S0, S2 ! S0, as
well as T2 ! T1, for example. The process of phos-
phorescence (subscript, Ph) is spin forbidden since it
originates via a transition from the spin-symmetric
triplet (S ¼ 1) manifold, typically the T1 state, to S0,
violating the conservation of spin angular momen-
tum (Table 3.1). In the absence of other decay pro-
cesses, weak phosphorescence can be observed due
to its very small transition rate, kPh.
Note that the energy of T1 is lower than S1, as is the

case of all triplet and singlet states within the same
energy manifold (i.e. T2 < S2, T3 < S3, etc.). This is
understood in terms of the spinorbital wavefunctions
in Eqs. 3.2 and 3.3. For triplet states, the spatial part of
the wavefunction is antisymmetric. Thus, as the two
electrons converge (i.e. r1 ! r2), the spatial wavefunc-
tion gives ϕaðr1Þϕbðr2Þ � ϕaðr2Þϕbðr1Þ ! 0. On average,
therefore, the electrons are located far apart, reducing
Coulomb repulsion, compared to singlet states where
ϕa r1ð Þϕb r2ð Þ þ ϕa r2ð Þϕb r1ð Þ ! large as r1 ! r2. Due to
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Figure 3.33 Jablonski diagram for a molecular system showing the lowest energy singlet (S) and triplet (T) manifolds, along with vibronic levels in each
manifold and the several possible transition processes. Here, k are the rates for each process, with each subscript referring to a specific transition. Adapted
from McGlynn et al. (1969).
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the reduced Coulomb repulsion, therefore, triplets lie
at lower energies (typically between 0.5 eV and 1.0
eV) than singlets. Energies differ by the magnitude of
the exchange integral (see Eq. 3.49).
While T ! S transitions are forbidden, transitions

within the triplet manifold, viz. Ti ! Tf have �S ¼ 0,
and therefore are allowed. Transitions between triplet
and singlet manifolds result from intersystem crossing
(ISC), and can be exothermic, endothermic or isoener-
getic. Clearly, this type of transition requires an in-
crease or decrease in spin angular momentum, and
hence is not simply mediated by a single photon.
A spin conserving transition between electronic states
is known as internal conversion (IC). Vibronic relaxation
(VR) results in the decay of an excitation from a higher
to a lower vibronic within a particular electronic state
manifold. Vibronic relaxation occurs via the emission
of one or more phonons (i.e. vibrational modes) with-
in the molecule. Alternatively, absorption of a phonon
can result in the promotion from a lower to higher
vibronic state. Finally, non-radiative relaxation (NR)
occurs from either the singlet or triplet state to the
ground state, S0. In the Jablonski diagram, the transi-
tions are characterized by their respective rate con-
stants, k, using the appropriate identifying subscript.
While the ground state is almost always a singlet,

under unusual conditions it can in fact be a triplet
state. If the ground state is filled but is doubly degen-
erate (or nearly degenerate), two electrons of the same
spin can be shared between the degenerate states
without violating the Pauli Exclusion Principle.
The property of “near degeneracy” allows for equal
populations of both states at or below room tempera-
ture. While possible, triplet ground states exist only in
rare instances, and will not be considered further.

3.6.1 Transition probabilities, oscillator strength,
and the energy gap law

The Jablonski diagram delineates the various avail-
able transition pathways. To determine the strength
of a particular transition (and hence its prominence in
the molecular spectrum) we must calculate its transi-
tion probability. For this, we need the Einstein coeffi-
cients for spontaneous absorption, spontaneous emission
and stimulated emission, see Fig. 3.34. Now the Einstein
coefficient for spontaneous absorption, Blu, can be
written in terms of the transition probability from
the lower (l) to the upper (u) state (Hilborn, 1982):

Bln;um ¼ q2π
3ε0ℏ2 jhϕlnjjrn � rmjjϕumij2 ¼

π

3ε0ℏ2 jμln;umj2;

ð3:88Þ

where, as in Eq. 3.76, the wavefunctions in the electric
dipole approximation include both electronic and nu-
clear contributions. The latter are labeled n in the
lower, and m in the upper electronic state. Here, we
have assumed that the degeneracy, g, of final (u) and
initial states (l) is the same. If this is not the case,
Eq. 3.88 is multiplied by their ratio, gu/gl.
Now, Einstein showed that Bln,um is related to the

coefficient for absorption, Aum,ln via (Yariv, 1989):

Aum;ln ¼ ℏ

π2
ωnr

c

� 3
Bln;um; ð3:89Þ

where nr is the refractive index of the medium. (Note
that care needs to be taken when writing these coeffi-
cients in terms of angular frequency, ω, frequency, ν,
or wavenumber, ~ν ¼ ν=c. In Eq. 3.88 and 3.89, Bln,um is
written in terms of the angular frequency.) The total
radiative lifetime (τR) is equal to the sum of Au0,ln over
all vibronic levels in the initial and final electronic
states. We also apply Kasha’s rule by assuming all
transitions occur from the lowest (m ¼ 0) vibronic in
the excited state, while it can access a large number of
final states, n. Then,

τ�1R ¼
X
m

Au0;ln: ð3:90Þ

Comparing Eqs. 3.89 and 3.90, we find that the ra-
diative lifetime can also be obtained from the ab-
sorption spectrum of the molecule. For this, we
integrate over the populations in the initial and
final states:

τ�1R ¼
8π2nr

3

3ε0ℏc3
X
m

ν3u0;lnjμu0;lnj2; ð3:91Þ

where we have replaced ω with frequency, ν, for
convenience in analyzing the measured spectra. To
complete our treatment, we weight each contribution
by a Boltzmann factor to account for the probability of
finding an electron in the initial state.
The time averaged incident power on a molecule is

called the irradiance, Iinc. From electromagnetic theory,

AulBulBlu

u

l

Figure 3.34 Einstein coefficients for spontaneous absorption (Blu),
spontaneous emission (Aul), and stimulated emission (Bul) for a two-level
system whose upper (u) and lower (l) levels are indicated.
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the irradiance due to an electric field of amplitude, F,
is given by:

Iinc ¼ 1
2
cε0F2 ¼

ð
i ωð Þdω; ð3:92Þ

where i(ω) is the incremental irradiance between
frequencies ω and ω + dω. Since Bln,um is the probabil-
ity for absorbing a photon, and taking ρ(ω) as the
energy density of the incident photon field, then
the incremental power per unit area absorbed within
the length, dx, by Nl atoms populating the lower
level is

dIa ¼ ℏωBln;umNiρ ωð Þγ ωð Þdωdx; ð3:93Þ
where γ(ω) is the normalized lineshape function de-
fined by

Ð
γ ωð Þdω ¼ 1. Thus, within a wavelength

interval, dω, we rewrite Eq. 3.93 in terms of i(ω):

1
i ωð Þ

di
dx
¼� ℏωnrnlBln;umγ ωð Þ=c

¼� nrnlσ ωð Þ ¼ �α ωð Þ;
ð3:94Þ

where nl is the number density of molecules in the
lower level, and α ωð Þ is the absorption coefficient. We
thus define the normalized absorption cross section in
terms of Bln,um from Eq. 3.94:

σ ωð Þ ¼ ℏωBln;umγ ωð Þ=c: ð3:95Þ

Finally, we can express the Einstein B-coefficient
using the absorption cross section:

Bln;um ¼ c
ℏnr

ð
σ ωð Þdω

ω
; ð3:96Þ

where the lineshape is now included in σ ωð Þ ¼
σ0γ ωð Þ. For experimental convenience, we can replace
the cross-section with the light frequency-dependent
decadic molar extinction coefficient (in units of l cm�1

M�1) as a function of frequency, ε(ν), in which case
we write

Bin;fm ¼ 2303
NAnr

c
h

ð
ε νð Þdv

v
; ð3:97Þ

where NA is Avogadro’s number. The factor, 2303,
arises since the irradiance, I(0) incident on a sample
with absorption coefficient, α(ν), will decrease to I(d)
after travelling a distance, x (cf. Eq. 3.94):

IðdÞ ¼ Ið0Þe�α νð Þx: ð3:98Þ

This is known as the Beer–Lambert law. Here,
α νð Þ ¼ ln10ε νð ÞC ¼ 2:303ε νð ÞC, and C is the concentra-
tion of the molecule in solution (units of [M/l]).

The radiative rate is given by the Strickler–Berg
expression (Strickler and Berg, 1962):

τ�1R ¼ 8πn3
rℏh~ν�3i�1Bln;um ¼ 9212n2

r c
NA

h~ν�3i�1
ð
εð~νÞ~ν½ �d~ν;

ð3:99Þ
where the average transition frequency, h ~ν�3i is ob-
tained by integration over the measured spectral
intensity, via

h ~ν�3i ¼

ð
~ν�3I ~νð Þd ~νð
I ~νð Þd ~ν

: ð3:100Þ

The oscillator strength is the ratio of the emission or
absorption rate of the molecule to that of a classical
oscillator. This is defined by

fin;fm ¼ 4πmec
3ℏ
h~νin;fmijhϕinjjri � rf jjϕfmij2

¼ 4πmec
3q2ℏ

h~ν in;fmijμin;fmj2; ð3:101Þ

where we generalize by substituting i and f for u and l.
Comparing this with Eq. 3.88 and 3.96, the oscillator
strength can be written in terms of the cross-section
and absorption coefficients:

fin;fm ¼ 2meε0c
πq2nr

ð
σ ωð Þdω ¼ 2303mec2

NAπq2nr

ð
εð~νÞd~ν

¼ 4:39� 10�9

nr

ð
εð~νÞd~ν;

ð3:102Þ
where we have removed the frequency, ω, from the
integral in Eq. 3.96 by assuming that it is approxi-
mately constant over the relatively narrow energy
band subtended by the initial and final states. It is
often more important to compare the relative prob-
abilities for transitions, rather than to calculate their
absolute values. For this, we normalize the oscillator
strength to an easily measured quantity—the inten-
sity of the 0–0 transition (fi0,f0). Since, the electric di-
pole transition probability is the same for all vibronics
contained within the same electronic manifold,
Eq. 3.101, then we only need to consider the ratio of
Franck–Condon factors. That is, from Eq. 3.79,
jμin;fmj2=jμi0;f0j2 ¼ jhϕN;injϕN;fmij2 ¼ FCn;m. This yields

�f in;fm ¼
~ν in;fm
~ν i0;f0

FCn;m; ð3:103Þ

where �f in;fm ¼ fin;fm=fi0;f0. For absorptive transitions
f i, the initial state is i, 0, that can access the vibronic
levels, m, in state f. Thus, the relative intensity of the
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peaks in the vibronic progression depends on the
overlap between the wavefunction of the lowest vi-
bronic in the initial state with the vibronic wavefunc-
tions in the final state.
We can now calculate the relative intensities of

the several peaks within the vibronic progression,
which are the solutions for a SHO. There are two
possibilities that are generally considered to enable
estimation of the relative intensities of the vibronic
states. The first is the displaced oscillator (Fig. 3.35a),
whereby the electronic potential in state f is identi-
cal to that in i, but is rigidly displaced by a change
in the nuclear positions by �Q. The energy separ-
ation between vibronic eigenstates remains un-
changed by this displacement, which implies that
the normal frequencies, ωl in Eq. 3.15 are also un-
changed. The second is the case of a distorted oscil-
lator (Fig. 3.35b), where the electronic potential
shape changes from i to f. In this case, the normal
modes are changed: in the figure the frequencies
are increased for the distorted oscillator excited
state potential (Siebrand, 1967).
To treat the general problem of the transition i! f ,

we return to Fermi’s Golden Rule, separating out only
the nuclear part of the wavefunctions, viz.

kif ¼ 2π
ℏ
ρ Eð Þjhϕf ;N jHNjϕi;Nij2; ð3:104Þ

where HN is the nuclear Hamiltonian. This can be
approximated by the first term in a Taylor series
expansion in the nuclear displacement, Qn �Q0

� �
(Siebrand, 1967, Engleman and Jortner, 1970):

HN ¼
XN
n¼1

∂~J
∂Qn

Qn �Q0� � ð3:105Þ

with

~J ¼ hϕf ;ejJNjϕi;ei; ð3:106Þ

where the sum is over all N normal modes, JN is the
nuclear kinetic energy operator, ∂=∂Qn, Qn is the
nuclear coordinate of the nth normal mode in
the final state, and Q0 is the equilibrium coordinate
in the initial state in which the molecule is “prepared”
prior to the transition. It is assumed that there is
only a single, dominant pth mode in the initial state.
Since the vibronic modes are coupled, we need to

sum over all possible final vibronic states,

HN ¼ ~J jFCif Eð Þj1=2 ¼ ~J ∏
N

n6¼p¼1
jhϕf

N;n ωnð Þjϕi
N ωp
� �ij:
ð3:107Þ

Equation 3.107 includes the product of Franck–
Condon factors for transitions between the dominant
initial, and the other n vibronics. Also, the initial and
final states of the nuclear wavefunctions are denoted
by superscripts for clarity. It is assumed that the sys-
tem is initially in mode ωi, followed by a transition to
one of nmodes with frequencies ωp. Then the Franck–
Condon factor for the transition is found by summing
over all possible permutations, P:

FCif ¼
X
E

FCif Eð Þ ¼
X
P

P ∏
n6¼p
jhϕf

N;n ωnð Þjϕi
N ωp
� �ij2" #

:

ð3:108Þ
The lineshape function is then obtained by multiply-
ing the Franck–Condon factors over the modal
occupancy, which is determined by a Boltzmann
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Figure 3.35 (a) Displaced oscillator and (b) distorted oscillator potential energy surfaces. The displaced oscillator undergoes a coordinate shift of �Q,
whereas the distorted oscillator has �Q ¼ 0. Example transitions from the n ¼ 0 initial state to various vibronics, m, in the final state are indicated.
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factor, Eq. 3.81. Thus the line shape is (Engleman and
Jortner, 1970)

FðEÞ ¼
XN
i; f

FCij exp �Ei=kBTð ÞδðEf � Ei � EÞ
24 35
=
XN

i

exp �Ei=kBTð Þ: ð3:109Þ

For the displaced, but undistorted oscillator, we as-
sume a Poisson distribution for the oscillator
strength across the m-vibronic levels in the final
state. Then, it can be shown (see Problem 3.7) that
Eq. 3.108 yields FCn;m ¼ Zme�Z=m!, such that
(Siebrand, 1967):

�f in;fm ¼
~ν in; fm
~ν i0;f0

Zm

m!
e�Z; ð3:110Þ

where Z is known as the Huang–Rhys parameter. The
restoring force of the harmonic potential is k, and
hence the energy due to a displacement, �Q ¼ |Qi �
Qf|, of that state is 1

2k�Q2. Since Q represents the
configuration of all nuclear coordinates, it then follows
that �Q corresponds to

�Q ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXM
j¼1

�R2
j

vuut ; ð3:111Þ

where �Rj is the displacement of the jth nucleus in
the molecule containing M atoms from its equilibrium
position, Rj. Thus, in Eq. 3.110 we have

Z ¼ 1
2
k�Q2

ℏωi0; fm
¼ 1

2
Mωi0;fm

ℏ
�Q2 ð3:112Þ

for each final state, f, m. While this treatment assumes
a Poisson distribution, this is often not the case, al-
though its use leads to considerable simplicity and
often acceptable fits to data.

Equation 3.110 is also used to describe emission.
Figure 3.36a shows the low temperature fluores-
cence spectra of very thin films of PTCDA sand-
wiched between layers of the higher band gap
NTCDA (Haskal et al., 1995). The layer pairs,
grown by thermal evaporation in ultrahigh vac-
uum, are stacked such that the luminescence from
one pair adds to that of another to form easily
detectable PTCDA emission at T ¼ 4.2 K. No
NTCDA emission is observed between 1.3 and 2.1
eV shown in the figure. Solutions to Eq. 3.110 as
functions of �Q2 are shown in Fig. 3.36b for the
four highest energy features in the spectrum

(corresponding to the transitions from the S1, n ¼
0 state, to S0 in descending order of energies from
m ¼ 0 to m ¼ 1, 2 and m ¼ 3). Each layer thickness
yields only one value of �Q2 indicated by the ver-
tical, dashed lines. The data for each layer thickness
intersect the values of Eq. 3.110, from which we
infer there is only a single, displaced electronic
state manifold. Also note from Fig. 3.36b that �Q2

increases from 0.04 Å2 to 0.25 Å2 as the layer
thickness increases from 10 Å to 500 Å, which is
attributed to the reduced energetic confinement of
the excited states with increasing layer thickness
(Haskal et al., 1995).
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Figure 3.36 (a) Fluorescence spectrum at T ¼ 4.2 K of PTCDA in
PTCDA/NTCDA multilayer stacks, labeling the S1 ! S0 series of
vibronic transitions. The individual layer thicknesses in the stacks
are noted which are the same for both NTCDA and PTCDA. (b) Fits
of the relative peak intensities in (a) for each layer thickness to
the Poisson distribution in Eq. 3.110 are shown as solid lines. The
values of n correspond to the vibronic level in the final state, S0
(Haskal et al., 1995).
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For distorted oscillators, the Franck–Condon fac-
tors follow (Siebrand, 1967):

FCif ¼ 1� ξ2
� �1=2

ξm

� 1 � 3 � 5 � � � m� 1ð Þ
2 � 4 � 6 � � �m ; m even; ð3:113aÞ

FCif ¼ 0; m odd: ð3:113bÞ

Here, ξ ¼ ωi0 � ωfm
� �

= ωi0 þ ωfm
� � ¼ �ω= ωi0 þ ωfm

� �
for each final mode of frequency, m, where ℏ�ω is
the equilibrium energy difference for the undistorted
oscillator, and ℏωfm is the energy of the relaxed state.
Simplified, and somewhat more intuitive expressions
for the distribution of spectral intensities that takes
into consideration the population of states in the dis-
torted vs. undistorted molecular potentials is given
for absorption by (Gierschner et al., 2002):

G �ωð Þ ¼ exp �ℏ�ω= D� 1ð ÞkBTð Þ ð3:114Þ
and for emission:

G �ωð Þ ¼ exp �ℏ�ωD= D� 1ð ÞkBTð Þ; ð3:115Þ
where D ¼ ωi0=ωfm.
A distorted oscillator is used to describe the changes

in the vibronic spectra of NTCDA under hydrostatic

pressure (Jayaraman et al., 1985). The peaks in Fig. 3.37
are the Raman spectra of the molecular vibronic
modes. They exhibit a rigid blue shift, as well as a
decrease in peak spacing with increasing pressure.
The rigidochromic shift (i.e. a peak shift without broad-
ening) corresponds to the behavior of a displaced os-
cillator, while the changes in peak separation result
from intramolecular distortions. For example, at at-
mospheric pressure (1 bar), there are peaks at 83, 75,
and 50 cm�1, with frequency differences of 8 and 25
cm�1, respectively. As pressure increases, the peak
energies monotonically decrease and split into doub-
lets in some cases. Thus, at 18.5 kbar, the peaks are
found at 121, 98, and 69 cm�1, with separations of 23
and 27 cm�1. Apparently, the distortion is most pro-
nounced for the higher frequencymodes with the low-
est vibronic quantum numbers. Furthermore, there is a
considerable increase in intensity of the highest energy
mode at the expense of the lower energy modes, indi-
cating that the vibronics are in resonance.
A further indication of potential distortion due to

molecular configuration changes is the breakdown of
mirror symmetry with temperature, as in Fig. 3.23b
for diphenylvinylene. This distortion is due to ther-
mally activated torsional motion of the phenyl
groups, which can also result in an increase in the
Stokes shift between absorption and emission. An
even more extreme example of potential distortion is
found for a series of methyl-substituted quarterthio-
phenes (4T) in Fig. 3.38.
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Figure 3.37 Raman spectra of NTCDA versus hydrostatic pressure.
These peaks correspond to several intramolecular vibronic modes of the
molecule (Jayaraman et al., 1985).
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The intensities provided by this analysis are only
approximate, avoiding common departures from
idealized situations, such as anharmonicity of the
equilibrium potential, non-Boltzmann excited state
distribution statistics, coupling between states, and
the presence of multiple overlapping (i.e. degenerate)
vibronics. It is nevertheless instructive since it dem-
onstrates the relationship between transition prob-
abilities, Franck–Condon factors, and the oscillator
strengths.

Non-radiative transitions between vibronic states (in
this case from the pth mode in the initial state to one of
the N normal modes in the final state) also have an
exponential dependence of the transition rates on the
energy gap, EG ¼ Ei � Ef . Assuming once again that
there is a single, dominant mode of frequency, ωp, the
non-radiative rate follows (Engleman and Jortner,
1970):

kif ¼ C2
ffiffiffiffiffi
2π
p

ℏ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ℏωpEG

p exp �γEG=ℏωp
� � ¼ Aexp �γEG=ℏωp

� �
;

ð3:116Þ

where C �
XN
k

JkhϕN;ikj
∂

∂Qn
jϕN;fki is the kinetic en-

ergy of the nuclei. This expression is valid in the
weak coupling limit, that is, when the relative
displacement of the states, �Q, is small, which is
the primary assumption in using the expansion in
Eq. 3.105. Also,

γ ¼ log
EG

ΩEp


 �
� 1; ð3:117Þ

where Ω is the number of modes contributing the
maximum energy, Ep ¼ 1

2ℏωp�
2
p, which is half the

Stokes shift. It is assumed that there are Ω equivalent
modes of energy ℏωp in the final state. Here,
�p ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Mωp=ℏ

p
Qp �Q0
� �

is the reduced (unitless)
displacement between the excited and equilibrium
modes with coordinates Qp and Q0, respectively, and
M is the molecular mass. We note that Eq. 3.116 is
dependent on EG (i.e. as EG increases, kif exponentially
decreases). Also, γ is a function of energy gap.
Its weak logarithmic dependence does not strongly
influence kif.

Equation 3.116 is known as the energy gap law,
which states that the larger the energy gap, the
lower the probability for non-radiative recombin-
ation. That is, as the energy gap of a molecular
species decreases, competition between radiative
vs. non-radiative decay of the excited state
increases.

As we will find in Chapter 6, organics are far more
likely to have a high radiative efficiency as their en-
ergy gap increases, that is, while it is common to
observe very high red, green and blue emission effi-
ciencies, it is less common to observe emission from
molecules with energy gaps at near and mid-infrared
wavelengths. The energy gap law is followed in both
polymers and small molecules, and is widely ob-
served for singlet, triplet, and charge transfer transi-
tions (Siebrand and Williams, 1967, Caspar et al.,
1982, Bixon et al., 1994, Chynwat and Frank, 1995,
Wilson et al., 2001). An example of the energy gap
law is shown in Fig. 3.39 for triplet transitions in a
series of aromatic hydrocarbons, and their deuterated
isotopes. (Siebrand and Williams, 1967). The domin-
ant vibrational energy is Ep ¼ 4000 cm�1 due to the
C–H bond stretch. In the deuterated isotopes, the
stiffer C–D bond has a higher Ep ¼ 5500 cm�1, also
leading to a higher slope vs. energy for kif according to
Eq. 3.116.
The difference in behavior for the two different

isotopes of the aromatic hydrocarbons can be used
to determine the energy of the dominant vibronics.
That is, by replacing a H with a D atom within the
molecule, the force constant k ¼Mω2 undergoes a
corresponding change. To identify the dominant ex-
citation, we take the derivative of FCif in Eq. 3.108
(Siebrand and Williams, 1967):

∂logFCif ;H Eð Þ
∂E E’

¼
ffiffiffiffiffiffiffiffi
MH

ML

r
 �
∂logFCif ;L Eð Þ

∂E

����
E’
:

���� ð3:118Þ

Here, FCif,H refers to the Stokes shift of the heavier
isotope with mass MH, compared to the lighter with
ML. The ratio of the masses of the heavier to the
lighter isotopes determines the slope of the line in
Fig. 3.39. This dependence of the shift in oscillator
strength with isotopic mass is known as the
isotope rule.
The non-radiative rates in Fig. 3.39 are for S1 ! S0

transitions. The generality of the energy gap law is
demonstrated by triplet transitions, T1 ! S0 of a hom-
ologous series of thermally assisted delayed fluorescent
(TADF) metal–organic Cu complexes whose molecu-
lar structural formulae are shown in Scheme 1. Vary-
ing the ligand composition tunes the energy gap of
the complexes from the red with a HOMO-LUMO
gap energy of 2.04 eV (compound 6), to the blue,
with EG ¼ 3.54 eV. Correspondingly, emission from
the T1 state ranges from 704 nm to 432 nm when the
phosphor is dispersed at very low concentration (1%)
in a wide energy gap polystyrene matrix.
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The non-radiative transition rate is related to the
photoluminescence quantum yield, ΦPL, via:

ΦPL ¼ kr
kr þ knr

; ð3:119Þ

where kr is the radiative rate. Hence, the non-radiative
rate is measured from the values of ΦPL, taking
knr ! 0 at low temperatures, where kr is measured
from the luminescent decay transient. Using this ana-
lysis, knr is plotted vs. E00 in Fig. 3.40b. Consistent
with the energy gap law, the non-radiative rate de-
creases with increasing E00, except for compound 1
which falls considerably off of the trend. This is

attributed to a different composition for the orbitals
on 1 vs. the other compounds, which is also reflected
in its comparitively lower ΦPL (Shi et al., 2019).

3.6.2 Dimers

Understanding exciton transport in solids begins by
consideration of the interaction of an isolated pair of
identical molecules, known as a dimer, which is the
smallest possible molecular aggregate. If the pair
forms a bond, the system is known as a chemical dimer,
whereas if they interact by van der Waals or other
electrostatic attraction, the pair forms a physical dimer.
In the following, we consider only physical dimers.
Aggregation of molecules into dimers results in energy
level splitting and the development of band structure
for the excited states. Level splitting red shifts the
broadened electronic states, resulting in differences be-
tween the spectra of individualmolecules and the solid.
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aromatic hydrocarbons (open circles) and their deuterated isotopes (filled
circles). The slopes of the solid lines fit to the energy gap law are in the ratio
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Cu(I) Complexes Featuring Non conventional N heterocyclic Carbenes.
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The wavefunction of one molecule at r1 of a
dimer pair is ψ1(r1), and the other at r2 is ψ2(r2).
If their coupling is small, then the Heitler–London
formalism for the ground state dimer wavefunction
gives: ψ0(r1, r2) ¼ ψ1(r1)ψ2(r2), each with ground
state energies E1 ¼ E2 ¼ E0. The total ground
state energy must also include the intermolecular
interaction energy, EI. In the simple case of

van der Waals bonding, then Hint ¼ �
Adisp

r612
, where

Adisp is the dispersion coefficient and r12 ¼ jr1 � r2j
(c.f. Eq. 2.66). Then:

EI ¼ hψ1ðr1Þψ2ðr2ÞjHintjψ1ðr1Þψ2ðr2Þi; ð3:120Þ
leading to a ground state energy of EG ¼ 2E0 þ EI .
Since EI < 0, the bound ground state energies of
the two individual molecules is less than that of
the dimer that is, therefore, the more stable spe-
cies. If the molecules have fixed dipole moments,
Hint is modified according to the analysis in
Section 2.4.3.

If one molecule is excited, time dependent perturb-
ation theory predicts that the excited state oscillates
between the molecules forming the dimer. Hence, the
system is described by a linear superposition of the
two possible excited states, or two orthogonal normal
modes of the system:

ψ0± r1; r2ð Þ ¼ 1ffiffiffi
2
p ψ01 r1ð Þψ2 r2ð Þ±ψ1 r1ð Þψ02 r2ð Þ
� �

; ð3:121Þ

where ψ0(r) denotes an excited state. These modes are
similar to two SHOs coupled by a spring: one (+)
corresponds to both oscillators moving coherently in
phase, while the other (�) is for the oscillators moving
180° out of phase.

The total energy is the sum of the energies of the
excited state of one molecule, E01 ¼ E02 ¼ E0, the
ground state of the other molecule, E0, and interaction
terms from the wavefunctions in Eq. 3.121. This yields
the Coulomb energy:

E0I ¼ hψ01ðr1Þψ2ðr2ÞjHintjψ01ðr1Þψ2ðr2Þi ð3:122Þ
plus the resonance energy:

E± ¼ ±hψ01ðr1Þψ2ðr2ÞjHintjψ1ðr1Þψ02ðr2Þi ð3:123Þ
giving the total energy:

E0T ¼ E0 þ E0 þ E0I þ E±: ð3:124Þ
Recall that E0I < 0 since Hint itself is negative, result-
ing in the dimer energy diagram in Fig. 3.41. Letting
Eþ ¼ β ¼ E�, then the total energy splitting is �E ¼
2E± ¼ 2β.

The transition dipole moment is obtained using
the Hamiltonian in Eq. 3.71 along with the dipole
operator Eq. 3.72. Thus

μ± ¼ �
qffiffiffi
2
p hψ01ðr1Þψ2ðr2Þ±ψ1ðr1Þψ02ðr2Þjrjψ1ðr1Þψ2ðr2Þi

¼ 1ffiffiffi
2
p ðμ1±μ2Þ; ð3:125Þ

where μ1 and μ2 are the individual transition mo-
ments of the respective monomers between their
ground and excited states (e.g. μ1 ¼ �qhψ01ðr1Þ
ψ2ðr2Þjrjψ1ðr1Þψ2ðr2Þi). Since μ1 ¼ μ2 for identical mol-
ecules, transitions into the antisymmetric state ψ�
have a vanishing transition dipole, μ� ¼ μ1 � μ2 ¼ 0,
see the lower level, Fig. 3.41b. Figures 3.41b and c
show situations where the dipoles are translationally
invariant. Figure 3.41b shows the molecular
dipoles aligned in a side-by-side arrangement. The
lowest energy is achieved when the dipoles are
antiparallel, that is μ� ¼ 0. Then only transitions to
the upper antisymmetric state at E0 þ E0I þ Eþ are
allowed. When the dipoles are arranged end-on-
end (Fig. 3.41c), the vector sum of the transition di-
pole is zero in the upper level, allowing only transi-
tions to the lower state. Figure 3.41d shows a
situation where neither of the parallel arrangements
exist (such as in a herringbone crystal structure).
Thus, transitions are possible into both the upper
and lower levels. The energy separation of the levels
is equal to 2μ1 ¼ 2μ2.
An example of the red shift in the dimer absorption

spectrum compared with that of a monomer is shown
in Fig. 3.42 for the molecule 4-n-propyl-5-ethyl farne-
syl bacteriochlorophyll-c in dichloromethane (Olson

E0+EI

E’I–E+

E’+E’I 

E0

E’

μ+

μ–

(a) (b) (c) (d)

E’I+E–

2μ1

X X

Figure 3.41 Energy level splitting for a physical dimer. Energy of the
(a) ground (E0) and first excited (E0) state of the isolated monomers,
(b) ground and first excited state of the dimer showing the dominant
absorption transition into the upper and (c) lower doublet
levels. (d) Transition energies for dimer dipoles that are neither
parallel nor antiparallel (arrows). The doublet splitting energy is
2μ1 ¼ 2μ2.
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and Cox, 1991). The peak shows a rigidochromic shift
from a wavelength of λ ¼ 665 nm to 679 nm as the
solution is concentrated, thereby increasing the prob-
ability for molecular aggregation into dimers, trimers,
etc. In the concentrated solution, the dimers coexist
with the monomers, and hence the dimer peak was
extracted by subtracting the monomer contribution
obtained in a dilute solution. Two dimer peaks, one
at 670 nm and the second at ~690 nm are superposed
to result in the peak at 679 nm, although the contri-
bution from the lower energy peak is significantly less
than the shorter wavelength peak since it corresponds
to transitions into a forbidden dipole state. Since both
peaks are present, this corresponds to the situation in
Fig. 3.41d.

3.6.3 Excimers and exciplexes

Physical dimers support an excitation that resonantly
oscillates between two electrostatically bound mol-
ecules. When the spacing of the molecules is close,
the pair may not necessarily be bound in the ground
state. When one of the pair is excited, the resonance
interaction, β, becomes large, thus stabilizing the pair
in a closely spaced, bound configuration. A dimer that
has no bound ground state but is bound in the excited
state is called an excimer, which is a contraction of the
words “excited dimer.” If the pair of excited mol-
ecules are of different composition, the state is an
exciplex.
The difference between dimers and excimers is illus-

trated in Fig. 3.43, which shows the dimer splitting into
E+ and E–, along with possible transitions to the
ground (S0) state. In the dimer, S0 is a bound state,
and hence the vibronic progression is observable in the
luminescence spectrum shown at the right. In this
diagram, the excited state has a smaller displacement
than the ground state (i.e. the molecules move toward
each other when one of the pair is excited). This is not

the case for all dimers since the displacement depends
on the relative contributions from the Coulomb and
resonance integrals. For the excimer, the coordinate
change is considerably larger and always negative,
that is, the individual molecules transition from an
unbound to a stable and more closely spaced bound
pair after excitation. The lack of a ground state replaces
the resolved vibronic features of the monomer with a
broad and featureless spectrum. The calculation of
excimer energies is identical to that used for dimers,
although the relative magnitudes of β and E0I are
different.
Excimers are typically observed in solution: as an

excited molecule collides with a ground state mol-
ecule, they form a bound pair that shares the excita-
tion. This pair exists until a photon is emitted, or until
a random event results in non-radiative return to the
ground state, at which point the molecules once more
disassociate. Evidence for excimers is the dependence
of a broad luminescence feature on molecular concen-
tration in solution. As the solution is increasingly
diluted, the probability for excimer formation de-
creases proportionately.
In the solid state, random molecular encounters are

absent. However, in some crystals, molecules can
closely stack in a facial arrangement, forming physical
dimers. When one of the molecules is excited, the
lattice can distort to decrease the stacking distance,
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Figure 3.43 Configurational energy diagrams distinguishing a dimer
and an excimer. To the right are characteristic luminescence spectra due to
excited-to-ground state transitions. A dimer shows a clear vibronic
progression, whereas excimer luminescence is broad and featureless.
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forming a lower energy excimer state. By polarizing
the surrounding lattice, the free exciton becomes
self-trapped on the excimer, where it remains until it
recombines in the ground state (Song and Williams,
1993). Thus, the unexcited crystal is said to be in a
pre-excimeric configuration. In solid amorphous
blends of a high concentration of luminescent mol-
ecules in a high energy gap (i.e. transparent) matrix,
the chromophores may find themselves in closely
spaced pre-excimeric states. Then, both excimer and
monomer luminescence are simultaneously observed
due to the coexistence of aggregates and isolated mol-
ecules. As the chromophore concentration increases,
the excimer and monomer luminescence proportion-
ately increase and decrease, respectively.

An additional difference between monomer and
excimer emission is that the broad excimer spectrum
does not narrow nor vary significantly at very low
temperatures (Birks and Kazzaz, 1968). To excite the
molecular pair, the monomer transition energy (cor-
responding to S1  S0) must overcome the excimer
binding energy at point B, by either thermionic emis-
sion or tunneling to point C in Fig. 3.44. Excimers
lower the system energy by reducing both the
Coulomb and resonance energies, ultimately result-
ing in emission from the excimer, E*. The multistep
dynamical process leading to excimer emission is
described by

S0 þ hνM ! S1;

S1 ! E*þ hνph; ð3:126Þ

E*! S0 þ hνE*:

Here, the energies hνM; hνph; and hνE* correspond to
the monomer excitation energy, the phonon energy
leading to internal conversion to E*, and the excimer
emission energy, respectively. As the exciton moves
from a free to a self-trapped state, additional thermal
(phonon) energy is required to surmount the barrier,
B. As temperature is decreased, the probability of
excimer vs. monomer emission is also decreased.

Planar molecules are particularly susceptible to ex-
cimer generation since they tend to form tight, facial
π–π stacks that result in the sharing of excitations
between molecular neighbors. An archetype exci-
meric PAH is pyrene, whose structure is shown in
Fig. 3.45a. In the ground state, the equilibrium inter-
molecular spacing is r0 ¼ 3.53 Å (Robertson and
White, 1947), decreasing to rE ¼ 3.34 Å for the self-
trapped excimer (Birks, 1975). The changes in dimen-
sion as well as the energies of the transitions are
indicated in the energy scheme in Fig. 3.45b. Excimer

emission from a dilute solution of pyrene in is shown
in Fig. 3.46 (Birks and Christophorou, 1963). In the
most dilute solutions (10�4–10�3 M), the monomer
spectrum coexists with the broad excimer feature,
illustrating the differences between these two excited
states. The monomer spectrum has noticeable struc-
ture, whereas the excimer spectrum is broad and fea-
tureless. Note the very strong dependence of the ratio
of excimer-to-monomer fluorescence intensity with
increasing pyrene concentration.
An example of excimer phosphorescence in a solid

mixture is shown in Fig. 3.47 for the triplet emitting
platinum complex, FPt1, diluted in CBP (D’Andrade
et al., 2002). The energy gap of CBP is 3.1 eV and that
of FPt1 is 2.6 eV. The data are collected by using short
wavelength illumination to selectively excite only the
S1  S0 transition in CBP, which then transfers its
excited state by a Förster process to the FPt1 triplet
state (see Section 3.8.1). The triplet then emits in the
450–550 nm wavelength range, following T1 ! S0. At
very low concentrations, the planar FPt1 molecules
are isolated in the solid CBP matrix, and primarily
light blue monomer emission is observed, as charac-
terized by the vibronic progression in the spectrum
from Film 2. The long wavelength emission tail at >
550 nm is due to excimer emission from FPt1 aggre-
gates present even at low concentrations. At the high-
er phosphor concentration (7 wt%) of Film 3, excimer
emission is dominant.
An exciplex is analogous to an excimer except that

the pair of molecules are of different composition.
Exciplex, therefore, refers to an “excited molecular

En
er

gy

Relative Coordinate

S1

E*
C

BF

0 QQE

Figure 3.44 Energy transfer from a free exciton (F) to a self-trapped, or
excimer state (E*). Possible transitions of the free, excimer and
intermediate states are shown as the energy surface is traversed
between initial and final states. Excimers are formed by overcoming of
the barrier B by either thermionic emission, or tunneling to C. After
Nasu (1987).
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complex.” Due to the obvious asymmetry of the sys-
tem, the charge density is not shared equally between
molecules; in effect there is a limited degree of charge
transfer from one to the other. Thus, one molecule
serves as an anionic electron acceptor (A), and the
other as the cationic donor (D), depending on the
relative positions of the HOMO and LUMO levels of
the pair (see Fig. 3.48). Only partial charge transfer
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equilibrium interplanar spacing of 3.53 Å. A projection of the a–b plane of the unit cell along the c-axis is shown by the dashed line. (b) Energy level
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occurs that comprises a fractional charge (δ±) redistri-
bution of δþ ¼ δ�< q across the exciplex. We can ex-
press the charge transfer reaction as follows:

D* þ A0 ! DþA�ð Þ; ð3:127Þ
where D* is the excited donor, A0 is the ground state
acceptor, and the term in parentheses represents the
bound exciplex state.

Charge transfer can occur in both the ground and
excited states, again depending on their energy level
offsets. When there is ground state charge exchange,
the molecular pair is called a charge transfer complex,
discussed in Section 3.6.6.

The exciplex wavefunction is described as a linear
combination of individual molecular wavefunctions.
This differs from the treatment of a dimer (and ex-
cimer) in Eq. 3.121 since the two wavefunctions are
now associated with different molecules. The ground
and excited state wavefunctions are thus:

ψ0T ¼ α0ψ1ψ2 þ γ0ψþ1 ψ
�
2 þ δ0ψ�1 ψ

þ
2 ; ð3:128Þ

ψ0T ¼ αψ01ψ2 þ βψ1ψ
0
2 þ γψþ1 ψ

�
2 þ δψ�1 ψ

þ
2 ; ð3:129Þ

where the coefficients, α, β, γ, δ, etc., can be either
positive or negative, and their magnitudes give the

strengths of their contributions to the total exciplex
wavefunction. The subscripts refer to molecules 1, 2
forming the complex, superscript 0 indicates the
ground state, ψ01;2 is the wavefunction for the corres-
ponding individual molecular excited state, and ψ±

indicates the net charge on the molecule. Note that the
charge can transfer in either direction, depending
how large an energy step exists between frontier en-
ergy levels in the two molecules.
There are many examples of exciplexes in mixtures

of aromatic hydrocarbons such as derivatives of ben-
zene, naphthalene, anthracene, etc. due to their planar
(and hence close packing) structures (Birks, 1970). An
example of exciplex fluorescence for a series of accept-
ors in a PVK donor matrix is shown in Fig. 3.49. All
acceptors have closely matched HOMO-LUMO en-
ergy gaps of 2.70 eV for CN-MBE, to 2.84 eV for CN-
TFPA. However, their HOMO energies, measured by
ultraviolet photoelectron spectroscopy, (Appendix C)
are offset due to a differing amount of electron with-
drawing character afforded by the cyano (–CN) and
trifluoromethyl (–CF3) groups comprising each mol-
ecule. The molecules are also mixed into the very
wide energy gap PMMAmatrix that does not interact
with the various acceptors. These mixtures luminesce
only from the acceptor molecules themselves without
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Figure 3.49 (a) Molecular structural formulae for a series of three acceptor molecules and the electron donor, PVK. (b) Frontier orbitals of the compounds
in (a) indicating their HOMO (lower) and LUMO (upper) energies. The LUMO energy is estimated by subtracting the low energy cut-off of the optical
absorption tail of the compound (i.e. the optical energy gap) from its ionization energy. (c)–(e) The spectra of compounds 1, 2, and 3 in PMMA (purple line)
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based mixtures are due to the individual acceptor molecules themselves (Kim et al., 2014).
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charge or energy transfer. Thus, the red shift in the
spectra is presumed due only to luminescence from
exciplexes formed at the PVK/acceptor interface.
To understand the red shifts in the exciplex spectra

in Fig. 3.49, the transition energy ðDþA�Þ ! S0 is
(Giebink et al., 2010):

�E ¼ jEA;LUMO � ED;HOMOj � q2

4πε0εra0
; ð3:130Þ

where EA,LUMO is the LUMO energy of the acceptor,
ED,HOMO is the HOMO energy of the donor, εr is the
relative dielectric constant of the medium, and a0 is
the radius of the charge transfer state. The last term
expresses the Coulomb binding energy (EB) of the
exciplex. For convenience, we assume that a full unit
charge is transferred from D to A. If we assume that
a0 ~ 1 nm, or approximately the size of a molecule in
the pair, and εr ~ 3 typical of organic materials, then
EB ~ 0.2 eV. Hence, for the blends in Fig. 3.49, we
expect the red shift and the peak energies to follow
the trends implied by the energy offsets in Fig. 3.49b.
The PVK/1 mixture should have the highest energy
transition of approximately EG ¼ EA,LUMO – ED,HOMO

¼ 5.90� 3.32� 0.2 eV¼ 2.38 eV, with the greatest red
shift corresponding to PVK/3, with EG ¼ 1.56 eV.
While the energy trends qualitatively match expect-

ations, the magnitude of the shift diverges as the
LUMO energy is decreased from PVK/1 to PVK/3,
as summarized in Table 3.2. Given the approximate
means for determining EA,LUMO by adding the optical
energy gap (corresponding to S1, not the conduction
level) to ED,LUMO, it is not surprising that the diver-
gence is large. Furthermore, it is incorrect to assume
that EB is independent of the details ofmolecular struc-
ture and morphology. Nevertheless, given the consist-
ency of the trends with variations in frontier orbital
energies, we conclude that emission from this system
of D–A pairs is due to exciplex formation.

3.6.4 Excited states in crystals

Davydov extended considerations of identical mol-
ecules to a crystal unit cell consisting of an arbitrary

number of translationally inequivalent molecules. It
was found that the spectrum splits into branches
whose number is equal to the number of inequivalent
molecules. Generally a crystal consisting of N unit
cells, with a basis of m � 1 has the following Hamil-
tonian (Sibley et al., 1965):

H ¼
XN

i

Xm
μ

Hiμ þ
XN;m

iμ< kv

Viμ;kv; ð3:131Þ

where Hiμ is the Hamiltonian for the individual mol-
ecule in ith unit cell at site μ, and Viμ,kν is the inter-
action between molecules at i, μ and k, ν. The ground
state wavefunction is

ψ0iμ ¼ A∏
N;m

iμ
ϕiμ; ð3:132Þ

where A is an operator that antisymmetrizes the wa-
vefunction under electron exchange between individ-
ual ground state molecular wavefunctions, ϕiμ. When
a single molecule at site k, ν is excited, the “one-site”
exciton wavefunction becomes

ψ0kv ¼ Aϕ0kv ∏
N;m

iμ 6¼kv
ϕiμ: ð3:133Þ

Since the excited state (i.e. exciton) can move be-
tween all molecules in the crystal, we use Bloch’s
theorem to describe the delocalized wavefunction
to yield

Ψμ ¼ 1ffiffiffiffi
N
p

XN
i

ψ0iμexp ik �Riμ
� �

: ð3:134Þ

That is,weassume that the exciton canbedescribedbya
periodicplanewavewithwavevectork, that canpropa-
gate among equivalent positions in the lattice,Riμ.
Continuing to follow the procedure used to deter-

mine the energy of a dimer, we write the excited state
energy for the crystal as

EðkÞ ¼ E0 þ E0 þ E0I þ E±ðkÞ; ð3:135Þ

where E0I and E±(k) are the molecular interaction en-
ergies analogous to their definitions in Eqs. 3.122 and
3.123. Thus, E(k) defines the dispersion relationship
between energy and exciton momentum, k. Using
Eq. 3.132 to 3.134 with the Hamiltonian, Eq. 3.131,
we have:

E0I ¼
X
kν

hψ0iμψ0iμjViμ;kνjψ0kνψ0kνi � hψ0iμψ0iμjViμ;kνjψ0kνψ0kνi
� 

;

ð3:136Þ
where the second term eliminates contributions from
molecular pairs in the ground state. This is known as

Table 3.2 Calculated and measured energies for exciplex systems in
Fig. 3.49 (Kim et al., 2014)

Blend ED, LUMO EA,HOMO EAD �E (meas.)

PVK/1 �5.90 �3.32 2.58 2.59

PVK/2 �5.90 �3.58 2.32 2.40

PVK/3 �5.90 �4.14 1.76 2.10

All energies in eV.
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the self-polarization energy of the molecule in the crys-
tal, see Section 3.6.7. The interaction energy, Viμ,kν< 0,
and thus shifts the center of the band of exciton states
from its initial value of E0 as in Fig. 3.50a. Similarly:

E± kð Þ ¼
XN
i;k

Xm
μ

hϕ0iμϕkμjViμ;kμjϕiμϕ
0
kμiexp ik ��Riμ;kμ

� �
±
XN
i;k

Xm
ν6¼μ
hϕ0iμϕkνjViμ;kνjϕiμϕ

0
kνiexp ik ��Riμ;kν

� �
¼ Eμμ±Eμν ð3:137Þ

where the first term corresponds to sites that are
translationally equivalent within the unit cells (i.e.
the expression is found by diagonalizing the matrices
in Eqs. 3.132 and 3.133), and the second to translation-
ally inequivalent sites. Then, �Riμ;kν ¼ Riμ � Rkν is the
lattice translation vector.

This situation is considerably simplified when only
nearest neighbor interactions are considered, which is
consistent with the short range of van der Waals

bonds in molecular crystals. Then the wavefunctions
in Eq. 3.134 are

Ψμ ¼ 1ffiffiffiffi
N
p

XN
i

ψ0iμexp ik ��Riμ
� �

; ð3:138Þ

where �Riμ is now restricted to distances between
nearest neighbors. For a one-dimensional (1D) crystal
of length N unit cells (which serves as a reasonable
approximation to transport along a molecular stacking
axis), or for a cubic lattice of lattice constant a, then
exp ik ��Riμ
� � ¼ exp ikað Þ, with N values for k, viz.

k ¼ 0;± 2π
Na ; :::;±

π
a. Then it is straightforward to

show that

EðkÞ ¼ E0 þ E0 þ E0I þ 2Eμμcosðk ��RÞ: ð3:139Þ

The energies of the two dimer states are now split into
2N different, but nearly degenerate states whose
wavefunctions are given in Eq. 3.133. These states
form the Davydov band whose bandwidth is
�E ¼ 4Eμμ. The exciton states that occupy this band
are known as Frenkel excitons.
Note that Eq. 3.137 is analogous to the solution

obtained for a dimer, Eq. 3.123. However, the energy
splitting between the bands in the crystal is (from
Eq. 3.139) equal to �E ¼ 4Eμμ, which is twice that
for the dimer. The difference arises since a molecule
in the 1D crystal stack has inversion symmetry, and
hence each molecule has two nearest neighbors—one
above and another below each site.
When more than one translationally inequivalent

molecule forms the crystal basis, the approximation
of Eq. 3.139 is no longer valid since Eμν 6¼Eμμ for μ 6¼ν.
Referring to Eq. 3.136, there is an additional splitting of
the exciton energy. For example, anthracene consists of
a basis of two, translationally inequivalent molecules
(see Fig. 2.8c), thereby splitting the spectrum into two
absorption bands sensitive to light polarized parallel
and perpendicular to the b crystal symmetry axis. This
polarization-dependent spectral shift is known as Da-
vydov splittingwith energy �ED (Davydov, 1962). Band
splitting and example spectra showing the Davydov
energy for the anthracene triplet state are shown in
Fig. 3.50b. In the three-dimensional crystal, each mol-
ecule has four nearest neighbors that share the excita-
tion, such that �ED � 8Eμv.
From a solution to the eigenvalue equation using

the Hamiltonian in Eq. 3.131 along with the excited
state wavefunctions in Eq. 3.133, one arrives at the
Frenkel exciton band energy dispersion, E(k), first
calculated for anthracene by Davydov and Sheka
(1965). Figure 3.51 shows the lowest two Frenkel
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delayed fluorescence originating from the triplet state of anthracene
(Avakian et al., 1968).
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bands in the first Brillouin zone along the three sym-
metry directions (the a, b and c axes), using the folded
zone representation. The S1  S0 transition energy
is ~ν ¼ 27; 570 cm�1 ¼ 3:42 eV, corresponding to a
wavelength of 275.8 nm.
Optical transitions occur near to the k ¼ 0 point

since the photon carries only a small momentum
compared with the crystal (i.e. the transition is re-
stricted to momentum changes of �k � 0). The elec-
tron effective mass tensor is due to the band
curvature, and is defined by

1

m*
i;j

¼ 1
ℏ2

∂2EðkÞ
∂k2

� �
i;j
¼ 1

ℏ2

∂2EðkÞ
∂ki∂kj

: ð3:140Þ

The bandwidths in molecular solids (i.e. the energy
difference between the bottom of a band, typically at
k ¼ 0 for direct bandgap systems, and the top of the
band often found at the edge of the Brillouin zone) are
small (	300 cm�1) compared to inorganic semicon-
ductors with bandwidths ~1 eV (equivalent to ~8065
cm�1). The largest bandwidth in anthracene is along
the b-axis which, among the three symmetry axes, has
the smallest intermolecular spacing of 6.04 Å
(Robertson, 1958). The bandwidth along this axis is
approximately 0.09 eV (725 cm�1), which is consistent
with measurements of the singlet exciton band dens-
ity of states using thermoabsorption spectroscopy,
with results shown in Fig. 3.52 (Matsui et al., 1973).
The Davydov splitting between the peaks, A2 � B2, is
210 cm�1, which is consistent with calculated values.
Note that this is greater than 10 cm�1 for the triplet

state in Fig. 3.50 due to the considerably larger oscil-
lator strength of the singlet transition.
The anthracene bandwidths are smaller than band-

widths typical of inorganic semiconductors, the latter
therefore having correspondingly smaller effective
masses. Very tightly packed organic molecular solids
can have broader bandwidths than that of anthracene.
For example, PTCDA (with �E ~ 0.1 eV, see Fig. 3.53)
and rubrene support excited states that bridge more
than just nearest neighbors, and hence share character-
istics common to both organic and inorganic materials.
These intermediate systems and their excitonic prop-
erties are discussed further in the following section.
This chapter has taken us from the consideration of

the energetics of individual molecules, to physical
dimers, and finally to a crystal with a basis consisting
of more than one translationally inequivalent mol-
ecule. The crystal exhibits a band structure for Frenkel
excitons following the usual Bloch formalism used for
describing electronic states in infinite crystal lattices.
The transition from an isolated molecule to an infinite
solid provides a picture that is useful in understand-
ing molecular materials that apparently share many
features of both the solid and isolated molecules of
which it is comprised. This is in striking contrast to
covalent or ionic materials whose spectroscopic prop-
erties seem to bear no resemblance to that of the
individual atoms that make up the lattice. The differ-
ences in these systems, of course, is a result of the very
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weak electrostatic bonds of van der Waals solids that
only slightly perturb the electronic systems of their
molecular constituents, whereas strong chemical
bonds result in the sharing of, and strongly influence
the valence electrons in inorganic semiconductors.
Analogously, the covalent bonding within the

molecule itself results in energetics that bear only a
faint resemblance to the constituent atoms.
The transition from molecule to solid is shown

graphically in Fig. 3.54. This picture is a modified
version of the Lyons model (Silinsh, 1980), which pro-
vides a bridge between the Jablonski diagram
(Fig. 3.33) for individual molecules and the proper-
ties of the solid. Figure 3.54 shows the various tran-
sition energies observed for the molecule and the
crystal referenced to the vacuum level. The electron
affinity (EA) is the energy required to remove an
electron from the lowest conduction state in the
solid to the vacuum level. The ionization energy
(often stated as the ionization potential, IP) is the
energy difference between the ground state of the
molecule, or HOMO, to the vacuum. The polarization
energy of the solid for both electrons and holes (Pe,
Ph, respectively) lowers their frontier orbital (i.e.
HOMO and LUMO) energies from values in the
isolated molecules, as discussed in Sections 3.6.6
and 3.6.7.
The changes in frontier orbital energies and their

segregation into bands are accessed by different po-
larizations of the incident radiation. Their compara-
tive spectra are shown in Fig. 3.55 for isolated
anthracene molecules in a dilute ethanol solution.
The solid state spectra are red-shifted and broadened
relative to the solution spectra due to interactions
between molecules (cf. Eq. 3.139). Similar phenom-
enological features for PTCDA are discussed below.
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3.6.5 Classification of excitons

If we approximate the exciton as a hydrogenic state,
that is, the hole and electron are Coulombically
bound, then from the Bohr model we obtain a binding
energy of

EB ¼ � q2

8πa0ðεrε0Þ
1
n2 ð3:141Þ

with Bohr radius

a0 ¼ 4πðε0εrÞℏ2

m*
r q2

: ð3:142Þ

Here, n is the principal quantum number of the ex-
cited state and m*

r is the reduced effective mass of the
exciton (Eq. 3.84). From this simplified treatment, we
see that EB ∝ 1=ε2r and a0 ∝ εr. The exciton binding
energies and radii for different semiconductors are
listed in Table 3.3.
There are several differences between inorganic and

organic semiconductors. The most notable is that the
dielectric constants for the organic materials are sig-
nificantly smaller, and the effective masses are larger
than for inorganic semiconductors. As noted previous-
ly, these differences stem from the purely electrostatic
bonds of organics that give rise to a smaller dielectric
constant, and thus a concomitant increase in exciton

binding energy and decrease in radius compared to
chemically bonded inorganic materials. Figure 3.56
classifies the three types of excited states that charac-
terize these different materials.

(i) Frenkel excitons: Molecular excitons are typically
confined to a single molecule in the solid
(Fig. 3.56a). These are known as Frenkel excitons.
The exciton energy is influenced by polarization
of the surrounding medium. Further, the Frenkel
state can readily diffuse within the material by
hopping from a molecule to its neighbors. Their
very high binding energies (~ 0.5–1 eV) make
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Table 3.3 Comparison of exciton radii and binding energies for a variety
of organic and inorganic semiconductors

Medium εr mr*=me a0 (Å) EB (eV)

Vacuum (H atom) 1 1 0.5 13.6

Anthracenea 2.4–4.1 1 1.2–2.1 0.8–2.4

PTCDAb 2.0–4.4 0.14–1 2.2–7.1 0.5–0.7

ZnSc 5.2 0.4 5.2 0.2

Sic 11.9 0.14 43 0.014

GaAsc 13.1 0.07 94 0.006

a From Cummins and Dunmur (1974).
b From Forrest (1997) and van der Meer (2014).
c From Sze (1981).
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these states stable at room temperature and
above. Hence, Frenkel excitons dominate the op-
tical properties of organics.

(ii) Charge transfer excitons: During transport, the
electron and hole may briefly reside on adjacent
molecules. These molecules can be similar, or
two dissimilar materials can form a heterojunction
that is spanned by the Coulombically bound elec-
tron and hole. As inferred from the data in
Fig. 3.36, the excited state may extend across sev-
eral nearby molecules when their stacking dis-
tance is particularly small. For example, the
intermolecular spacing along the (102) axis of
PTCDA is only 3.21 Å (Forrest, 1997). PTCDA
forms extended stacks that support a charge
transfer (CT) state. These intermediate species
are illustrated in Fig. 3.56b. Organic materials
with prominent charge transfer characteristics
can simultaneously exhibit Frenkel-like features
in their optical properties. Such materials primar-
ily behave as conventional excitonic materials, yet
they share some important characteristics with
chemically bonded inorganic semiconductors.

(iii) Wannier–Mott excitons: Chemically bonded inor-
ganic materials have high dielectric constants,
leading to very low exciton binding energies
(~5–50 meV) that are unstable at room tempera-
ture. These excited states, with concomitantly
large radii that span many tens of lattice con-
stants, are known as Wannier–Mott (W-M) ex-
citons. Given their instability and low oscillator
strengths, materials that support W-M excitons
have optical and transport properties that are
almost entirely independent of the exciton.
Rather, inorganic materials exhibit optical and
electronic properties that are dominated by
band-to-band absorption and emission, and
band transport phenomena. Engineered inorgan-
ic materials such as quantum wells, wires and
dots comprising a very thin, low band gap

semiconductor sandwiched between two larger
energy gap semiconductors can artificially re-
duce the size (and dimensionality) of the exciton
while increasing its binding energy. In this way,
engineered inorganic materials can be made to
approximate Frenkel-like behavior.

We notice from Table 3.3 that organic materials
exhibit pronounced anisotropies in their electronic
properties: typically the coupling between molecules
along the π-stacking direction is far stronger than in
the other directions where there is comparatively little
orbital overlap. This is in contrast to inorganic semi-
conductors that tend to have a higher level of lattice
symmetry (e.g. cubic or hexagonal), leading to more
isotropic properties.
The absorption spectra along different crystal axes

reflect the large anisotropies in dielectric properties.
Indeed, for PTCDA, the difference in the real part of
the refractive index (known as the birefringence) is par-
ticularly large. Thus, �nr ¼ 0.75–1.0 (depending on
wavelength), with the larger index in the plane of the
molecule and the smaller along the stacking direction.
In contrast, nearly isotropic dielectric properties are
observed in the molecular plane due to the herring-
bone structure along this direction (see Fig. 2.18a).
Figure 3.57 illustrates the directional dependence of
the birefringence in both the real (n) and imaginary
(k) parts of the refractive index for a single crystal of
PTCDA both parallel and perpendicular to the (102)
stacking direction (Zang et al., 1991, Alonso et al.,
2002).
Anisotropy is also found in the molecular conduct-

ivities, as will be discussed in Chapter 4. Both Si and
GaAs, for example, are found in lattices with cubic
symmetry, whose properties are the same properties
along the three orthogonal lattice directions.
Note that ZnS is the most ionic semiconductor in

Table 3.3. It has a particularly large binding energy
and small exciton radius for an inorganic material.

(a) (b) (c)

–
–

–

+ + +

Figure 3.56 Three types of excitons illustrated by a positive and negative charge separated by an effective Bohr radius (dashed lines) in a lattice
consisting of atoms or molecules (shaded circles): (a) Frenkel; (b) charge transfer; and (c) Wannier–Mott excitons.
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Ionic materials can exhibit stable, charge transfer-like
properties due to their electron distributions localized
among neighboring atomic cores in the lattice.

3.6.6 Charge transfer states

Typically, the CT state features are strongest at the
low energy limb of the Frenkel exciton absorption and
emission spectra in tightly stacked molecular solids.
Furthermore, the large dielectric anisotropies charac-
teristic of organics can result in the mixing of both
Frenkel and CT properties across the entire spectral
feature. That is, the CT state can extend along the π-
stacking direction where the molecular orbitals sig-
nificantly overlap, whereas perpendicular to the
stacking direction the overlap is small, leading to
nearly pure Frenkel-like behavior. The coexistence of
these distinct excitonic states is particularly pro-
nounced in the solution and thin film solid-state ab-
sorption and emission spectra of PTCDA shown in
Fig. 3.58. In these spectra, S1 is the lowest Frenkel
state. Hence, in spectroscopic notation, the several
transitions correspond to S1 $ S0 and CT $ S0. No-
tice that there is a significant shift (~0.6 eV) of the
fluorescence spectrum in the solid state compared to

that in solution. This is attributed to emission from the
relaxed CT state that lies below the Frenkel exciton,
but is absent in solutions where the density of aggre-
gates (and hence the CT state that depends on the
cooperative excitation of several neighboring mol-
ecules) is low (see Section 3.6.2).
These spectral features are understood from the

energy diagram in Fig. 3.59. Two CT states are iden-
tified: CTF is a free charge transfer state, whereas CTST

corresponds to a self-trapped state due to local lattice
polarization by the extended CT state (Song and
Williams, 1993). No direct S1 $ S0 emission is ob-
served since internal conversion transitions of
S1 ! CTF and S1 ! CTST are extremely rapid (~10
ns vs. 10 fs, the latter corresponding to the intramo-
lecular phonon lifetime). In solids, energy stabiliza-
tion in the vicinity of a lattice defect, impurity or free
surface gives rise to self-trapping where the dielectric
environment is locally distorted to immobilize the
excited state (Craig et al., 1977). This is the proposed
origin of the self-trapped CT exciton in PTCDA,
whose energy is red-shifted by ~0.15 eV from that of
the free, or mobile CTF exciton.
The solution spectrum shows clear evidence for a

Frenkel-like vibronic progression, which is obscured
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(perpendicular to the b-axis). Slight differences in the || spectra are observed
for measurements at 180o relative to each other. From Alonso et al. (2002).

Reprinted from Org. Electron., 3, 23 Alonso, M. I., Garriga, M., Karl, N., Osso,
J. O. & Schreiber, F., Anisotropic optical properties of single crystalline PTCDA
studied by spectroscopic ellipsometry. Copyright 2002 with permission from
Elsevier.
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Figure 3.58 (a) Solution and (b) 100 nm thick film absorption and
emission (fluorescence) spectra of PTCDA. The dilute solution consists of
2 μM PTCDA dissolved in DMSO (Bulovic et al., 1996).

122 OPTICAL PROPERTIES OF ORGANIC SEMICONDUCTORS



in the thin film spectrum due to line broadening from
interactions with the intermolecular vibronic modes.
While the solution is very dilute, there is, neverthe-
less, a sufficient concentration of aggregates to allow
for easily detectable absorption at energies below
the Frenkel manifold, that is, between 1.7 eV and
2.2 eV. However, the strength of CT vs. Frenkel ab-
sorption is less than in the solid state.

The CT states can be unambiguously identified by
their absorption strength as a function of molecular
concentration in the solvent. That is, since the CT
states result from aggregation, we expect the absorp-
tion intensity to decrease superlinearly with dilution,
compared to the linear concentration dependence of
monomer states. In Fig. 3.60 we show the PTCDA
absorption spectra as a function of concentration in a
DMSO solution. The 2.25 eV peak intensity (i.e. its
oscillator strength, f, relative to the S1(0–0) peak at a

concentration of [CPTCDA] ¼ 2 μM) falls off super-
linearly with concentration, and indeed completely
vanishes at [CPTCDA] < 0.2 μM, whereas the decrease
in the higher energy Frenkel peak intensities between
2.3 and 2.8 eV are apparent at even the lowest molar-
ity. Since the absorption intensity depends on the
aggregate density, it must decrease with dilution
until the solution becomes unsaturated, at which
point neither aggregation nor their associated CT
states exist. On the other hand, the monomer intensity
should scale approximately linearly with [CPTCDA].
However, the spectra in Fig. 3.60 show that the mono-
mer concentration follows [CM] ~ [CPTCDA]0.64 where-
as at lower energies there is an aggregate
concentration dependence of [CA] ~ [CPTCDA]1.75.
The sublinear dependence of the monomer intensity
suggests that residual aggregates are present in even
the most dilute solutions, and that S1 and CT are
mixed across the entire PTCDA absorption spectrum.
Charge transfer and Frenkel exciton mixing has

been theoretically predicted for PTCDA, as shown in
Figs. 3.53 and 3.61 (Hoffmann and Soos, 2002). The
model considers all observed excited states, that are
represented by the vertical bars in Fig. 3.61b and c. It
accurately reproduces the positions of the measured
absorption peaks in the spectrum in Fig. 3.61a that
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includes line broadening due to vibronic coupling,
excited state lifetime, and other extrinsic sources.
The closely coupled molecular orbitals within the
PTCDA stacks result in an admixture of both CT
and Frenkel states across the observed spectra.
A second example of a strong spectral contribution

from CT states is C60, whose spherical symmetry al-
lows for a tightly spaced hexagonal close-packed lat-
tice. The low energy tail of the C60 absorption
spectrum is dominated by a CT state centered at a
wavelength of λ ~ 450 nm (Kazaoui et al., 1998). In
Fig. 3.62, we show the absorption spectra of films of
C60 diluted in a wide energy gap matrix of bathocu-
proine (BCP) (Bartynski et al., 2013). As in the case of
the solution spectra of PTCDA, the CT peak intensity
falls off rapidly with decreasing C60 concentration (as
[C60]2.7), whereas the monomer peak at λ ¼ 340 nm
follows a linear dependence on [C60], as expected
from Beer’s law. DFT calculations show that the CT
and Frenkel excitons are not entirely independent,
which is similar to the situation with PTCDA. Indeed,
the entire C60 spectrum contains contributions
from both localized and extended molecular states
(Kazaoui et al., 1998).

3.6.7 Solvatochromism and dielectric effects

We have seen that the dielectric environment can play
a significant role on the excited state energies. This is
especially true for molecules whose excited states and
extended π-electron systems interact with neighbor-
ing molecules. The spectral shifts that result are the
origin of the phenomenon broadly referred to as sol-
vatochromism, which is most pronounced for dipolar
molecules in dipolar solvents where intermolecular
interactions are strongest (Reichardt, 2003). The

solvent can be in either the liquid or solid phase.
While the treatment of solvatochromism has been
widely studied in liquid solution, we are ultimately
concerned with energy shifts due to self-polarization
(or self-trapping as discussed in Section 3.6.6) from
solvation in the solid state due to its relevance to
electronic devices.
Addition of a dipole into a dielectric polarizes the

surrounding medium that either lowers the energy
of the molecule, thereby causing a red shift in its
emission that is added to the Franck–Condon en-
ergy, or less frequently it raises the dipole energy
inducing a blue shift. In Fig. 3.63 we show the di-
polar orientation of solvent molecules surrounding a
polar solute in both the ground and first excited
states. This reorientation lowers the total system en-
ergy, thereby stabilizing the molecular states. The
red shifted emission is called positive solvatochro-
mism, and the shift to lower energy is known as a
bathochromic shift. A blue, or hypsochromic shift, is
known as negative solvatochromism.
Three different situations can occur in solution (and

analogously, in solids). (i) Both the solvent and the
solute are nonpolar, in which case the solvatochro-
matic energy stabilization is due to weak van der
Waals or London forces. Their very short range
(~1/r6) only contributes minor shifts in the absorption
and emission spectra of the solute molecule. (ii) One of
the species (solvent or solute) has a fixed ground state
dipole moment. Then the forces between solvent and
solute are due to longer range fixed dipole-induced
dipole forces (~1/r3). And finally, (iii) a dipolar solute
is in a polar solvent. This is the situation in Fig. 3.63
where the solvent molecules form a “cage” around the
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solute that screens the electric field, stabilizing both
solvent and solute. If the solute dipole moment in the
excited state increases relative to the ground state, the
excited state is more highly stabilized in the solvent
resulting in a bathochromic shift of the absorption
spectrum. Alternatively, if the excited dipole moment
is reduced, a hypsochromic shift ensues.

The more polar the solvent, the larger the spectral
shift, as shown in Fig. 3.64 for the dipolar, red fluor-
ophore DCM2 in different solvents. A fluorescence
emission shift of ~0.5 eV is observed between dilution
in the nonpolar benzene to self-solvation in its highly
polar thin film (with a dipole moment of μ ¼ 11.3 D).
From these data, it is apparent that solvent shifts can
occur both in liquids and solids, and have a common

origin—stabilization of the excited or ground state
molecules within the dielectric environment. Of
course, the solvent dipoles can fully reorient in liquids,
whereas only induced dipoles can reorient in the solid
state.
Molecular reorientation due to lattice polarization

occurs slowly compared to the time scale required
for absorption, and hence the Franck–Condon prin-
ciple can be applied to analyze solvent effects. On
the other hand, the time between absorption and
emission is generally sufficiently long to allow for
dielectric relaxation due to electron-phonon inter-
actions within the molecule itself. Phonon lifetimes
result in spectral shifts on times scales ranging from
10�13 to 10�11 s.
Wemodel solvationeffectsbyconsidering the reaction

field created by the dipoles of the solvent responding to
that of the solute, forming the solvent cage in Fig. 3.65a
and b. If the solutemolecule is removed from the center
of the cage, we are left with a reaction field, FR resulting
from the solvent molecular alignment (Fig. 3.65c).
This field opposes the solute dipole field, consequently
enhancing both the permanent and induced dipoles,
leading to a spectral energy shift. To determine the
magnitude of the shifts, wemust calculate FR.
Onsager calculated the reaction field using the con-

tinuum approximation, whereby the dipole is placed in
a homogeneous nonpolar dielectric medium
(Onsager, 1936). The total electric dipole moment in
an electric field, F0, is the sum of the permanent and
induced dipole moments (αF):

pT ¼ pM̂r þ αF0; ð3:143Þ

where pT is the dipole moment of the solute, pM is that
of the solute in vacuum, α is the polarizability of the
medium, and r̂ is a unit vector along the direction of
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Figure 3.64 Fluorescence spectrum of DCM2 (shown in inset) dissolved in
increasingly polar solvents, from the nonpolar benzene (C6H6 with a dipole
moment of μ = 0 D) to 1.15 D for CHCl3 (chloroform), 1.69 D for C2H5OH
(ethanol), to 3.9 D for (CH3)2S:O (DMSO). Fluorescence from a neat thin film
of DCM2 is also shown (dashed line, μ = 11.3 D) (Bulovic et al., 1998).

Reprinted from Chem. Phys. Lett., 287, 455 Bulovic, V., Shoustikov, A., Baldo,
M. A., Bose, E., Kozlov, V. G., Thompson, M. E. & Forrest, S. R., Bright,
saturated red-to-yellow organic light-emitting devices based on polarization-
induced spectral shifts copyright 1998 with permission from Elsevier.
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Figure 3.65 Origin of solvatochromism. (a) Dipole field of the isolated solute molecule. The dipole direction is indicated by the arrow. (b) Orientation of
the solvent molecules in response to the dipolar solute. (c) Reaction field from the solvent molecules due to orientation to, but in the absence of the solute
molecule itself (Klessinger and Michl, 1995).
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the dipole moment. From Debye’s expression for the
dielectric constant (εr), the reaction field is

FR ¼ � 2ðεr � 1Þ
2εr þ 1

pT

a3
; ð3:144Þ

where the molecule is assumed to be spherical, with
radius a. For an induced dipole (see Section 2.4.3), the
energy is E ¼ � 1

2p � F, giving a solvatochromatic en-
ergy shift of

�ESOL ¼ � 1
2
2ðεr � 1Þ
2εr þ 1

p2T
a3

: ð3:145Þ

This treatment ignores changes in p from the ground
to the excited states, and it assumes that the dipole in
solution is free to align with FR.
For polar solvents, we must also add to the energy

contributions due to reorientation of the dipoles in
both the solvent and solute. When these are included
we obtain (Karelson and Zerner, 1992)

�ESOL ¼ � 1
2a

2 εr � 1ð Þ
2εr þ 1

pG � pE

� � �pG

�
þ 2 n2

r � 1
� �
2n2

r þ 1
pG � pE

� � �pE

i
; ð3:146Þ

where pG (pE) is the ground (excited) state dipole
moment of the solute molecule. Also, nr is the index
of refraction of the solvent (εr ¼ n2

r at optical frequen-
cies, ω! ∞). This expression is reasonably accurate
for predicting bathochromic and hypsochromic spec-
tral shifts, depending on whether pG is larger or less
than pE, respectively.
Solvatochromism in liquids using the continuum

approximation has been rigorously analyzed by Lip-
tay based on the Helmholtz free energy of the system,
AS, with results that can also be applied with some
modification to the solid state (Liptay, 1974). The free
energy is

AS ¼A0
sol þ VN

X
k

wkλ W0
k þWlkλ þWCk

�
þWDk þWPk � pk � FRk � 1

2
αkF2

Rkg: ð3:147Þ

Here, k refers to the vibrational and λ to the librational
states of the solute molecule, V is the volume, and N is
the number density. Librations are relative motions
betweenmolecules, excited by intermolecular phonons
that are at a considerably lower energy (by more than
10 times) than the most energetic intramolecular pho-
non modes. This expression is instructive, since it de-
composes the total energy of the solvent–solute system
into each of its contributions. Thus, wkl is the

probability for the solute molecule to be in state (k, λ),
A0

sol andW0
k are the energies of the solvent and isolated

solute molecules, respectively, Wlkλ is the change of
molecular librational energy due to solvent-solute
interactions, WCk is the work required to form the
cage in Fig. 3.65b, WDk is the dispersion interaction
energy between solute and solvent, and Wpk is the
polarization energy due to the dipole in solution. The
last two terms are the work required to place the
dipole, pk, in solution, and the energy arising from
the polarization of the surrounding solvent due to
that dipole (see Eq. 3.143). The equilibrium energies
of the solvent and solute do not contribute to the
spectral shift, leaving

�ESOL ¼ AS � A0
sol � VN

X
k

wkλ W0
k þWlkλ

� �
: ð3:148Þ

Each of the terms in Eq. 3.147 is model-dependent,
and hence we will not explore their derivation further
here. The reader is referred to the extensive literature
for more details (see, for example, Liptay, 1974,
Reichardt, 2003).
Given the extended and directional nature of CT

states that involves at least two neighboring mol-
ecules, we need to consider the limits of the con-
tinuum approximation. That is, at what point does
a system transition from one consisting of discrete
molecules in a perhaps highly anisotropic crystal, to
that of a homogeneous dielectric medium? This situ-
ation has been generally treated in anthracene
(Bounds and Siebrand, 1980, Bounds et al., 1981),
and subsequently for the archetype molecular solids
of PTCDA and NTCDA (Shen and Forrest, 1997).
While NTCDA is approximately isotropic, PTCDA
is a highly anisotropic molecular crystal, hence pro-
viding an interesting contrast between these
structures.
The dipole moment of the electron and hole com-

prising an exciton results in a polarization energy shift,
pE(r), that is particularly pronounced for highly inter-
acting electronic systems such as in closely stacked
PTCDA. To calculate pE(r), consider a molecule at pos-
ition, r(i,μ), in a lattice with a basis whose unit cell
volume is v. Here, i ¼ ia; ib; icf g is the lattice index,
and μ ¼ 1; 2; 3:::f g is the index of a particular basis
molecule within the unit cell. In the presence of an
external electric field, Fo, the total field at site (i, μ) is

Ftotði;μÞ ¼ Foði;μÞ þ Findði;μÞ; ð3:149Þ
where Find(i,μ) is the sum of the fields due to the
dipole at the same site (i.e. the self-field, Fself (i,μ)),
and that due to the surrounding dipoles. Thus,
we have
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Find i;μð Þ ¼ Fself i;μð Þ þ
XN;m

k;ν 6¼i;μ
t
$

i;μ; k; νð Þpind k; νð Þ;

ð3:150Þ
where, as in Section 3.6.4,N is the number of unit cells
and m is the number of molecules in the basis. Also, t

$

is the dipole tensor (Jackson, 1998):

t
$

i;μ; k; νð Þ ¼ lim
r!r k;νð Þ

∇2 1
r i;μð Þ � r

���� ����: ð3:151Þ

This is the equivalent of the reaction field in solution.
Assuming a spherical dipole for homogenous and
isotropic media (which is different from the case of
anisotropic molecular crystals), we can approximate
Fself(i,μ) ¼ �pind(i,μ)/3νεo (Jackson, 1998). Then the
induced dipole moment in the solid is (cf. Eq. 3.143)

pind i;μð Þ ¼α$ μð ÞF i; μð Þ; ð3:152Þ
where α$ μð Þ is the effective polarizability tensor of the
molecule at μ, and Floc(i,μ) is the local (average) field at
site (i,μ) excluding the induced field due to the mol-
ecule itself. Hence,

Floc i;μð Þ ¼ Ftot i;μð Þ � Fself i;μð Þ: ð3:153Þ
Finally, we arrive at the induced dipole moment at
(i,μ) due to a reaction from dipoles at (k,ν) in an
external field:

pind i;μð Þ ¼α$ μð Þ F0 i;μð Þ þ
XN;m

k;ν 6¼i;μ
t
$

i;μ; k; νð Þpind k; νð Þ
" #

ð3:154Þ
The total crystal polarization energy is found by sum-
ming over all individual dipoles to obtain (Shen and
Forrest, 1997)

pE k; νð Þ ¼ � 1
2

XN;m

i;μ

pind i;μð Þ � F0 i;μð Þ: ð3:155Þ

Thus, the total electron–hole interaction energy for
the exciton is the sum of the unscreened Coulomb
attraction and the crystal polarization energy result-
ing from the local lattice response from the charge
pair, via

Eint ¼ � q2

4πε0 r i; μð Þ � r k; νð Þj j þ pE k; νð Þ: ð3:156Þ

The relative dielectric constant of the medium arises
from the crystal polarization given by the second term
in Eq. 3.156.

The energy, Eint, is calculated for NTCDA and
PTCDA using known dielectric tensor elements,
with the results shown in Fig. 3.66 (Shen and Forrest,

1997). These results are compared with the
“screened” Coulomb potential,

Eint ¼ � q2

4πε0 ε
$ r

ð3:157Þ

where ε
$ is the macroscopic dielectric tensor for the

crystal. Since diagonal elements of the NTCDA dielec-
tric tensor are approximately equal (characteristic of a
nearly isotropic herringbone structure, see Fig. 2.18b),
the electron–hole interaction energy is comparable to
that obtained with a single, spatially averaged dielec-
tric constant, εavg, as shown by the solid line in Fig. 3.66
(top), along with the calculation using the actual di-
electric constants from Eq. 3.157 along the a, b, and c
crystal directions. The separate points correspond to
interaction energies due to CT states where the electron
is located on discrete molecular lattice sites at different
distances from the hole to which it is Coulombically
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Figure 3.66 Calculated interaction energies for two molecular crystals.
NTCDA is a herringbone structure with nearly isotropic dielectric
properties, evidenced by the similarities in interaction energies of the
CT state (Eint) along the a, b, and c lattice directions. The solid line
corresponds to an isotropic crystal with a single average dielectric
constant, εavg. PTCDA is a planar stacking crystal with large dielectric
anisotropies. The dashed line corresponds to the spatial average, and the
lower solid line shows a phenomenological fit to an “effective” isotropic
dielectric constant, εeff,a. Inset: Data replotted vs. 1/r (Shen and Forrest,
1997).
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bound. Clearly, Eint ¼ � q2

4πε0εavgr
, characteristic of a

nearly spherical Wannier–Mott-like state provides a
good fit to the calculated values along all crystalline
directions, and even for excitons that sample only
nearest neighbors (i.e. for r ~ 4 Å). Indeed, we can
consider the interaction energy to follow the Bohr pro-
gression of EB ~ 1/n2 (Eq. 3.141) where n � 1 is the
principal quantum number of a nearly spherical CT
state whose electron and hole are separated by increas-
ing, but discrete distances since each is located on a
distinct molecule at site i (Bounds and Siebrand, 1980).
For anisotropic PTCDA, however, Eint depends

sensitively on the crystal direction for r < 20 Å. The

dashed curve in Fig. 3.66 is a plot of Eint ¼ � q2

4πε0εavgr
,

where the dielectric constants along the three axes are
averaged following εavg ¼ 3= 1=ε? þ 2=εk

� � ¼ 3:2
(Shen and Forrest, 1997). Here, ε? is the dielectric
constant along the (102) π-stacking axis, and εk is
along the more loosely packed, in-plane directions.
The “isotropic approximation” results in reasonable
fits to Eint only for large r (>25 Å), suggesting that the
potential becomes spatially averaged at electron–hole
separations of several molecular lattice constants (�5)
from the origin. However, for small r (<15 Å), Eint

noticeably deviates from the spatial average. This de-
viation is more apparent in the inset of Fig. 3.66, where
Eint is plotted vs. 1/r to accentuate variances with the
isotropic approximation as r! 0 . For small r, the
mean dielectric constant can be approximated using

Eint ¼ � q2

4πε0εir
, where i refers to the three crystal lattice

directions.
The foregoing results are, in some respects, similar

to the case of conventional semiconductors where the
crystal lattice is regarded as amacroscopic polarizable
medium with spatially averaged dielectric constants,
as long as the electron–hole distance is large com-
pared to the lattice constant. Fundamentally, an elec-
tron in the LUMO as well as a hole in the HOMO in
molecular crystals are accompanied by significant
electronic polarization of the surrounding medium.
This suggests that CT excitons with radii of only a
very few lattice constants sample a sufficiently large
volume to respond as if the mediumwere macroscop-
ic, even though at that scale individual molecules
exist in an environment that is considerably more
discrete than found in inorganic materials.
An example of solvatochromism in organic light

emitting diodes (OLEDs) whose emissive region com-
prises solid binary mixtures (called the solid state solv-
ation effect, SSSE) of the fluorophores DCM2 and Alq3

is shown in Fig. 3.67. A rigid bathochromic shift of the
emission peak from λ ¼ 575 nm to 650 nm (corres-
ponding to an energy shift of 0.26 eV) is observed as
the concentration is increased from 1% to 10% DCM2.
The DCM2 molecule has a dipole moment of 11 D,
compared with its host, Alq3, at 5.5 D. Hence, the
average dipole moment of the solid solution increases
with DCM2 concentration, resulting in the shift in the
OLED emission spectrum. Bathochromic shifts are
often attributed to excimer formation (Tang et al.,
1989). However, the shift is not accompanied by spec-
tral broadening. Furthermore, similar spectral
changes are observed for DCM2 in dipolar solutions
in Fig. 3.64. This is evidence that the shifts are due to
solvation effects in the solid, binary mixture (Bulovic
et al., 1998). We will show in Section 6.3.2 that the
SSSE is an effective means for controlling the color
emission from OLEDs.
The above analysis suggests that the solvatochro-

matic energy shift linearly increases with the dipole
field (cf. Eqs. 3.155 and 3.156). This, in turn, should
increase with the dipole density. The change in relative
dielectric constant, �εr, is expected to depend on the
change in dipole (i.e. fluorophore) density, �N, due to
the applied pressure, P. This approach eliminates red
shifts due to aggregation or other extrinsic effects
that may accompany increasing concentrations of
the dipolar fluorophore in a host matrix.
Relating the density to the uniaxial pressure, it can

be shown that (Chang et al., 2015)

�εr
εr � 1

¼ �N
N0
� 1� 2ν

Y
P ¼ αP; ð3:158Þ
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Figure 3.67 Solid state solvation effect observed in the
electroluminescence spectrum of an OLED with different concentrations (Q)
of the red emitting fluorophore, DCM2, in Alq3. Here, ITO is indium tin
oxide, and the hole transport layer is α-NPD. As the DCM2 concentration
increases from 0.01 to 0.10, the mixture becomes increasingly dipolar,
resulting in a pronounced red shift of the emission peak from 575 nm to 650
nm. The neat Alq3 spectrum is shown for reference. (Bulovic et al., 1998)
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where N0 is the equilibrium dipole density, ν is Pois-
son’s ratio (Chapter 2), and α is a constant. Also, Y is
Young’s modulus, which is the ratio of the stress to the
strain, that is, it relates the elongation or compression
of a solid to the amount of pressure applied. Thus,

Y ¼ Fa0
A�a

; ð3:159Þ

where F is the force applied, �a is the strain (i.e. its
change from its equilibrium lattice constant, a0), andA
is the sample area.

The pressure dependence of solvatochromism in
DCM2 doped at 2 vol.% in Alq3 was investigated
using a micrometer head that was advanced to apply
pressure to the doped film while measuring the peak
emissionwavelength, spectralwidth and radiative life-
time of DCM2. As shown in Fig. 3.68, the peak red
shifts with the change in pressure from 0 to 0.4 GPa
(and hence the DCM2 density). Recall from our discus-
sion of dimers in Section 3.6.2 that aggregation results
in a broadened and featureless emission spectrum, and
it can reduce the PL quantum yield due to strong
coupling to intermolecular vibrational modes. Since
neither the peak width nor its radiative lifetime show
significant changes with pressure, we conclude that
molecular aggregation effects are absent, and the spec-
tral shifts are due entirely to increased dipole coupling
over the range of pressures investigated.

The dashed line in Fig. 3.68 is a fit to the data
following Eq. 3.158, with a pressure coefficient of
α ¼ 1.1 GPa�1. This is at least a factor of 2–4 higher

than predicted using measured values of ν and Y. The
discrepancy is attributed to simplifications leading to
Eq. 3.158, as well as to errors in estimating the pres-
sure in the experiments (Chang et al., 2015). Never-
theless, the pressure-dependent peak shifts illustrate
the importance of dipole density, and hence the local
dipole-induced electric field in influencing the ener-
getics of organic semiconductors.

3.7 Spin

In Section 3.1 we noted that excitonic states can have
either an odd or even symmetry under spin exchange.
This results in either a singlet (with spin total quan-
tum number S ¼ 0) or a triplet (S ¼ 1) quantum state.
The triplet and singlet wavefunctions are provided in
Eqs. 3.2 and 3.3, respectively. As discussed, the Pauli
Exclusion Principle requires that the total spinorbital
wavefunction, Φσ(r), must be asymmetric under elec-
tron exchange. Since the singlet state is antisymmet-
ric, its spatial (orbital) wavefunction is symmetric
(Eq. 3.2), and for the symmetric triplet states, the spa-
tial wavefunction is antisymmetric (Eq. 3.3). Now, the
dominant optical transition between states is due to
electric dipole interactions whose Hamiltonian con-
tains the dipole operator μe ¼ �qr. Hence, the expect-
ation value of electronic transitions is determined by
the integral:

hψf ðr1; r2; S;mSÞjHintjψiðr1; r2; S;mSÞi
∽hψfðr1; r2; S;mSÞjrjψiðr1; r2; S;mSÞi: ð3:160Þ

Since the operator symmetry is odd, allowed transi-
tions can only occur between states whose spatial
symmetry is different (this is known as the Laporte
selection rule, Table 3.1). That is, there must be a
change in parity between the initial and final states.
However, since the dipole operator carries no spin-
related terms (it operates only on the spatial wave-
function), the initial spin states are conserved in di-
pole transitions. Since the ground state is typically a
singlet (S0), this implies that the dominant transition
from the ground state is to a singlet excited state (e.g.
S1  S0). Transitions between triplet states (e.g.
T3  T1) are also dipole allowed.
Other factors can lead to otherwise spin-forbidden

transitions. Most important are the disallowed triplet-
singlet transitions that lead to phosphorescence in
organic heavy metal complexes. According to
Fig. 3.33, T $ S transitions can arise from ISC be-
tween spin states of different symmetry. Once such a
transition occurs in the excited state, rapid and radia-
tive fluorescent de-excitation to the ground state
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Figure 3.68 DCM2 peak energy vs. the change in molecular density,
�N/N, which is linearly proportional to the pressure applied. Data points
are overlaid with a phenomenological model (dashed line) described in the
text (Chang et al., 2015).

Reprinted with permission from ACS Nano, 9, 4412-4418, Chang, W.,
Akselrod, G. M. & Bulović, V., Solid-State Solvation and Enhanced Exciton
Diffusion in Doped Organic Thin Films under Mechanical Pressure. Copyright
2015 American Chemical Society.
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is observed. The opposite transition, if it occurs on a
time scale shorter than the fluorescence lifetime
(~1–10 ns), can result in phosphorescent emission.

3.7.1 Spin–orbit coupling

Violation of the spin selection rule can occur when
the triplet and singlet states are mixed. An effective
source of mixing is spin–orbit coupling, whereby the
spin of the electron is perturbed by interacting with
its orbital angular momentum. Spin–orbit coupling
can be understood by calculating the field gener-
ated by a charge moving in an orbital. The Biot–
Savart law gives the magnetic field in the reference
frame of a charge of velocity, v, in an electric field,
F, as follows:

B ¼ � v� F
c2

: ð3:161Þ

Since the field of a point charge is isotropic, we can
write F in terms of the radial potential, V:

F rð Þ ¼ �̂r dV rð Þ
dr

; ð3:162Þ

from which we obtain:

B ¼ v� r̂
c2

dV rð Þ
dr

: ð3:163Þ

Now, the angular momentum of the charge of mass,
me, is

l ¼ r�mev; ð3:164Þ
which leads to

B ¼ 1
merc2

dV rð Þ
dr

l: ð3:165Þ

Hence, an electron in an orbital of radius, r, pro-
duces a magnetic field whose strength is propor-
tional to the gradient of the electrostatic potential.
This field perturbs the spin whose magnetic mo-
ment is given by

ms ¼ �gsμB
s
ℏ
¼ �gs

q
2me

s; ð3:166Þ

where μB ¼ qℏ=2me ¼ 9:27� 10�24 J=T is the Bohr
magneton and gS � 2 is the electron spin g-factor.
Also, it is helpful to define the gyromagnetic ratio,
γe ¼ �μB=ℏ ¼ 1:76� 1011 s�1 T�1 (also known as the
magnetogyric ratio). The interaction energy of a mag-
netic field and a magnetic dipole is

Eint ¼ �m �B: ð3:167Þ

Combining Eqs. 3.163–3.165, we obtain the Hamilton-
ian for the spin–orbit interaction in the reference
frame of the electron:

HSO ¼ �gS
q

2m2
e c2

1
r
dV rð Þ
dr

l � s: ð3:168Þ

Thus far, we have considered the field in the rest
frame of the electron. However, Llewellyn Thomas
recognized that in the rest frame of the stationary
nucleus, relativistic effects need to be included. That
is, the rate of precession of the spin in the trajectory of
the electron of velocity, v, around the nucleus needs to
be corrected by the Lorentz factor, γ ¼ ð1� v2=c2Þ�1=2
giving the Thomas precession frequency:

ΩT ¼ ωðγ� 1Þ; ð3:169Þ
whereω ¼ v=r. To first order, the Lorentz factor results

inΩT ! ω
1
2
v2

c2


 �
, fromwhich it can be shown that the

magnetic field in Eq. 3.161 is reduced by a factor of ½.
That is, in the rest frameof thenucleus (Kroemer, 2004):

B! � v� F
2c2

: ð3:170Þ

This introduces the well-known Thomas relativistic
correction to the spin–orbit coupling leading to the
following SO Hamiltonian:

HSO ¼ � q
2m2

e c2
1
r
dV rð Þ
dr

l � s ¼ ξðrÞl � s; ð3:171Þ

where we have used gS ¼ 2.
Our final task is to evaluate the spin–orbit coupling

factor, ξ(r). For a hyrdogenic atom with atomic num-
ber Z,VðrÞ ¼ �Zq=4πε0r, in which case Eq. 3.171 gives

ξ rð Þ ¼ � Zq2

8πε0m2
e c2

1
r3
: ð3:172Þ

The spin–orbit interaction energy is found by calcu-
lating the expectation value of HSO (given by hHSOi)
for the hydrogenic wavefunction: jnlmli ¼
RnlðrÞYlmlðθ; ϕÞ, where Rnl(r) is the radial part of the
wavefunction, and Ylmlðθ; ϕÞ is the angular part given
by the spherical harmonic functions for angular mo-
mentum quantum numbers l, ml. Since HSO is only a
function of r, we simply need to calculate the expect-
ation value h1=r3i via�

1
r3

�
¼ hnlj 1

r3
jnli ¼

ð∞
0

1
r
R2

nldr ¼
ðZ=a0Þ3

n3l lþ 1
2ð Þðlþ 1Þ ;

ð3:173Þ
where a0 is the Bohr radius (Eq. 3.142). Hence, the
spin–orbit interaction energy is:
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ESO ¼ hHSOi ¼ Z4q2

8πε0a30m2
e c2

1
n3l lþ 1

2ð Þ lþ 1ð Þ hl � si;

ð3:174Þ
which in more compact form is expressed as

ESO ¼ 2πα2R∞Z4c
n3l lþ 1

2ð Þ lþ 1ð Þℏ hl � si; ð3:175Þ

where α ¼ q2=4πε0ℏc � 1=137 is the fine structure
constant and the Rydberg constant is R∞ ¼ meq4=
64π3ε20ℏ

3c � 1:097� 107 m�1.
The interaction scales as Z4, hence we expect that

spin–orbit interactions are far stronger in molecules
containing an atom with a high atomic number. Thus,
emission from Ir (Z ¼ 77) and Pt (Z ¼ 78) and other
heavy metal-based organic complexes is entirely from
their triplet states, even though the singlet state might
initially be excited. That is, spin–orbit coupling in
heavy-metal containing molecules promotes rapid
non-radiative ISC from the first singlet to the triplet
excited state, followed by triplet emission as the ex-
cited state relaxes back into the singlet ground state.
This process leads to 100% internal quantum effi-
ciency in phosphorescent OLEDs (Baldo et al., 1998,
Adachi et al., 2001).

Finally, we must evaluate hl � si to obtain the
spin–orbit interaction energy. Since the total angu-
lar momentum operator of a composite system
with contributions from both orbital and spin
momenta is

j ¼ lþ s; ð3:176Þ
it follows that

j2 ¼ jlþ sj2 ¼ l2 þ s2 þ 2l � s: ð3:177Þ
Now, the orbital angular momentum operator gives
the relationships l2jnlmi ¼ ℏ2lðlþ 1Þjnlmi, with analo-
gous expressions for j2 and s2, from which we get

ESO ¼ α2R∞Z4hc j jþ 1ð Þ � l lþ 1ð Þ � s sþ 1ð Þ½ �
2n3l lþ 1

2ð Þ lþ 1ð Þ :

ð3:178Þ
As the principal quantum number (n) increases, spin–
orbit coupling decreases, whereas it increases with l,
as expected. That is, an s-state has l¼ 0 and j¼ s, from
which it follows that ESO = 0.

While Eqs. 3.175 and 3.178 provide the energy of
the spin–orbit interaction, they do not explain how
the multiplicity of the spin state changes due to this
interaction. That is, we have yet to show that S$ T
transitions are allowed due to symmetry breaking via
singlet-triplet mixing.

The S! T transition is non-radiative, implying
that it is an isoenergetic transition from the relaxed
singlet (i.e. from the ν ¼ 0 vibronic) to the triplet
manifold where ν> 0. Then, ISC is followed by rapid
internal conversion to the ν ¼ 0 triplet state. To quan-
titatively treat ISC, we follow the analysis of McClure
based on group theory (McClure, 1949). Using the
Hamiltonian Eq. 3.171 for a system of N > 1 electrons
in a central field:

HSO ¼
XN

i

ξi rð Þli � si: ð3:179Þ

Under exchange of two electrons, i and j (i 6¼ j),
Eq. 3.179 becomes

HSO ¼
XN

i

XN
j

ξi rð Þli � si þ ξj rð Þlj � sj
h i

: ð3:180Þ

This can be expanded to

HSO ¼ 1
2N

XN
i

XN
j

ξi rð Þli þ ξj rð Þlj
� 

� si þ sj
� �h

þ ξi rð Þli � ξj rð Þlj
� 

� si � sj
� ��: ð3:181Þ

The terms to the left correspond to states of even
symmetry under exchange, and on the right to odd
symmetry. The even symmetry term preserves the
symmetry of the state on which it operates: if either
its orbital or spin wavefunction is symmetric or anti-
symmetric under exchange, its symmetry will remain
unchanged when operated on by this term. However,
the second (odd) term results in a symmetry change: if
the initial wavefunction has even spin symmetry (a
triplet state), it will be transformed into an odd sym-
metry singlet. Furthermore, the orbital angular mo-
mentum undergoes a symmetry change due to the
second term. While the first term preserves the sym-
metry of the initial and final states, it leads to multiplet
splitting. That is, it lifts the degeneracy of the three
mS ¼ 0;±1 substates of the S ¼ 1 manifold. This sep-
aration of the spin state energies in the absence of an
external magnetic field is known as the zero-field split-
ting energy. In contrast, the second term leads directly
to S–T mixing without a significant change in energy.
The strength of mixing determines the rate of ISC, kISC
(Fig. 3.33). In fact, it can be shown that the z-axis oper-
ators of Eq. 3.181 mix singlet and triplet states with
ms ¼ 0, and the x and y operators mix S and T states
with a change in quantum numbers of �mS ¼ ±1
(McGlynn et al., 1969).
Now that we have shown that HSO mixes the S and

T states via simple symmetry arguments, we can cal-
culate the radiative phosphorescence emission rate
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from the triplet state, kPh, using perturbation theory.
From the Jablonski diagram (Fig. 3.33) we find several
levels in both the singlet and triplet manifolds. For
example, the triplet state is comprised of T1, T2, . . .TN,
and similarly for singlets. Not shown are higher order
spin states such as the S ¼ 2 quintet manifold, where
each quintet consists of five degenerate spin states
corresponding to mS ¼ 0;±1;±2, and so on. Since we
are only interested in the fundamental S0 $ T1 tran-
sition, the effects of quintets are ignored. Now, the
triplet spinorbital perturbed by an admixture of sing-
let content is, to first order:

jT0mS
1 i ¼ jTmS

1 i þ
XN

i

jSii hSijHSOjTmS
1 i

E T1ð Þ � E Sið Þ

þ
XN

i

X1
k¼�1
jTk

i i
hTk

i jHSOjTmS
1 i

E T1ð Þ � E Tið Þ : ð3:182Þ

Here, jT0m1 i is the perturbed spinorbital for the first
triplet state ðT01Þwhose spin quantum number projec-
tion along the z-axis is denoted by mS. We also note
that all the triplets within a particular manifold are
degenerate (i.e. the energies of the mS ¼ 0;±1 states
are equal). It follows that there are three jT0mS

1 i that
comprise the first triplet state manifold; these three
substates are reflected by their contributions in the
second summation over k ¼ �1, 0, 1 in Eq. 3.182.
Thus, the sums are over allN singlet and triplet states,
although since the energy denominator increases for
higher order excited states, in practice only the states
nearest in energy are required.
Similarly, the perturbed S-state has only a single

expression corresponding to mS = 0:

jS00i ¼ jS0i þ
XN

i

X1
k¼�1
jTk

i i
hTk

i jHSOjS0i
E S0ð Þ � E Tið Þ : ð3:183Þ

Since the energy gap between S0 and all the triplet
states is large, we can approximate Eq. 3.183 by:
jS00i � jS0i. Furthermore, it is often assumed that
only one S-state contributes significantly to the
S0 $ T1 transitions. State mixing leading to ISC is
illustrated in Fig. 3.69. Denoting the dominant per-
turbing singlet as SD, the second term on the right in
Eq. 3.183 can be removed from the summation. Simi-
larly, contributions to jT0mS

1 i from other separate trip-
let states are small. Thus:

jT0mS
1 i � jTmS

1 i þ jSDi hSDjHSOjTmS
1 i

E T1ð Þ � E SDð Þ : ð3:184Þ

Generally, SD can be replaced by S1 since this approxi-
mation leads to the smallest energy denominator due
to the larger separation between E(T1) and E(Si), i 6¼ 1.

From perturbation theory, the energy, E0mS , of jT0mS
1 i

is stabilized by spin–orbit coupling from its unper-
turbed value, E(T1) as follows:

E0mS ¼ E T1ð Þ þ
XN

i

jhSijHSOjTmS
1 ij2

E T1ð Þ � E Sið Þ

þ
XN

i

X1
k¼�1

jhTk
i jHSOjTmS

1 ij2
E T1ð Þ � E Tið Þ ; ð3:185Þ

where we assume that the energy splitting between
mS substates is negligible in the absence of spin–orbit
coupling. Since the denominator is negative (see
Fig. 3.69), the energy of the perturbed state is lower
(hence stabilized) compared to the original state, T1.
As in Eq. 3.184, we note that generally only a single
state exists that minimizes the denominator in this
expression, leading to the simplified expression:

E0mS ¼ E T1ð Þ þ jhSDjHSOjTmS
1 ij2

E T1ð Þ � E SDð Þ ð3:186Þ

To calculate kPh we turn to Fermi’s Golden Rule,
Eq. 3.69. For electric dipole transitions from T1 to S0

(denoted T1  S0), we obtain a triplet decay rate be-
tween spin–orbit mixed states of:

kPh ¼ 8πω3

3hc3
X1
k¼�1
jhS0jqr T0k1 i

�� ��2 ð3:187Þ

In this expression, we have used the photon density of
states for incident illumination at frequency, ω:

ρ Efi
� � ¼ 2ω3

3πc3
: ð3:188Þ

Substituting Eq. 3.184 into Eq. 3.187:

kPh ¼ 8πω3

3hc3
X1
k¼�1

hSDjHSOjT0k1 i
E T1ð Þ � E SDð Þ
���� ����2jhS0jqrjSDij2: ð3:189Þ
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Figure 3.69 Representation of the admixtures of S1 and T1 leading to
ISC and phosphorescence. The stronger interactions are shown as bolder
dashed lines. Also, the dominant mixed state, SD = S1, and ISC from S1 to
T1 followed by internal conversion is shown.
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The same spin–orbit coupling process that leads to
phosphorescent emission (e.g. T1 ! S0) also leads to
ISC ðS1  T1Þ. We note that a calculation of kISC intro-
duces additional complications since the transfer be-
tween manifolds must take non-radiative as well as
radiative contributions into consideration. Still, appli-
cation of Fermi’s Golden Rule that accounts for these
additional terms remains valid for both small mol-
ecules and polymers (Henry and Siebrand, 1971,
Beljonne et al., 2001, Tatchen et al., 2007).

Including non-radiative contributions to kISC
requires the full Born–Oppenheimer wavefunction
that comprises both electronic as well as nuclear
(i.e. vibronic) coordinates (see Eq. 3.8). Then the initial
and final wavefunctions are: jS1 ri;Rið Þi ¼ ϕe ri;Rið Þ
ϕN Rið Þ and jTf rif g; Rif gð Þi ¼ ϕe rf

� �
; Rf
� �� �

ϕN Rf
� �

,
respectively, from which it follows:

kISC ¼ 2π
ℏ

X
ff g

���hS1 ri;Rið Þ
���HSO

���Tf rf
� �

; Rf
� �� �i���2

�δ E0
S1 � E0

Tf

� 
; ð3:190Þ

where the unperturbed singlet and triplet energies are
provided in the Kronecker delta-function and ff g is
the set of all final states. We can reduce the nuclear
coordinate terms to wavefunctions labeled by their
vibronic quantum numbers, viz. jνki, such that
hS1 ri;Rið ÞjHSOjTf rf

� �
; Rf
� �� �i ¼ hS1 νið ÞjHSOjTf νf

� �i.
We now expand each term in Eq. 3.190 about the
equilibrium nuclear coordinate, Q0 ¼ 0, to obtain
(Tatchen et al., 2007)

hS1 νið ÞjHSOjTf νf
� �i ¼ hS1 rið ÞjHSOjTf rf

� �ijQ0
hνijνf iþX

k

∂

∂Qk
hS1 rið ÞjHSOjTf rf

� �i
 �
Q0

�hνijQkjνf i þO jQ2j� �
:

ð3:191Þ
This is the Herzberg–Teller expansion of Eq. 3.78.
Note that FCif ¼ hνijνf i is the Franck–Condon factor
of Eq. 3.79. The second term in the expansion is
known as the vibronic spin–orbit coupling factor. In-
serting the sum over all final vibronic and electronic
states, jTf ðfrf g; fRf gÞi in Eq. 3.190 thus leads to the
rate for ISC. This is clearly a much more involved
calculation than that used to obtain kPh due to the
vibronic couplings, although we see that the spin–
orbit interaction is the same and is responsible for
both processes, albeit at considerably different rates.

3.7.2 Spin–spin coupling

The magnetic field that arises from the spin of an
electron interacts with the magnetic moment of a
second spin, resulting in a spin–spin interaction

energy of ESS ¼ �m �B (see Eq. 3.167). For singlet
states, the two spins are 180o out of phase, and
hence ESS ¼ 0. For triplets, the spins are in phase
leading to an energy splitting even when the external
field, B ¼ 0. This zero-field splitting (ZFS) of the triplet
state is resolved in the fine structure of the molecular
spectral features. Other interactions between the elec-
tron and nuclear spins (giving rise to hyperfine inter-
actions), or between the nuclei themselves (nuclear
Overhauser effects) are comparatively small and hence
do not play a significant role in the spectra of molecu-
lar electronic materials.
Analogous to the electric dipole interactions in

Eq. 2.39, magnetic dipole field due to a spin of angular
momentum, s1, is given by (Jackson, 1998)

B rð Þ ¼ � gqμB

8πmer3


 �
s1 � 3r r � sð Þ

r2


 �
¼ gμBγe

4πr3

� 
s1 � 3r r � sð Þ

r2


 �
: ð3:192Þ

It follows that the Hamiltonian for the interaction of
two spins summed over all electrons in the
molecule is

HSS ¼ g2μBγ
2
e

4π


 �XN
i> j

si � sj
r3ij
� 3 rij � si
� �

rij � sj
� �

r5ij

 !
;

ð3:193Þ
where rij ¼ ri � rj is the relative coordinate of spins si
and sj. The energy splitting between states is
calculated by diagonalizing the matrix consisting of
the three elements hS;mSjHS�SjS;mSi (corresponding
to S ¼ 1 and mS ¼ 0;±1). The ZFS energy terms for
interacting electrons, i 6¼j are thus (McGlynn et al.,
1969)

Dij ¼ 3
4


 �
μ0g

2γ2e
4π

hϕeði; jÞj
1
r3ij
�
3z2ij
r5ij
jϕeði; jÞi ð3:194aÞ

and

Eij ¼ 3
4


 �
μ0g

2γ2e
4π

hϕeði; jÞj
3 y2ij � x2ij
n o

r5ij
jϕeði; jÞi;

ð3:194bÞ
where ϕe(i, j) is the spatial part of the wavefunction.
The energies for the three terms are found by solving
the secular determinant:

1
3Dij � ESS 0 Eij

0 �2
3Dij � ESS 0

Eij 0 1
3Dij � ESS

������
������ ¼ 0; ð3:195Þ

yielding the roots
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ESS 0ð Þ ¼ � 2
3
Dij; ð3:196aÞ

ESS ±ð Þ ¼ � 1
3
Dij ∓Eij: ð3:196bÞ

Here, we have used the notation ESS 0ð Þ correspond-
ing to the ms ¼ 0 state |0i, and energies ESS ±ð Þ to the
symmetric (+) and antisymmetric (-) mixing of the
j1i ¼ jα1α2i and j � 1i ¼ jβ1β2i states (cf. Eqs. 3.3a
and 3.3c), as illustrated in Fig. 3.70a. Indeed, the ex-
tent of ZFS and the relative sizes of Eij and Dij is a
direct consequence of the overlap of electronic orbitals
within a molecule; as the overlap increases so does the
splitting (see Eq. 3.194).
Absent spin–spin interactions, the three triplet

states are degenerate and there is no ZFS. A first
order approximation applies to Eij ¼ 0, where inter-
actions between states |1i and |�1i vanish. In this
limit, state |0i has the lowest energy (�2Dij/3) since
its spin dipoles are antiparallel and hence are attract-
ive, whereas |1i and |�1i have their dipoles pointing
in the same direction, thus raising the total system
energy, as shown in Fig. 3.70b. When the full inter-
action is turned on, there is an additional splitting due
to mixing of the otherwise degenerate |1i and |�1i
states (Fig. 3.70c). Applying an external field lifts this
degeneracy even further via the Zeeman effect, giving
rise to well-resolved triplet energies.

3.7.3 Metal–ligand and ligand-centered
interactions in organic–transition metal complexes

An important class of organic electronic compounds
that exhibit high efficiency emission via the triplet
state are the organic-transition metal complexes
based on heavy metal atoms such as Ir(III), Os(III),
and Ru(II), Pt(II), Pd(II), etc. In this section, we discuss
two major classes of these transition metal complexes,

the quasi-octahedral chelating complexes, and the di-
hedral, distorted square planar complexes. Here, che-
late refers to a compound containing an organic
ligand that is attached to a central metal atom at two
or more points. While so-called metal–ligand charge
transfer (MLCT) in the former systems leads to strong
spin–orbit coupling, and consequently very fast and
efficient T1 ! S0 transitions, similar transitions in the
latter compounds are due to the somewhat weaker
ligand-centered (LC) couplings.
Spin–orbit interactions leading to efficient phos-

phorescence in transition metal complexes are classi-
fied into two categories illustrated in Fig. 3.71 with
example molecules that support these processes. Type
I molecules are based on ligand-centered triplet (3LC)
states. Although Type I triplet emitting molecules can

|1>, |0>, |–1>

–2Dij/3

Dij/3

–2Dij/3; |0>

Dij/3–Eij; √½{|1>+|–1>}

Dij/3+Eij; √½{|1>–|–1>}

|0>

1> –1>

(a)

En
er

gy

(b) (c)

Dij+Eij

Dij–Eij
Dij

Figure 3.70 Zero-field splitting of the triplet state for (a) no spin–spin interactions, (b) spin–spin interactions due only to diagonal terms, and (c) a full
solution to the secular determinant in Eq. 3.195. From McGlynn et al. (1969).
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Figure 3.71 Two types of triplet excitons formed on metal complexes,
with example molecules supporting these excited states.
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have very high quantum yield as is the case for
PtOEP, the radiative decay rate of kPh ~ 105 s�1 com-
petes with parasitic non-radiative down-conversion
processes that occur at approximately the same rates.

In Type II phosphors, the electron density in the
ligand is shared with the heavy metal atom forming a
triplet 3MLCT state. The sharing of the electron dens-
ity in complexes such as Ir(ppy)3 leads to a large HSO,
and hence rapid ISC that results in highly efficient
phosphorescent emission (Lamansky et al., 2001).

The symmetries of the chelating M(III) and square
planar M(II) complexes (M ¼ metal) are illustrated in
Fig. 3.72. The M(III) complexes such as the Ir(C^N)3
tris-bidentate phosphors have quasi- or distorted
octahedral symmetry (Oh) of their d-orbitals, and de-
pending on the atoms A, B can form a facial ( fac) or
meridonal (mer) isomer. For example, the C^N cyclo-
metalating ligand in Ir(ppy)3, has A = C and B = N. In
the fac-isomer, the N-atoms lie in a plane. However,
by exchanging N and C on one of the three ligands,
the three N atoms now lie on two different, intersect-
ing planes in the mer-isomer. The octahedral sym-
metry is apparent from the four A, B atoms around
the equator, capped by A and B at opposite molecular
azimuths. In contrast, the distorted square molecule
has a fourfold dihedral symmetry (D4h) characteristic
of the planar Pt(II) and Pd(II) complexes.

The pseudo-octahedral symmetry of metalorganic
the fac- andmer-isomers is illustrated in more detail in
Fig. 3.73. The overlap of the metal and ligand wave-
functions is distinct for the isomers. The fac-isomer

has the three identical ligands occupying the face of
the octahedron. There are three symmetry-equivalent
positions for the ligands that transform into each
other by rotations of 2π/3, resulting in C3 symmetry.
The ligand plane of the mer-isomer intersects the
metal atom, resulting in significant overlap of the
metal and ligand orbitals. It lacks the rotational sym-
metry of the fac-complex, having a C1 symmetry.
Overlap of the metal and organic orbitals result in a
broad, red-shifted spectrum which contrasts with the
vibronically distinct, blue-shifted emission features
characteristic of fac-isomers.
To understand the relationship between spin–orbit

coupling and emission efficiency in transition metal
complexes, and moreover the relationship between
this coupling and the magnitude of the ZFS, we
begin by considering a simplified energy landscape
of the M(III) chelates. Figure 3.74a shows that the d-
orbitals of an undistorted Oh compound are split into
the three low energy, bonding (σ) dxy, dyz, and dxz, t2g
symmetry states (labeled πM), and two higher lying
antibonding eg, σ* orbitals labeled dx2�y2 and dz2 . The
electronic spatial distribution of the orbitals are illus-
trated in Fig. 3.75. The low lying t2g orbitals are triply
degenerate, whereas the eg orbitals are twofold degen-
erate. They both have even spatial symmetry under
inversion, that is, they are both gerade states. Hence,
electric dipole transitions between them (t2g $ eg) are
symmetry forbidden by the Laporte selection rule. The
difference in energy, 10Dq, between the t2g and eg sub-
states results since the latter states are located closer to
the ligand. Consequently, there is increased Coulomb
repulsion that raises their relative energies. Here,Dq is
known as the ligand field parameter. The excited anti-
bonding ligand state, πL*, is also shown. In contrast, the
πM $ πL* and πL $ πL* correspond to 3MLCT and 3LC
transitions, respectively, and are spin allowed.

The degeneracy of the d-orbitals is lifted in the dis-
torted octahedral transitionmetal chelates, resulting in
a small energy splitting (~10–100 cm�1) of the t2g states
into the relabeled substates, d1, d2, and d3. Similarly,
dx2�y2 and dz2 are split in the distorted molecule.
In Fig. 3.74b we show that even larger ZFS of the d-

orbitals occur by distortion of square-planar dihedral
D4h molecules; a characteristic feature of Ir(I), Pt(II),
and Pd(II). Initially, the lowest d-orbitals correspond
to the degenerate dxz and dyz in the eg state, dz2 in the
a1g, and dxy in b2g. Finally, dx2�y2 lies in the upper b1g
orbital. The distortion then results in lifting the de-
generacy in eg, giving rise to four lowest lying d-or-
bitals, d1, . . . d4. Note that the splittings are far larger
(~1000–4000 cm�1) than in the octahedral com-
pounds, resulting in reduced mixing between d1 and

A A
B

B B

B

(a) (b)

B
A

A

M

A
M

Figure 3.72 (a) Structure of quasi-octahedral, Oh, and (b) square planar
dihedral, D4h, transition metal–organic complexes. Here A and B represent
atoms that coordinate with the transition metal atom M. A, B may be the
same or different atoms such as C, N, O, etc.
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Figure 3.73 (a) Fac and (b) mer isomer crystal structural symmetries for
pseudo-octahedral M(III)(C^N)3 complexes.
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the other d-orbitals. This, ultimately, reduces the ZFS,
giving a weaker 3LC character to the transitions com-
pared with 3MLCT.
To understand spin–orbit interactions in the

quasi-octahedral transition metal complexes, we
turn to a simplified set of diagrams that single out
the energy levels responsible for the lowest energy
transitions in Fig. 3.76 (Yersin et al., 2011). The pri-
mary LUMO HOMO MLCT transitions occur
from occupied metal d- and occupied molecular or-
bitals to one of three unoccupied ligand π* substates
localized on each of the three equivalent ligands. Each
of these transitions share oscillator strength with
3 triplets or one singlet state. Hence there are a total
of six initial d + π-orbitals, times three π* states, times
four possible spin combinations between the initial
and final state, equaling 72 total states that can

intermix via spin–orbit interactions. We neglect high-
er lying d-orbitals and even lower lying (non-frontier)
molecular orbitals. While these too may mix with the
lowest lying states, it was already noted that those
states lying closest to the one supporting the transi-
tion result in the largest perturbation of the final state
(Eq. 3.184).
Since the spin–orbit Hamiltonian in Section 3.7.1 is

a single electron operator, the Slater–Condon selection
rule requires that the final and initial states differ by
only one spinorbital (Atkins and de Paula, 2006). Fur-
thermore, the operator imposes the selection rule that
the final and initial states can differ by a change of spin
quantum number of �mS ¼ 0;±1:One further simpli-
fying assumption is that the exponential decay of the
wavefunction with distance allows us to consider

πL

πL*πM*

πM

π*
π*

π*

1eg

eg

HOMO
10 Dq

LUMO

M-L σ

M-L σ*

Oh
d6 metal orbitals

Distorted 
octahedral

Ligand 
orbitals

small

D4h

b2g

b1g

dxz,dyz

dxy,dxz,dyz

dx
2
-y

2,dz
2 dx

2
-y

2

t2g

a1g

eg

eg

Distorted
square planar

(a) (b)

dxy

dz
2

d2

large

d3
d4

d1
d1
d2
d3

Figure 3.74 Zero-field splitting (ZFS) of the d-orbitals in (a) distorted octahedral and (b) distorted dihedral transition metal complexes. The distorted
octahedral molecule has an energetic landscape that combines the metal plus the ligand energetics. The bonding and antibonding orbitals are σ and σ*,
respectively, and the π* orbital is a linear combination of similar states in the metal (πM*) and the ligand (πL*). The ZFS is small compared to the distorted
square planar ZFS between the d1 and d2 orbitals (Rausch et al., 2010).
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also shown (Yersin et al., 2011).

136 OPTICAL PROPERTIES OF ORGANIC SEMICONDUCTORS



interactions with only a single ligand, and hence a
single π-orbital. With these conditions, we can limit
our consideration of LUMO! HOMO transitions af-
fected by spin–orbit interactions to those shown in
Fig. 3.77. Both singlet and triplet LC and MLCT tran-
sitions to π* are shown from the upper two d or π

orbitals. Admixtures from d3 and orbitals not shown
are also possible, although they become increasingly
unlikely as the energy denominator in Eq. 3.184 in-
creases due to the increased energy difference with
the radiative state.

Since the closed shell configuration of the complexes
is d21d

2
2π

2, we will consider, for example, only the mS ¼
+1, triplet substate denoted j3 d1π*ð Þþ1i, shown in the
second row of Fig. 3.77 (Yersin et al., 2011). The nota-
tion used is jS stateð ÞmSi. First, we can ignore coupling
between j3 d1π*ð Þþ1i and the ligand-centered substates,
j1;3 ππ*ð Þi since these two- and three-centered integrals
are small due to the spatial separation of orbitals on
different ligands. Furthermore, a d-orbital cannot
couple to itself according to the Slater–Condon selec-
tion rule. Hence, we are left with the couplings of
j3 d1π*ð Þþ1i to the d2 triplet and singlet substates, that

is, j3 d2π*ð Þþ1i; j3 d2π*ð Þ0i and j1 d2π*ð Þi. Note that the
mS ¼ 0 subscript is ignored in writing j1 d2π*ð Þi since it
is the only possibility for a singlet state, and hence is
redundant.
Returning to Section 3.7.1, using perturbation the-

ory, and Eq. 3.182, wewrite themodified eigenstate as:

3ðd1π
Þ0þ1i ¼ 3ðd1π
Þþ1i þ 1ðd2π
Þi
������

� h1ðd2π
ÞjHSOj3ðd1π
Þþ1i
E
�
3ðd1π
Þþ1


� E

�
1ðd2π
Þ


þj3ðd2π
Þ0i

h3ðd2π
Þ0jHSOj3ðd1π
Þþ1i
E
�
3ðd1π
Þþ1


� E

�
3ðd2π
Þ0

 ð3:197Þ

or, taking only contributions from the nearest singlet
state,

3 d1π*ð Þ0þ1i � j3 d1π*ð Þþ1i þ j1 d2π*ð Þi
���
� h1 d2π*ð ÞjHSOj3 d1π*ð Þþ1i

E 3 d1π*ð Þþ1
� 

� E 1 d2π*ð Þ
�  : ð3:198Þ

Ignoring the second triplet term in Eq. 3.197 is
justified since its transition dipole oscillator
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Figure 3.77 Lowest energy single electron ligand-centered (LC) and metal ligand charge transfer (MLCT) states in a pseudo-octahedral transition metal-
organic system (Yersin et al., 2011).

Reprinted from Coordination Chem. Rev., 255, 2622, Yersin, H., Rausch, A. F., Czerwieniec, R., Hofbeck, T. & Fischer, T., The triplet state of organo-transition metal
compounds. Triplet harvesting and singlet harvesting for efficient OLEDs copyright 2011 with permission from Elsevier.
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strength to the ground state, S0, is negligible. This
latter expression is equivalent to the approxima-
tion of Eq. 3.184 that assumes the spin–orbit coup-
ling is dominated by a lone singlet state, j1 d1π*ð Þi.
Following this same treatment, we derive the or-
bital stabilization energy due to spin–orbit inter-
actions from Eq. 3.186:

E0 3 d1π*ð Þþ1
� 

¼ E 3 d1π*ð Þþ1
� 

þ jh
1 d2π*ð ÞjHSOj3 d1π*ð Þþ1ij2

E 3 d1π*ð Þþ1
� 

� E 1 d2π*ð Þ
�  ; ð3:199Þ

where once again,we note that the triplet lies at a lower
energy than the singlet, such that E0 3 d1π*ð Þþ1

� 
<E 3 d1π*ð Þþ1
� 

. This treatment has been simplified
to ignore interactions with other d- and π-orbitals.
As noted, the magnitudes of the couplings are ex-

pected to decrease rapidly as their separations in en-
ergy and distance increase. Hence, the approximations
employed are adequate to describe the observed effects
without unnecessarily complicating the discussion. Fi-
nally,we obtain the triplet or phosphorescent radiative
rate from j3 d2π*ð Þþ1i in Eq. 3.189:

kPh ¼ 8πω3

3hc3
h1ðd2π
ÞjHSOj3ðd1π
Þ0þ1i

E
�
3ðd1π
Þþ1


� E

�
1ðd2π
Þ

 �����
2

������
�jhS0jqrj1ðd2π
Þij2: ð3:200Þ

Clearly, a smaller energy denominator, and hence
small exchange energy splitting of T1 and S1 in
Eq. 3.200 leads to an increased radiative triplet rate.
Furthermore, kPh also depends on the strength of the
singlet transition dipole moment, as seen by the last
term in this expression. And most importantly, in the
absence of spin–orbit coupling the first term in
Eq. 3.200 vanishes, and the triplet state is non-
radiative. Note that Eq. 3.199 considers contributions
from only a single substate interaction. Of course,
there are additional states that intermix, which only
increase ISC and the radiative rate, kPh.
The last step in our analysis is to consider transitions

from the lowest ligand centered triplet, j3 ππ*ð Þi, shown
in the top row of Fig. 3.76. We have already seen that
two- and three-centered integrals are small compared
to single-centered integrals that characterize MLCT
transitions. However, MLCT interactions are small in
dihedral molecules such as the square planar PtOEP,
due to the large energy gap between d-orbitals in these
complexes (see Fig. 3.74). Treating the LC transitions is
considerablymore complex thanMLCT interactions in
distorted octahedral complexes since it involves both
MLCT and LC couplings. We can understand this via

the following arguments: Following the selection rules
outlined above, j3 ππ*ð Þi cannotmixwith itself; hence it
necessarily involves two and three center integrals that
are weaker than the one-center integrals employed to
describe MLCT. To estimate the ZFS from LC states,
we once again focus on a single substate: j3 ππ*ð Þþ1i.
This can couple to the MLCT1 and MLCT2 states
j3 d1π*ð Þþ1i and j3 d2π*ð Þþ1i, respectively (see Fig. 3.77)
(Yersin et al., 2011). The mixing with j3 d1π*ð Þþ1i is due
to electronic configuration interactions (CI), whose selec-
tion rules are �S ¼ �mS ¼ 0. As discussed in
Section 3.4.1, CI are used in the calculation of changes
in energies of n-electron systems that arise from re-
organization of the π-orbitals with the addition of a
single electron.
Hence, CI lead to a perturbation from each of the

three 3MLCT states of the same magnitude:

j3ðππ
Þ0þ1i � j3ðππ
Þþ1i þ j3ðd1π
Þþ1i
h3ðd1π
Þþ1jHCIj3ðππ
Þþ1i

E
�
3ðππ
Þþ1


� E

�
3ðd1π
Þ

 : ð3:201Þ

where HCI is the configuration Hamiltonian. Now
the admixed j3 d1π*ð Þþ1i can, in turn, interact with
the singlet j1 d1π*ð Þi as we have seen in the fore-
going discussion of MLCT. Thus, LC interactions
involve two processes: the first due to CI with the
ligand electron system, and the second via inter-
action of the CI-perturbed π-system with the d-
orbitals via MLCT. Given that this requires a hy-
bridization of two orbital systems, its intensity
(and hence resulting ZFS) is weaker. For this rea-
son, 3LC transitions in distorted square planar sys-
tems are generally weaker, and their transition
rates slower than 3MLCT transitions in M(III) tran-
sition metal complexes.
The importance of ZFS on the luminescent proper-

ties of triplet emitting materials should be apparent
from Eqs. 3.199 and 3.200. The calculated dependence
of the average lifetime, τav � k�1Ph on ZFS energy, �E,
is shown in Fig. 3.78. The energies range from >200
cm�1 (25 meV) for Os- and Ir-based phosphors with
strong 3MLCT transitions, to <1 cm�1 for 3LC-
dominated Pd, Re, and Rh complexes. This energy
range corresponds to three orders of magnitude
change in τav, from ~400 ns for octahedral, to milli-
seconds for square planar complexes. Indeed, a key
observation from these data are that the square planar
molecules are dominated by 3LC behavior with long-
er lifetimes, whereas the octahedral compounds ex-
hibit rapid decay due to the large 3MLCT content of
the spin–orbit coupling.
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The emission efficiency generally is higher for ma-
terials with a smaller radiative lifetimes. This is due to
two principal reasons. The first is that the PLQY
depends on the competition between radiative and
non-radiative recombination according to Eq. 3.119.
Thus, ΦPL ! 1 for kr ¼ kPh >> knr. The second is
that the density of triplets increases with increasing
lifetime under constant illumination. Thus, the prob-
ability for triplet–triplet annihilation, which is amech-
anism for non-radiative loss, increases with τav, thus
resulting in a decrease in ΦPL, particularly at high
intensities (see Section 3.10). For these reasons, the
highest emission efficiencies are from phosphors
based on either Ir or Pt with strongly 3MLCT character
and ZFS energies typically > 10 cm�1.

It is noteworthy that the increase of ZFS > 100
cm�1 does not result in a further decrease in τav.
We have shown that there is a clear correlation be-
tween the magnitude of the spin–orbit coupling and
the ZFS energy, which in turn results in a higher kPh
according to Eq. 3.200. Recall, however, that total
ZFS results from the sum over all T1 substates in
Eq. 3.185. We have seen that spin–orbit coupling
lifts the degeneracy of these three states that are
separated by energies �Eij, where i,j denote the two
states that are mixed. Hence, the emission rate is
determined by the Boltzmann factors for each sub-
state. The average emission rate, �kPh, is the sum of
several rates, each weighted by its activation energy
following (Yersin et al., 2011):

�kPh ¼ k1 þ k2exp ��E12=kBTð Þ þ k3exp ��E13=kBTð Þ
1þ exp ��E12=kBTð Þ þ exp ��E13=kBTð Þ ;

ð3:202Þ

where we have labeled the participating substates i ¼
1, 2, 3. Hence, the rate is ultimately limited by that
substate that has the greatest energy separation from
the lowest energy level i¼ 1 (corresponding tomS¼ 0,
see Fig. 3.70), giving rise to the asymptotic depend-
ence of τav on ZFS in Fig. 3.78.
Measurement of ZFS energies and the correspond-

ing transition rates is primarily done via high
resolution spectroscopy (Yersin, 2004). However, the
temperature dependence of the PL transients using
Eq. 3.202 presents an alternative method for obtaining
the energies, transition rates and ΦPL. While this ex-
pression has several variables, it is simplified bymeas-
uring the rates at low and high temperatures. Thus, in
the limit, kBT>>�E12;�E13, we have �kPh ¼ k1, and in
the high temperature limit, �kPh ¼ k1 þ k2 þ k3ð Þ=3.
This approach has been used to characterize a series

of phosphorescent pyrazolate-bridged cyclometa-
lated platinum(II) complexes with the general for-
mula: C^NPt(μ-pz)2PtC^N shown in Scheme 2,
where C^N represents the cyclometalating ligand
(Qi et al., 2008). The pyrazolate (pz) ligand controls
the degree of metal–metal interaction by adjusting the
angle between opposing ligands, and thus the emis-
sion spectra.
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Compounds 1, 2, and 3 have Pt � � � Pt spacings of
3.19 Å, 3.05 Å, and 2.83 Å, respectively (Ma et al.,
2005). Their phosphorescence spectra in the blue,
green and red, are shown in Fig. 3.79a. The bridging
ligands rigidly link the twometal centers on opposing
pyridyl rings. For compound 1, the well resolved
vibronic progression in the emission spectrum indi-
cates only weak interaction between the two metal
centers. In contrast, broad and featureless emission
spectra of compounds 2 and 3 are observed due to a
mixed 3LC/3MLCT state, and are assigned to strong
triplet metal-metal ligand charge transfer (3MMLCT)
enhanced by the proximity of the emissive ligands
(Lai et al., 2002). Note that the phosphorescent effi-
ciencies of OLEDs at low current whose active region
employs these compounds doped into a wide energy
gap UGH2 matrix are 3.8%, 6.6% and 6.6% for com-
pounds 1, 2, and 3, respectively. The electrolumines-
cent efficiencies are functions of ΦPL (among other
factors arising from the OLED current injection and
emission properties, see Chapter 6). Hence, the differ-
ences in OLED efficiencies suggest that the blue emit-
ting compound 1 has the lowest ΦPL of the three
phosphors.
Transient PL data in Fig. 3.79b were obtained by

exciting a film consisting of compound 3 doped at 8
wt% in an UGH2 matrix using a N2 laser with a
wavelength of λ ¼ 337 nm. A fit to the data using
Eq. 3.202 is shown by the line. The resulting transition
rates, k1, k2, and k3 obtained from the fits to these and
similar data for compounds 1 and 2 are provided in
Table 3.4. The large ZFS of compounds 2 and 3 is
apparent from values of �E13 and �E12 that are 4–8
times higher than that from compound 1. This leads to
correspondingly larger decay rates for the latter com-
pounds, which is consistent with differences in their
quantum yields. The large ZFS energies of these

binuclear complexes are more characteristic of octa-
hedral than dihedral compounds, as inferred from
Fig. 3.78, providing support for the strong 3MMLCT
coupling of these complexes.
The metal participation in the triplet state, which is

expected to influence the magnitude of the ZFS, is
estimated from the simulated electron orbital distri-
butions in Fig. 3.80. No pronounced change in triplet
spin density takes place at the pyridyl ring, whereas
the spin density surfaces at the Pt–Pt center for com-
pounds 2 and 3 are double that of 1. According to
calculation, the complexes exhibit significant overlap
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Figure 3.79 (a) Room temperature photoluminescence (PL) spectra of
compounds 1, 2, and 3. (b) Measured PL decay rate (data points) vs. 1/T
for 8 wt% compound 3 doped into UGH2. The line is a fit to Eq. 3.202 in
text. Inset: Energy level scheme of the triplet manifold indicating the ZFS
energies and corresponding decay rates. Also indicated are the substate
wavefunctions where the number in the ket vectors correspond to the mS

values (Qi et al., 2008).

Table 3.4 Zero-field splitting energies and transition rates for the
binuclear Pt complexes (Qi et al., 2008)

Compound �E13
(cm�1)

�E12
(cm�1)

k1
(μs�1)

k2
(μs�1)

k3
(μs�1)

1 28±3 <4 0.12 0.11 0.25

2 142±9 31±5 0.07 0.42 0.81

3 113±10 33±6 0.06 0.32 1.12
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of the d-orbitals of the individual metal atoms. The
strong interactions lift the triplet energy degeneracy,
leading to the pronouncedZFS andhigh PLefficiencies.

The relationship between ZFS for 3MLCT vs. 3LC
dominated transitions is also apparent from the com-
parison of (N^C)Pt(acac) and (N^C)2Ir(acac) analogs
in Table 3.5. Here, acac is the ancillary, acetylacetonate
ligand. The effects of strong 3MLCT character in the Ir-
complexes compared with the 3LC dominance of the
square planar Pt complexes are striking. The red shift
in λpeak is higher for 3MLCT vs. 3LC transitions. From
Eq. 3.199, the energy stabilization is larger in the for-
mer than in the latter case. Furthermore, the ZFS en-
ergy shift is considerably larger for Ir complexes,
where ZFS ≃ 20–100 cm�1 compared with typically
ten times smaller shifts for the Pt analogs. All of these
characteristics are consistent with themuch larger trip-
let emission rate (again, often by a factor of ten) for the
octahedral vs. the dihedral complexes.

Finally, we note that only subtle differences in
structure of the same molecule can also alter its ex-
citonic character from 3LC to 3MLCT with dramatic
consequences to the photophysical characteristics of
a molecular species. The facial ( fac-) and meridonal
(mer-) isomers of Ir(pmp)3, respectively shown in
Fig. 3.81 provide a striking illustration of the effects
of the charge transfer character of the triplet excited
state (Lee et al., 2016). Based on DFT calculations, the
HOMO and LUMO of the fac-isomer are formed on
the same ligand due to its C3 symmetry, resulting in
considerable localization of the triplet state. In con-
trast, the HOMO of mer-Ir(pmp)3 is formed on two
oppositely-disposed ligands, and the LUMO is on
the third. This leads to more delocalized excited
state that efficiently couples to the metal atomic
orbitals.

Several photophysical characteristics of this pair of
isomers confirm that the fac- isomer phosphorescence
is predominantly of 3LC (Type I phosphor) character,
whereas emission from mer-Ir(pmp)3 is from the
3MLCT (Type II) state. Due to the lower ESO of 3LC
states, the photoluminescence of fac-Ir(pmp)3 is consid-
erably blue-shifted from that of the mer-isomer (see
Fig. 3.82a). Their room temperature transient decay
rates in Fig. 3.82b are equal to within a factor of two,
while at low temperature the decay rate of fac-Ir(pmp)3
is ~10 times smaller than former-Ir(pmp)3, (kPh¼ 6.4�
105 s�1 vs. 10� 105 s�1 at 295 K; 1.1� 105 s�1 vs. 1.0�
106 s�1 at 77K for fac andmer-Ir(pmp)3, respectively) as
is characteristic of Type I vs. Type II phosphors.
A further indication of the more polar nature expect-

ed for the 3MLCT state is found in the relative solvato-
chromatic shifts in a solvents of different polarity in
Fig. 3.83. The larger excited state dipolemoment ofmer-
Ir(pmp)3 is a consequence of the spatially extended
3MLCT state compared to that of the more compact
3LC state localized onto a single ligand. This leads to a
significantly larger bathochromic shift former-Ir(pmp)3
as the polarity of the three solvents is increased (see
Section 3.6.7). The dipolemoments of the solvents used
are 0 D, 0.375 D, and 1.6D for PMMA, toluene, and
DCM, respectively. We summarize these differences
between Type I and II Ir(pmp)3 phosphors in Table 3.6.

3.7.4 Relative phosphorescent and fluorescent
rates and efficiencies

Phosphorescence is formally defined as emission ob-
served after a “perceptible” time has elapsed from the
end of the excitation. A more reasonable definition,
however, is emission that is controlled by triplets. The

1 (blue) 2 (green) 3 (red)

Figure 3.80 DFT simulations of the triplet spin density surfaces for
compounds 1, 2 and 3. The spin density at the Pt � � � Pt centers is double
for the latter two compounds compared to that of compound 1. The
dashed oval approximately locates the region of Pt � � � Pt interactions
between the ligands. After Qi et al. (2008).

Reprinted from Chem. Phys. Lett., 458, 323Qi, X., Djurovich, P. I., Giebink, N. C.,
Thompson, M. E. & Forrest, S. R., Evidence for enhanced interactions
between Pt centers in binuclear phosphorescent complexes copyright
2008 with permission from Elsevier.

Table 3.5 Peak emission wavelength (λpeak), zero-field splitting energy
(ZFS), and radiative lifetimes (kPh) of analogous Pt(II) and Ir(III) transition
metal complexes. From Yersin et al. (2011)

Compounda λpeak (nm) ZFS (cm�1) kPh (�104 s�1)

Ir(4,6-dFppy)2(acac) 484 109 64

Pt(4,6-dFppy)(acac) 467 8 8.0

Ir(thpy)2(acac) 567 33 12

Pt(thpy)(acac) 558 4 2.4

Ir(s1-thpy)2(acac) 586 16 9.8

Pt(s1-thpy)(acac) 577 <1 2.1

Ir(bt)2(acac) 557 100 14

Pt(bt)(acac) 539 10 6.0

a (4,6-dFppy)2(acac) ¼ bis (40,60-difluorophenyl) pyridindate, acac ¼
acetylacetonate; thpy ¼ 2-(2-thienyl)pyridinatoN,C3; s1-thpy ¼ 5,2-bis
(2-thienyl)pyridinate; bt ¼ bis(2-phenylbenzo-thiozolato-N,C20)
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relatively low phosphorescent emission rate depends
primarily on two factors: the strength of electric di-
pole transitions between the dominant singlet excited

state to S0, and the atomic number of the heavy atom or
electronic system that governs the magnitude of the
spin–orbit interaction, HSO. Phosphorescent emission
depends on the ISC rate (kISC) of S1 ! T1, followed by
radiative decay (rate kPh) from T1 ! S0. Efficient

(a)
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Ir Ir

Figure 3.81 Structural formulae for the (a) fac- and (b) mer-isomers of Ir(pmp)3. These carbenes have two C atoms coordinated from each ligand to the
Ir atom, forming a Ir(C^C)3 complex.
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Figure 3.82 (a) Room temperature PL spectra of fac- (squares) and mer-Ir(pmp)3 (circles) doped into a wide energy gap (and hence transparent) host,
TSPO1 and excited at λ¼ 325 nm. (b) PL decay transients of fac- and mer-Ir(pmp)3 in 2-methyltetrahydrofuran at T¼ 295 and 77 K, with the fits based on
mono- or multi-exponential decays (Lee et al., 2016).

First published in Lee, J., et al., 2016 Nature Mater., 14, 92
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et al., 2016).

First published in Lee, J., et al., 2016 Nature Mater., 14, 92

Table 3.6 Comparison of the properties of Type I (fac), and Type II mer-Ir
(pmp)3

Property Type I (3LC) Type II (3MLCT)

Isomer fac-Ir(pmp)3 mer-Ir(pmp)3

Excited state dipole small (localized excited
state)

large (extended
excited state)

Red shift in DCM
(1.6 D)

0.19 eV 0.33 eV

Emission energy high (3.1 eV, deep
blue)

moderate (2.7 eV, light
blue)

Emission rate
(295 K)

6.4 � 105 s�1 10 � 105 s�1

Emission rate
(77 K)

1.1 � 105 s�1 1.0 � 106 s�1
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phosphorescence requires that these rates are larger
than competing processes, particularly non-radiative
decay pathways via defects or impurities, such that
knr << kISC, kPh. Spin–orbit coupling also leads to rapid
ISC from SD to T1 which suppresses fluorescence from
singlets (i.e. the fluorescence lifetime is τF ~ 1–10 ns
compared with the phosphorescence lifetime for
heavymetal complexes of τPh ~ 1–10 μs). The hierarchy
of transition rates that govern radiative and non-
radiative transitions in organics are shown in Fig. 3.84.
Note that kISC covers a broad range, approaching the
rate of internal conversion (kIC) for heavy metal com-
plexes whereHSO is large, that is, kISC > 1010 s�1 > kF. In
contrast, kISC < 105 s�1 for low molecular weight fluor-
escent materials (e.g. naphthalene) where HSO ! 0
(Beljonne et al., 2001, Forster, 2006).

We can understand the relative importance of the
processes in Fig. 3.84 by comparing expressions for
their photoluminescence quantum yields, which is de-
fined as the ratio of the number of photons emitted
into 4π solid angle, to the total number of exciting
photons that are absorbed in the sample. The fluores-
cent quantum yield is (cf. Eq. 3.119)

ΦF ¼ kF
kF þ knrS þ kISC

ð3:203Þ

with an analogous expression for phosphorescence:

ΦP ¼ ΦISCkPh
kPh þ knrT

; ð3:204Þ

where knrS (knrT) is the non-radiative decay rate from the
singlet (triplet) state, andΦISC is the ISC quantumyield:

ΦISC ¼ kISC
kISC þ kF þ knrS

ð3:205Þ

That is, a condition for strong phosphorescent emis-
sion is that kISC >> kF, such that ΦISC ! 1 and ΦF ! 0.
It follows that for a small non-radiative rate from the
triplet state (which is often the case for heavy-metal-

based triplet emitting molecules), then we arrive at
Kasha’s intersystem crossing ratio:

ΦPh

ΦF
¼ kISC

kF
: ð3:206Þ

While we have concentrated our discussion on Fren-
kel excitons, charge transfer excitons also have either
a singlet or triplet spin multiplicity, and the same is
true for excimers and exciplexes. The notations used
to denote the multiplicities of CT states are 1CT and
3CT for singlets and triplets, respectively.

3.7.5 Delayed fluorescence

Rapid ISC occurs when the singlet and triplet ener-
gies are approximately in resonance. Based on first
order perturbation theory, kISC becomes large when
EðT1Þ � EðSDÞ ! 0 in the energy denominator in
Eq. 3.189. We caution that in this situation, first
order perturbation theory is no longer strictly valid.
Nevertheless, in near resonance, a triplet is endother-
mically promoted into the singlet manifold, followed
by fluorescent emission. Since the direct emission
from the triplet is electric dipole forbidden, the fluor-
escence emission rate is limited by the thermally
activated transfer rate of the long-lived triplets, as
illustrated in the Jablonski diagram in Fig. 3.85. This
phenomenon is known as E-type delayed fluores-
cence, first observed in the molecule, eosin (Parker
and Hatchard, 1961). More commonly, the process is
termed thermally activated delayed fluorescence
(TADF). TADF is one of two processes leading to
delayed fluorescence; the other is due to lossy
triplet–triplet annihilation (TTA) involving the partici-
pation of two triplets (see Section 3.10). Formation of
a singlet via TTA is sometimes referred to as P-type
delayed fluorescence due to its first observation in
pyrene (Parker, 1963).
While spin–orbit coupling is required tomix the spin

states in compounds undergoing TADF, themolecules
do not require a heavy metal atom since the near-

101410121010108106104102100

knr

k’Ph kPh kF

kISC

Transition rate (s–1)

kVR

kIC

Figure 3.84 Characteristic transition rates in organic molecules. Here,
k0Ph is the phosphorescence transition rate in the absence of heavy-metal-
induced spin–orbit coupling, kPh is the phosphorescence rate for heavy
metal complexes. Other rates include fluorescence (kF), ISC for heavy
metal complexes (kISC), vibrational relaxation (kVR), internal conversion
(kIC), and non-radiative relaxation (knr). See Fig. 3.33.

PhosphorescenceTADFFluorescence

T1

S1

ISC

ΔEST

Figure 3.85 The TADF process due to endothermic conversion from T1
to S1 separated by a small activation energy �EST.
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resonance between S1 andT1 reduces the reliance of the
transition on the magnitude of ESO. However, in
the absence of strong spin–orbit coupling, kPh<<kF.
Hence, while back transfer from S1 to T1 is also rapid
and exothermic, as long as the non-radiative vibronic
relaxation rate is knr<kPh, the excited state will be
repeatedly thermionically excited into S1 until a fluor-
escent S1 ! S0 transition occurs. The emission cycle of
T1 ! S1 ! T1 persists for the duration of

1
τTADF

� knr þ kPh; ð3:207Þ

which is approximately equal to the natural phos-
phorescent lifetime.
The kinetic scheme leading to S–T mixing and ul-

timately to TADF is illustrated in Fig. 3.86. Here, the
ISC rate, kISC,T, from T1 ! S1 is thermally activated,
following:

kISC;T ¼ k∞ISC;T exp ��EST=kBTð Þ; ð3:208Þ

where �EST is the singlet–triplet exchange energy, and
k∞ISC;T is the value of kISC,T as T ! ∞. Since the opposite
rate, kISC,S, is exothermic, it is much larger than kISC,T.
A closer energy match of S1 to T1, and a longer triplet
lifetime (τPh ¼ 1/kPh) leads to more efficient TADF,
which in some circumstances can approach 100%.
The probability that higher order vibronics in T1 are
occupied at higher temperatures follows the Boltz-
mann distribution in Eq. 3.208. Hence, as temperature
increases, the transfer between T1 and S1 becomes
increasingly more efficient.
The average number of cycles, �n, between S1 and T1

prior to emission via T1 ! S0 (Fig. 3.86) depends on
the relative magnitudes of the radiative and non-
radiative rates, as well as on kISC,T.Defining the quan-
tum yields for singlet and triplet formation as:

ΦS ¼ kISC;T
kISC;T þ kPh þ knrT

ð3:209Þ

and

ΦT ¼ kISC;S
kISC;S þ kF þ knrS

; ð3:210Þ

respectively, then it can be shown that the number of
cycles is

�n ¼ ΦTΦS

1�ΦTΦS
: ð3:211Þ

The kinetics of TADF have been studied in the fuller-
enes, C60 and C70. Astonishingly, for C60 ~n � 100 at
150oC (Baleizao and Berberan-Santos, 2008). How-
ever, due to the activation energy barrier between S1
and T1, the contribution of TADF to the emission
intensity falls off rapidly as temperature is reduced.
More recently TADFhas been employed in very high

efficiency OLEDs (Uoyama et al., 2012), a topic dis-
cussed further in Section 6.3.4. For this purpose, fluor-
escent molecules with a minimal �EST are required for
high efficiency emission. As noted in Section 3.7.1, the
exchange energy is typically from 0.5 eV to 1.0 eV, in
which case, �EST >> kBT and hence the reverse transfer
rate, kISC,T is small. The key to reducing the exchange
energy, Kj in Eq. 3.49b, is to design molecules that min-
imize the overlap between orbitals in S1 and S0, while
keeping the molecular structure sufficiently rigid to
inhibit rapid T1 ! S0 non-radiative decay.
Metal-free TADF compounds with high efficiency

emission across the visible spectrum are exemplified
by the archetype green fluorescent compound
4CzIPN shown in Fig. 3.87a (Uoyama et al., 2012).
Time dependent DFT calculations show in Fig. 3.87b
that the lowest unoccupied natural transition orbital
(LUNTO) is centered on the dicyanobenzene group at
the molecular core, with little overlap with the highest
occupied NTO (HONTO) that is delocalized over the
four carbazoyl groups (see Fig. 3.87c). In these calcu-
lations, the NTO is obtained from a weighted sum
over all empty HOMO and filled LUMO states to
obtain an estimate of the most likely S1 ! S0 transi-
tion probability density distribution (Martin, 2003).
The limited orbital overlap between the excited and
ground states results in a small �EST ¼ 83 meV,
thereby introducing a substantial oscillator strength
to the intersystem S1  T1 transition. These mol-
ecules also exhibit a relatively small Stokes shift, sug-
gesting minimal reconfiguration during transition
that is enforced by steric effects introduced by the
cyano groups. Taken along with suppressed knr, a
quantum yield of ΦS ¼ 94% is observed.
A feature of TADF emission is the absence of vi-

bronic overtones typically observed in monomeric
S1 ! S0 spectra. Indeed, TADF spectra are compara-
tively broad and featureless, as shown in Fig. 3.88.
This results from the lack of overlap of the HOMO
and LUMO on the same molecule, creating a situation
similar to that found for excimer transitions. In that

S1 T1

S0

hν

kISC,S

k
F +k

nrS k Ph
+k

nr
T

kISC,T

n

Figure 3.86 The cyclic TADF process. Adapted from Baleizao and
Berberan-Santos (2008).
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case, the absence of a bound ground state is respon-
sible for the featureless shape of the emission spectra.

Thermally activated delayed fluorescence is also
commonly observed in metal–organic complexes
such as the Cu carbenes in Scheme 1, Section 3.6.1.
Indeed, TADF in Cu complexes have been extensively
studied due to their high emission efficiencies that are
useful in OLEDs (Wallesch et al., 2014, Shi et al., 2017,

Yersin et al., 2017). The frontier molecular orbitals of
Compounds 3 and 6 in Scheme 1 calculated by DFT
and TD-DFT and shown in Fig. 3.89 provide insight
into the effectiveness of this molecular motif in pro-
moting high efficiency delayed fluorescence (Shi et al.,
2019). The Cu linkage between the carbazoyl (to the
right) and the carbene (MAC or DAC) separates the
electron densities of the HOMOs and LUMOs such
that there is little or no overlap between them. Tran-
sitions thus require intramolecular charge transfer
across a small �EST, as required for efficient TADF
at room temperature. The Cu-complexes show fea-
tureless emission (see Fig. 3.40) and absorption spec-
tra that are due to excimer-like charge transfer
between the excited and ground state orbitals.
The photophysics of the Cu–carbene complexes

have been investigated to understand the mechan-
isms and energetics leading to highly efficient
TADF. The measured transient PL decay vs. tem-
perature of compound 3 is shown in Fig. 3.90a
(data points). The lifetime changes rapidly from a
plateau of > 200 μs at low temperature, to approxi-
mately 1 μs as temperature is increased above 175
K. The data are fit by assuming that the lower triplet
levels are populated according to Boltzmann statis-
tics. Then, following Eq. 3.202, we can write an
analogous expression for the TADF PL lifetime:

�kTADF ¼
2k12 þ k3exp ��E13=kBTð Þ þ kFexp ��ES1 ;1=kBT

� �
2þ exp ��E13=kBTð Þ þ exp ��ES1;1=kBT

� � ;

ð3:212Þ

N

N
N

N

NC CN

(a)

(b)

(c)

Figure 3.87 The compound, 4CzIPN exhibiting high efficiency green TADF
emission. (a) Molecular structural formula, (b) calculated lowest unoccupied,
and (c) highest occupied natural transition orbitals (Uoyama et al., 2012).

Reprinted by permission from Springer Nature, Highly efficient organic light-
emitting diodes from delayed fluorescence, Uoyama, H., Goushi, K., Shizu, K.,
Nomura, H. & Adachi, C. Copyright 2012.
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Figure 3.88 Absorption and photoluminescence spectra of 4CzIPN in
Fig. 3.87. Note the broad, featureless emission spectrum of the molecule
characteristic of TADF (Uoyama et al., 2012).
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6

Figure 3.89 Frontier orbitals. LUMO (left) and HOMO (right) of
compounds 3 (top) and 6 (bottom), Scheme 1 (Shi et al., 2019).

Reprinted with permission from J. Am. Chem. Soc., Shi, S., Jung, M. C., Coburn,
C., A.Tadle, D. Sylvinson, Djurovich, P. I., Forrest, S. R. & Thompson, M. E., Highly
Efficient Photo and Electroluminescence from Two Coordinate Cu(I) Complexes
Featuring Non conventional N heterocyclic Carbenes. Copyright 2019 American
Chemical Society.
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where the factors of 2 are due to the twofold
degeneracy of states T1

1 and T2
1. The PL rate is deter-

mined by the rates at which S1 is populated via
excitations from the three triplet substates, 1, 2,
and 3. This must compete against direct fluorescence
from S1 at rate kF¼ 1.2� 107 s�1 which is weighted by
the factor, exp ��ES1;1=kBT

� �
. A fit to the data in

Fig. 3.90a (solid line) using this expression yields the
energies in Fig. 3.90b. A substantial ZFS energy of 74
cm�1 and an exchange energy splitting of 415 cm�1

(51.5 meV) leads to a high room temperature photo-
luminescent quantum yield of 90% (Shi et al., 2019).

3.8 Energy transfer

The mobile character of the exciton arises from dis-
persion, E(k), in its energy band structure discussed
in Section 3.6. Hence, the effective mass of the exciton
is finite, resulting in kinetic energy, ℏ2k2=2m
r , where
ℏk is the momentum. That is, if the bands are disper-
sionless, as is the case for isolated atoms and mol-
ecules, then ∂2E=∂k2 ! 0, in which case m*! ∞
which prohibits exciton motion. Its ability to move
freely about the solid implies that exciton migration
occurs via energy transfer from molecule to molecule.

Energy transfer is governed by three principal pro-
cesses, depending on the distance over which it oc-
curs. These are: (i) long range radiative transfer (also
known as trivial energy transfer), (ii) near field Förster
(or fluorescent) resonant energy transfer (or FRET), and
(iii) exchange transfer (or Dexter transfer) between mol-
ecules that are in direct physical contact. The inter-
action zones and characteristic interaction distances
are shown in Fig. 3.91. In the transfer process, one
molecule is a donor in its excited state, D*, which
delivers its energy to an acceptor in its ground state,
A0 (terminology is the same as used for excimers and
exciplexes in Section 3.6.3). Sometimes, the donor is
referred to as the sensitizer molecule, and the acceptor
is called the activator, but here we will use the former
and more common terminology. Furthermore, the
donor and acceptor can be molecules of similar or
different compositions.
Following the Second Law of Thermodynamics,

the transfer from D* to A0 is always accompanied
by energy loss. That is, if the exciton energy of D* is
ED* and of A is EA0 , then efficient transfer requires
ED* > EA0 . This corresponds to exothermic transfer.
The energy loss arises from relaxation of the mol-
ecule following excitation, for example, via internal
conversion or lattice distortions that result in a
Stokes shift. Furthermore, in the subsequent transfer
step, the acceptor molecule becomes the donor, that
once more undergoes the same relaxation process,
lowering the energy even further from that of the
original excitation. Nevertheless, if these losses are
not excessive, energy can be extracted from the
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Figure 3.90 (a) Photoluminescent transient decay vs. temperature of
Cu–carbene compound 3 in Fig. 3.89. Measurements shown as circles, fit
to theory in text as lines. (b) Energy level scheme inferred from the fit in
(a). After Shi et al. (2019).

Reprinted with permission from J. Am. Chem. Soc., Shi, S., Jung, M. C.,
Coburn, C., A.Tadle, D. Sylvinson, Djurovich, P. I., Forrest, S. R. & Thompson,
M. E., Highly Efficient Photo and Electroluminescence from Two Coordinate
Cu(I) Complexes Featuring Non conventional N heterocyclic Carbenes.
Copyright 2019 American Chemical Society.
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Figure 3.91 Interaction zones and approximate distances (in nm) over
which they occur (shown as numbers) for D* ! A0 intermolecular
energy transfer transitions. The contact zone is where D* and A0 are in
physical contact, radiationless dipole–dipole transfer occurs in the near
field zone where Förster theory is valid, the intermediate zone is a
transition region between radiationless and radiative transfer, and in the
far field zone, emission by D* is absorbed by A0. In this zone, interactions
scale as 1/r, where r is the intermolecular distance. After Förster (1959)
and van der Meer (2014).
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system (e.g. in the form of heat via phonon absorp-
tion) to enable endothermic energy transfer even
when ED* < EA0 .

The primary objective of this section is to determine
the energy transfer rates, kET, for each process. These
are calculated using Fermi’s Golden Rule (Eq. 3.69),
where the interaction is Coulombic: that is the transi-
tion multipole expansion can be used for Hint, with
different terms in the expansion dominating at differ-
ent distances. The full quantum mechanical treatment
used to describe these several process in a unifiedway
is useful but complicated, for which the reader is
referred to Andrews (1989). Here, we focus on the
three primary regions of interest, omitting a discus-
sion of transfer within the intermediate zone. It is
convenient to begin our discussion with FRET in the
near field region, and then move to exchange inter-
actions, finishing up with radiative transfer. In add-
ition to providing a derivation based on quantum
mechanics, where necessary we will provide a semi-
classical description that may be more useful in the
practical understanding of energy transfer.

3.8.1 Near field radiationless energy
transfer: FRET

In Chapter 2 we showed how induced dipole-
induced dipole interactions provide the adhesive
force for van der Waals solids. This same interaction
is responsible for radiationless coupling of the exci-
tation of a donor molecule to a nearby, unexcited
acceptor. The first treatment of this widely observed
phenomenon is attributed to J. Perrin (Perrin, 1927)
and F. Perrin (Perrin, 1932). While their work intro-
duced the concept of energy exchange between
coupled oscillators, errors in their treatments led to
a considerable overestimation of the distances over
which transfer occurs: ~20–100 nm compared to ac-
tual distances of only ~5 nm. These inconsistencies
were corrected in a landmark paper by T. Förster
that presented the first comprehensive and accurate
analysis of radiationless energy transfer in the near
field (Förster, 1948).

In FRET, an excited singlet donor (1D*) is coupled
to an unexcited acceptor (1A0) via dipole–dipole
interactions. After a time τET ¼ 1=kET the excitation
is transferred according to

1D*þ 1A0 ! 1D0 þ 1A*; ð3:213Þ
a process illustrated in Fig. 3.92. That is, the excited
singlet donor transfers its energy to a nearby
(~1–10 nm) ground state acceptor. This process re-
quires that the D and A transitions be quantum

mechanically allowed, and therefore the initial and
final spin states of the D and A must be identical.
However, transfer to an acceptor between triplet
manifolds is also allowed via

1D*þ 3Am ! 1D0 þ 3An; ð3:214Þ
where 1 	 m< n are the indexes of the initial and final
acceptor triplet states (e.g. T2  T1 or T3  T1). This
transition requires that 3Am is already populated, that
is, it is already in an excited state. Finally, we note that
when the donor molecule is capable of efficient triplet
emission (e.g. it contains a heavy metal atom), then
process Eq. 3.213 is modified as follows:

3D*þ 1A0 ! 1D0 þ 1A
: ð3:215Þ
This process, known as phosphor sensitized fluorescence,
was predicted by Förster (1959) and has been demon-
strated as a route to high efficiency fluorescent OLEDs
(Baldo et al., 2000) (see Chapter 6.3).
The transfer process is governed by electrostatic

multipole interactions between the neutral D* and
A molecules (Eq. 2.39 ff.), viz.

Hint ¼ q2

4πε0εrR3 rD � rA � 3 rD �Rð Þ rA �Rð Þ
R2

� 	
þO

1
R4


 �
þ :::

ð3:216Þ

Here, R is the distance between D and A, and rD and rA
are thepositionsofdipolesofmomentμ ¼ �qr. The term
in brackets is due to dipole–dipole interactions. The
higher order terms represent dipole-quadrupole and
higher multipole interactions, which due to their very
short range, can be safely ignored. The vector relation-
ships between thesequantities are illustrated inFig. 3.93.
It follows from Eq. 3.69 that the energy transfer rate is:

kETðEÞ ¼ 2π
ℏ
hΦf
�� ��Hint Φiij j2ρðEÞ ¼ 2π

ℏ
Mfi
�� ��2ρðEÞ ð3:217Þ

S1

S0

Donor Acceptor

Figure 3.92 Förster resonant energy transfer from a singlet excited state
donor to a ground state acceptor. The small solid and dashed arrows are
the electron and hole spins, respectively, and the large arrows show the
transitions.
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where Φi;f are the wavefunctions, including both elec-
tronic and nuclear components in the initial (i) and
final ( f) states.
In the very weak coupling limit of Förster transfer,

there is no unique correspondence between the vi-
bronic levels of the initial and final states. That is,
due to numerous degrees of freedom, the vibronic
levels are inhomogeneously broadened, resulting in
a distribution of transition densities across the excited
donor and ground state acceptor electronic manifolds.
This must be considered when we determine ρ(E).
A graphical representation of this situation is shown
in Fig. 3.94.
To determine kET, we first calculate the matrix elem-

ent in Eq. 3.216. The wavefunctions explicitly include
both the nuclear (ϕN) and electronic parts (ϕe),
such that

Φi E
D* ;EA0

� 
¼ ϕD*

e ϕA0

e ϕD*
N E

D*

� 
ϕA0

N EA0

� � ð3:218Þ

and

Φf ED0 ;E
A*

� 
¼ ϕD0

e ϕA*
e ϕD0

N E
D*
� E

� 
ϕA*
N EA0 þ E
� �

;

ð3:219Þ

where the energy transferred from D* to A0 is E, and
the other energies correspond to the molecular states
as denoted in their subscripts. Then,

Mfi
�� ��2 ¼ jhΦf jHint Φiij j2 ¼

�
ϕD0

e ϕA*
e Hint ϕ

D*
e ϕA0

e

����� ����2
�����

�����
� hϕD0

N E
D* � E

� 
ϕD*
N E

D*

� ����� ����2
�����
�
�
ϕA*
N EA0 þ E
� �

ϕA0

N EA0

� �i��� ���2����
¼ Me;fi
�� ��2FCD ED* ;ED* � E

� 
� FCA EA0 ;EA0 þ Eð Þ;

ð3:220Þ

where the overlap integrals of the ground and excited
state vibronic levels are given by their respective
Franck-Condon factors. Also, we have used Me;fi for
the Coulomb integral resulting from the dipole–
dipole interaction in Eq. 3.216.
The next step is to calculate the Coulomb integral.

For this, we refer to the vector relationships of rA and
rB in Fig. 3.93, to rewrite the second term in Eq. 3.216
as follows:

q2 rD � rA � 3 rD �Rð Þ rA �Rð Þ
R2

� 	2

¼ κ2Fμ
2
Dμ

2
A: ð3:221Þ

Here, κF is the orientation factor that relates to the
coupling between dipoles:

κ2F ¼ cosθDA � 3cosθDcosθAð Þ2: ð3:222Þ

This quantity has a value between 0 and 4, depending
on the relative angles between dipoles. It is apparent
that if the dipoles are orthogonal to each other, no
energy transfer can occur. In a medium in which the
dipoles are uncorrelated and hence randomly orient-
ed, the spatial average is κ2F ¼ 2

3. Thus, the efficiency of
FRET can be used to determine the degree of orienta-
tional correlation between donor and acceptor. Spe-
cifically, the transfer efficiency in a solid can be
measured as a function polarization of the incident
radiation that is used to induce the transition
D*  D0 (Andrews and Bradshaw, 1999).
Using Eqs. 3.216 and 3.220, we obtain

µD

µA

R

θD

θA
θDA

Figure 3.93 Vector relationships between the donor and
acceptor electric dipole moments, μD and μA, respectively, and
their separation, R.

FA

FD

σD

2δ2

S

D A

S

2δ1

ω ω3 ω4

ω ω1 ω2

σA

←

→

Figure 3.94 Coupling between the broad donor (D) and acceptor (A)
bands involved in FRET. Here, FA,D(ω) are the emission spectra, and
σA,D(ω) the absorption spectra of the (acceptor, donor) molecules. Their
respective Stokes shifts are 2δ1 and 2δ2. S is the overlap between the two
(Andrews and Rodriguez, 2007).
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Mfi
�� ��2 ¼ κ2Fμ

2
Dμ

2
A

4πε0ð Þ2n4
rR

6
DA

FC ED*;ED* � ℏω
� �

� FC EA0 ;EA0 þ ℏωð Þ; ð3:223Þ

where RDA is the distance between dipoles, and
the real part of the index of refraction is related to
the permittivity via nr ¼ ffiffiffiffi

εr
p

. Finally, integrating over
the density of initial and final states within the elec-
tronic manifolds of D* and A0, we obtain the total,
energy-independent rate of:

kET ¼ κ2μ2
Dμ

2
A

2πð Þ3 4πε0ð Þ2n4
rℏ

2R6
DA

�
ð
g*D ED*
� �

g0A EA0ð ÞFCD ED*;ED* � ℏω
� �

�FCA EA0 ;EA0 þ ℏωð Þdω: ð3:224Þ

In this expression, we have introduced the Boltz-
mann factors, g*D and g0A, that account for the distri-
bution of excitations over the several vibronic levels
within the particular electronic manifold (i.e. D* or
A0). The dipole overlap integrals are conveniently
expressed via

MD ωð Þ ¼ μ2D

ð
g*D ED*
� �

FCDd ED*
� � ð3:225aÞ

and

LA ωð Þ ¼ μ2D

ð
g0A EA0ð ÞFCAd EA0ð Þ: ð3:225bÞ

The integral Eq. 3.224 is proportional to the overlap of
the normalized emission spectrum of the donor
( fD(ω)) with the molar absorption spectrum of the
acceptor. Thus, in terms of the un-normalized donor
fluorescence spectrum, FD(ν):

fD νð Þ ¼ FD vð Þð
FD vð Þdv

¼ FD νð Þ
ΦD

; ð3:226Þ

where ΦD is the total fluorescence quantum yield of
the donor. To obtain the exact expressions for these
terms, Förster has shown (Förster, 1951) from the
Einstein coefficients for spontaneous emission, Afi,
and stimulated absorption, Bif that:

MD νð Þ ¼ 3
4
ε0ℏc3ΦDfD νð Þ

πnrτDν3
ð3:227Þ

and

LA νð Þ ¼ 6ε0αA νð Þnrℏc
NAν

MwA

ρMA
: ð3:228Þ

Here, MwA is the molar molecular mass, ρMA is the
mass density of the acceptor in the mixture, and τD is
the total radiative lifetime (including non-radiative
transitions) of the donor in the absence of the acceptor
molecule. Then combining Eqs. 3.224, 3.225, 3.227,
and 3.228 we arrive at the so-called Förster integral:

kET ¼ 9c4

128π5
κ2ΦD

NAn4
r τDR

6
DA

MwA

ρMA

ð
fD νð ÞαA νð Þ

ν4
dν: ð3:229Þ

Often, it is convenient to use the imaginary part of the
complex refractive index,

~n ¼ nr þ ik; ð3:230Þ
instead of the absorption coefficient, in which case we
substitute αA νð Þ ¼ 4πkA νð Þ=λ in Eq. 3.229. (Here, k is
the extinction coefficient that should not be mistaken
for a rate, Boltzmann’s constant or any number of
other confusing assignments used for this variable!)
Alternatively, Eq. 3.229 can be restated in terms of the
decadic molar extinction coefficient (cf. Eq. 3.97):

kET ¼ 9 2303ð Þc4
128π5

κ2ΦD

n4
r τDNAR6

DA

ð
fD νð ÞεA νð Þ

ν4
dν: ð3:231Þ

Finally, we can write this expression in terms of the

acceptor absorption cross section, σA ¼ 4πkA
λ

MwA

NAρMA

to obtain

kET ¼ 9c4

8π
κ2ΦD

n4
r τDR

6
DA

ð
fD ωð ÞσA ωð Þ

ω4 dω: ð3:232Þ

Equation 3.229 (and its other versions) has several
notable features. First, it is independent of ℏ, even
though our treatment has been based on the quantum
mechanical interaction of the donor and acceptor mol-
ecules! Indeed, the premise of Förster’s original treat-
ment of this phenomenon was that it is completely
classical (Förster, 1948), although at a later date he
came to an identical formulation based on quantum
mechanics. A review and comparison of these various
approaches has been summarized by B. Wieb van der
Meer (2014). A further important feature of FRET is its
dependence on 1=R6

DA as is characteristic of very short
range induced dipole-induced dipole interactions. Fi-
nally, the transfer rate follows ~ΦD/τD, that is, it scales
proportionately with the ratio of quantum yield to
fluorescence lifetime of the donor. As the quantum
yield increases and lifetime decreases, the transfer
becomes increasingly efficient. This is a consequence
of the fact that the coupling involves the exchange of
quanta, and hence the efficiency of this exchange
must be proportional to the radiative quantum yield.
The inverse proportionality with lifetime implies that
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other competing processes can reduce the transfer
efficiency. If τD is sufficiently short, FRET will
dominate.
Finally, and most importantly, the integral is pro-

portional to the degree of overlap between the donor
fluorescence and acceptor absorption spectra. This,
in effect, expresses the extent that the energy levels
of these states are in resonance. The Förster integrals
can be simplified if we rearrange Eq. 3.229 as
follows:

kET ¼ 1
τD

R0

RDA


 �6

; ð3:233Þ

where

R6
0 ¼

9c4

128π5
κ2ΦD

NAn4
r

MwA

ρMA

ð
fD νð ÞαA νð Þ

ν4
dν ¼ AνJν ð3:234Þ

is the Förster radius or the transfer distance, which is
proportional to the spectral overlap integral, Jν. Thus,
when RDA¼ R0, then kET¼ 1/τD. In this circumstance,
the transfer time is equal to the radiative lifetime,
reducing the transfer efficiency by 50%:

ηET ¼
τD

τET þ τD
! 1

2
: ð3:235Þ

Here, 1=τD ¼ 1=τF þ 1=τNR where τF is the natural
fluorescence lifetime of the donor, and τNR is the
time for non-radiative decay via parasitic loss chan-
nels. The Förster radius is thus strongly dependent on
the spectral overlap integral.
An example of overlap, and the resulting calcu-

lated values of R0 using Eq. 3.234 are the emission
and absorption spectra shown in Fig. 3.95 for a layer
of a DPT film in contact with rubrene (Rbn), as well
as Rbn in contact with DBP. The spectral overlap
region is shaded. Clearly, Jν for Rbn–DBP is much
larger than for the DPT–Rbn system, yet the Förster
radius differs by less than a factor of two (R0 ¼ 2.5
nm vs. 4.7 nm). This seeming contradiction points to
the fact that R0 � J1=6ν , and hence is very insensitive
to the degree of overlap and the other physical and
optical properties of the molecular system. Most ef-
fective molecular species that exhibit efficient FRET
have Förster radii between 3 nm and 5 nm (van der
Meer et al., 1994).
It is worth discussing the effects of the orientation

factor, κ2F, that carries a wealth of information about
the morphology of the D–A blend, since the degree of
coupling between molecules depends on their relative
angles, θDA, θD, and θA (Fig. 3.93). Recovery of this
information is complicated by the many other param-
eters in the prefactor to the overlap integral.

However, the coupling of polarized light to the
donor molecule is proportional to cos2θ, where θ is
the angle between the incident light and the dipole
moment, μD. Hence, polarized light selectively excites
only those molecules aligned to the incident polariza-
tion. If energy transfer occurs on a time scale less than
the time to randomize the excited donors, then infor-
mation about the polarization state is passed on to the
acceptor population with an efficiency proportional
to κ2F. We then can determine if there is a preferred
orientation between D and A by measuring the polar-
ization of light emitted by the acceptor. The degree
polarization of the emitted light is

P ¼ Ik � I?
Ik þ I?

; ð3:236Þ

where Ik and I? are the polarized emission intensities
parallel and perpendicular to the excitation polariza-
tion. If all absorbing dipoles are aligned parallel to the
incident polarization, then P ¼ 0.5. Further, for a
sample where all emitting dipoles are perfectly
aligned, the 3D rotational average should have a
ratio of Ik : I? ¼ 3 : 1. Differences from this ratio pro-
vide information about the degree of misalignment,
or of the rate of randomization of the dipoles on time
scales comparable to kET (Andrews and Bradshaw,
1999). Furthermore, the time dependence of this
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Figure 3.95 Normalized photoluminescence spectrum (corresponding
to the fluorescence spectrum fD) and extinction coefficient (k) for the (a)
DPT/Rbn and (b) Rbn/DBP D–A pairs. The overlap between spectra are
shaded, along with the calculated Förster radii (R0 shown in legends)
(Griffith and Forrest, 2014).
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ratio can be used to study the dynamics of molecular
orientation and motion within the solid or liquid that
hosts the D and A molecules.

As noted above, FRET plays a significant role in the
diffusion of excitons, and hence has been studied and
exploited in OLEDs, OPVs, lasers, and many other
organic devices. These phenomena will be discussed
in the context of those devices in Part II. Also, we
would be remiss in omitting the essential role that
FRET plays in living organisms, most notably in the
process of photosynthesis. The literature abounds
with detailed studies of FRET in proteins, cells, nucle-
ic acids, nanoparticles and so on (see, for example,
Medintz and Hildebrandt, 2014). For example, the
light harvesting complexes in purple bacteria com-
prise ring structures that contain optical absorbing
porphyrins. The photogenerated exciton is trans-
ferred from porphyrin to porphyrin, eventually find-
ing its way to a reaction center (RC) in the middle of
the ring that transforms the excitation into free
charge. Hence, the rings serve as optical antennas
that funnel excitons to the charge separation center.
An example system comprised of two light harvesting
complexes, LH1 and LH2 that serve as coupled an-
tennae in Rhodobacter sphaeroides is shown in Fig. 3.96
(Sundström et al., 1999).

The complex has been optimized to assure that the
path from light absorption to charge generation is
nearly 100% efficient. Its properties include: (i)

optimization of the spectral characteristics of the
donor–acceptor bacteriochlorophyll (BChl) pair B800
and B850 (with absorption between wavelengths of
800 nm to 850 nm, respectively) to assure resonant
coupling betweenmolecular units. (ii) Precise position-
ing of molecules involved in the transfer to less than a
Förster radius. The spacing is maintained by a peptide
scaffold that also forms two concentric rings to accur-
ately positions the BChl molecules. The separation be-
tween B800 and B850 is estimated to be only 1.5 nm to
1.9 nm (see Fig. 3.96a). (iii) Extremely fast and nearly
lossless transfer between molecular units around the
nine-membered (nonomer) LH2 ring structure, and
between LH2 and LH1 and the RC at the central axis
of the antenna assembly. Indeed, dipole–dipole coup-
ling energies of ~15 cm�1 between B800 and B850
ensure almost no energy loss during each transfer step.
In Fig. 3.96b,wefind that the rates of transfer around

the rings, and between rings and RC range from 500 fs
to 35 ps. There are no other processes in this photosyn-
thetic unit that can compete on these time scales, re-
sulting in near unity quantum yield. Finally, (iv) the
carotenoid molecules are extremely tightly coupled
(<1 nm spacing) with the pigments, particularly B850
in Fig. 3.96a. The carotenoids (Crt) perform two func-
tions, one in energy transfer and the other in stabilizing
the pigmentmolecules by scavenging damaging triplet
states and reactive singlet oxygen. The Crt, S2 state is
very short lived, and hence it efficiently transfers en-
ergy to the Q-band absorption of B850, thus broaden-
ing the spectral sensitivity of the antenna system. Due
to the very close intermolecular spacings, transfer oc-
curs in only ~200 fs, thus competing favorably with
parasitic non-radiative processes.
Fluorescent resonant energy transfer plays a central

role in this complex antenna network that has been
optimized by evolution to ensure rapid and highly
efficient energy harvesting in plants and microbial
organisms. The foundations to our understanding of
energy transfer laid by Förster nearly 70 years ago has
openedmany new fields in the biological and physical
sciences.

3.8.2 Energy transfer in the contact zone: Dexter
transfer by electron exchange

When the excited donor is in physical contact with
an acceptor molecule, the electron from the donor
can be directly transferred to the acceptor simultan-
eously with the transfer of an electron between their
ground states. The exchange can occur between
states of either the same or different spin

(a) (b)

Figure 3.96 The photosynthetic light harvesting complex found in
Rhodobacter sphaeroides. (a) A detail of one unit of the nine-sided light
harvesting complex, LH2, shown as ring structures in (b). The red and
orange ribbons are the a and b polypeptide helices, respectively, that form
a scaffold to support the light absorbing B800 (blue) and B850 (green)
bacteriochlorophylls (BChl). Carotenoids are shown in yellow. (b) The BChl
are precisely positioned to maximize FRET from the LH2 antennae to the
LH1 ring centered on the reaction complex (RC) where the excitons are
separated into free charge. The transfer times (τET) between moieties are
indicated (Sundström et al., 1999).

Reprinted with permission from J. Phys. Chem. B, 103, 2327, Sundström, V.,
Pullerits, T. & Grondelle, R. v. Photosynthetic light-harvesting: Reconciling
dynamics and structure of purple bacterial LH2 reveals function of
photosynthetic unit. Copyright 1999 American Chemical Society
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multiplicities, as long as the excited and ground
states do not change multiplicity during transfer. In
Fig. 3.97 we illustrate that charge exchange, or Dex-
ter transfer, occurs via

1D* þ 1A ! 1D þ 1A*; ð3:237aÞ

3D* þ 1A ! 1D þ 3A*; ð3:237bÞ
with obvious variations where the triplet and singlet
states are interchanged. Reactions in Eq. 3.237a and b
are analogous to those in Fig. 3.97a and b, respectively.
Exchange transfer was first considered by Dexter

who extended the work of Förster to include both the
exchange and Coulomb integrals in the analysis
(Dexter, 1953). We can derive the transfer rate by
starting with the initial (i) and final (f) state antisym-
metrized donor–acceptor spinorbital wavefunctions
as follows:

Ψ i ¼ 1ffiffiffi
2
p ΨD* r1;Q1; S1D*

� �
ΨA0 r2;Q2; S2A0ð Þ�

�ΨD* r2;Q2; S2D*
� �

ΨA0 r1;Q1; S1A0ð Þ� ð3:238Þ
and

Ψ f ¼ 1ffiffiffi
2
p ΨD0 r1;Q1; S1D0ð ÞΨA* r2;Q2; S2A*

� ��
�ΨD0 r2;Q2; S2D0ð ÞΨA* r1;Q1; S1A*

� ��
: ð3:239Þ

The coupling matrix element, Mfi, Eq. 3.220, is then:

Mfi ¼ 1
2
hΦD0 r1;Q1ð ÞΦ

A* r2;Q2ð Þ
h
�jHintjΦD* r1;Q1ð ÞΦA0 r2;Q2ð Þi
� hσD0 S1D0ð Þσ

A* S
2A*

� 
jσ

D* S
1D*

� 
σA0 S2A0ð Þi

�hΦD0 r1;Q1ð ÞΦA* r2;Q2ð ÞjHintjΦD* r2;Q2ð ÞΦA0 r1;Q1ð Þi
� hσD0 S2D0ð Þσ

A* S
1A*

� 
jσ

D* S
1D*

� 
σA0 S2A0ð Þi

i
ð3:240Þ

The first term is the Coulomb integral that couples the
excited and ground states of the donor and acceptor
pair. It is the same integral that leads to Förster trans-
fer in the previous section. Since the spin eigenfunc-
tions, σ, are orthogonal, the spin integral in the first
term vanishes unless S1D0 ¼ S1D* and S2A0 ¼ S2A*;
that is the spin multiplicity on a given site must be
conserved in a Coulomb-mediated interaction be-
tween the initial and final states. Thus, there can be
no spin-flip between the initial and final states of
either the donor or acceptor. Indeed, this is a condi-
tion of Förster transfer, as discussed in Section 3.8.1,
except for situations where there is strong mixing
between states of different multiplicities (e.g. in
triplet-emitting metalorganic complexes).
The second term in Eq. 3.240 is the exchange inte-

gral: its magnitude depends on the spatial overlap of
the wavefunctions, ΦD and ΦA between sites r1 and
r2. This integral is only significant when the donor
and acceptor molecules are in close contact. The inter-
action is purely Coulombic, that is,

Hint ¼ �q2=4πε0εrjr1 � r2j ¼ �q2=4πε0εrRDA: ð3:241Þ
In contrast to near-field interactions, the spin integral
in the second term in Eq. 3.240 places no prohibition
on spin-flip during transfer. That is, the integral is
non-vanishing when S1A* ¼ S1D* and S2D0 ¼ S2A0 ,
where the spins are exchanged between molecular
sites. Then, the spin of the excited acceptor is equal
to the spin of the excited donor, and likewise the
initial states of the donor and acceptor also have the
same spin. These spins must therefore transfer simul-
taneously between donor and acceptor, as illustrated
in Fig. 3.97.
Now that the transfer matrix element is defined, we

once more use Fermi’s Golden Rule along with the
procedure used to calculate the Förster integral (e.g.
Eq. 3.232) to obtain (Dexter, 1953)

kET ¼ 2π
ℏ
Γ2
ð
fD ωð ÞσA ωð Þdω: ð3:242Þ

(Note: consistent with spectroscopic notation in
Eq. 3.232, σA is the absorption cross section of the ac-
ceptor, as opposed to its spin wavefunctions.) Here, Γ2

is the overlap integral of the second term in Eq. 3.240 by
summing jMfij2 over allfinal and initial states,weighted
by the appropriate Boltzmann factors that account for
the state occupancies. Also, the 1/ω4 dependence in the
Förster integral is absent in the denominator of
Eq. 3.242 as a result of the 1=RDACoulomb interaction
in the latter, in contrast to dipole–dipole coupling with
its 1=R3

DA dependence in FRET. In the simplest

Donor Acceptor

(a)

Donor Acceptor

(b)

S1 S1

S0 S0

Figure 3.97 (a) Singlet–singlet and (b) triplet–triplet electron exchange
energy transfer in the contact zone.
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approximation, the wavefunctions of the initial and
final states are hydrogenic, such that:

Γ2∝
q2

4πε0
� �2nrR2

DA

expð�2RDA=LÞ; ð3:243Þ

where L is the effective Bohr radius (or more accur-
ately the distance of closest molecular spacing as de-
termined by van der Waals forces, see Section 2.3.3)
of the contacting molecules. The exponential is pro-
portional to the probability for an electron on the
donor to tunnel to a neighboring acceptor. Combining
Eq. 3.242 and 3.243 results in the approximate expres-
sion for exchange transfer in the contact zone:

kET ¼ K
q2

8πε20ℏnrR2
DA

ð
fD ωð ÞσA ωð Þdω

� 	
�expð�2RDA=LÞ ¼ K’Jω

R2
DA

expð�2RDA=LÞ: ð3:244Þ

Here, K and K0 are numerical constants that account
for the degeneracy of the donor and acceptor mol-
ecules, the quantum yield of the donor, and other
quantum mechanical effects, and Jω is the spectral
overlap integral given by the term in brackets. In
contrast to the Förster process, Dexter transfer is a
purely quantum mechanical phenomenon, which is
clear from the appearance of ℏ in Eq. 3.244. Similar to
FRET, we see that exchange transfer also depends on
energetic resonance between the donor and acceptor
states expressed by the non-vanishing overlap (Jω)
between their emission and absorption spectra, re-
spectively. We further note that there is no depend-
ence on the orientation factor, κ2. In the spherical
wavefunction approximation, there can be no pre-
ferred direction of transfer. In realistic molecular
systems, however, the transfer occurs preferentially
along directions of closest intermolecular contact.
Hence, we expect that the exchange transfer will be
dependent on the molecular shape, steric influences,
crystal structure (and hence anisotropy), direction,
and film morphology. Since the orbital overlap be-
tween molecules can be small, depending on
whether the material is crystalline, polycrystalline
or amorphous, and since the rate decreases exponen-
tially with distance, we expect the maximum transfer
distance to extend to only one or a few lattice con-
stants from the donor molecule in almost all
circumstances.

The rate of exchange is comparable to the tunneling
time, which for transfer between nearest neighbors is
kET ~ 1010–1011 s�1. We will show in Section 3.9 that
both FRET and exchange interactions play a crucial
role in exciton diffusion in molecular solids. Whereas

FRET is the prevalent means for energy migration in
fluorescent (singlet) systems, exchange processes
dominate for triplets. There are exceptions to this
situation when highly emissive phosphorescent mol-
ecules are involved.

3.8.3 Radiative energy transfer

Radiative, or trivial, energy transfer is a long range
process whereby the excited donor radiates a pho-
ton of energy ℏω that is subsequently absorbed by
the acceptor after travelling a distance, RDA,
through the medium (see Fig. 3.98). Radiative trans-
fer occurs at distances >50 Å where neither ex-
change nor FRET are active. In this limit, the donor
and acceptor are decoupled; hence there are no spin
selection rules that govern the interaction although
it is most likely to occur between a radiative donor
(which can be a fluorescent or heavy metal contain-
ing phosphorescent molecule) and the singlet state
of the acceptor. Note that Tn  Tm (n>m � 1) tran-
sitions are also possible in radiative transfer, al-
though the acceptor must already be prepared in
its excited triplet state, Tm, by, for example, strong
optical pumping.
The two-step radiative transfer process follows

D* ! D0 þ ℏω ð3:245aÞ
and

A0 þ ℏω! A*: ð3:245bÞ
The isotropic Coulomb interaction between donor
and acceptor is once again found via the samemethod
as used for FRET, giving the transfer rate (Andrews
and Juzeli~unas, 1992):

kET ¼ 9κ2radΦD

8πnrτDR2
DA

ð
fD ωð ÞσA ωð Þdω; ð3:246Þ

S1

S0

Donor Acceptor

ℏ𝜔

Figure 3.98 Radiative energy transfer involving emission of a photon by
the donor and absorption by the acceptor in the far field zone.
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where

κ2rad ¼ cosθDA � cosθDcosθAð Þ2 ð3:247Þ
is the orientation factor between donor and acceptor
dipoles that accounts for the spherically symmetric
radiation field of the Coulomb potential.
Equation 3.246 assumes that a particular donor–

acceptor pair at distance RDA is involved in the trans-
fer. This transfer rate scales as 1=R2

DA, but the number
of acceptor molecules contained in a volume centered
on the donor increases as R3

DA, which implies that the
transfer rate is a linearly increasing function of the
size of the sample. This, of course is not the case since
the probability of finding a photon at distance R is
decreased by the probability that it has been absorbed
by acceptors in the intervening volume with radius
<R. We resolve this problem by weighting the cross
section by the absorption factor exp �αA ωð ÞRDAð Þ,
using αA ωð Þ ¼ NAρMAσA ωð Þ=MwA ¼ σA ωð ÞρNA where
ρNA is the number density of acceptors. Thus Eq. 3.246
is corrected to yield

kET ¼ 9κ2radΦD

8πnrτDR2
DA

ð
fD ωð ÞσA ωð Þexp �σA ωð ÞρNARDAð Þdω:

ð3:248Þ
The transfer efficiency (ηrad) is obtained by calculating
the total number of photons emitted to those ab-
sorbed in the sample:

ηrad ¼
1
ΦD

ð
fD ωð Þ 1� exp �σA ωð ÞρNAdð Þ½ �dω; ð3:249Þ

which scales with the inverse exponential of the total
sample thickness, d.
Trivial energy transfer typically occurs over dis-

tances 1/αA ~10–50 nm. This lossy exothermic process
implies only a few transfers typically occur before the
photon escapes from the sample, and hence it does
not significantly contribute to exciton migration.
The rate for radiative energy transfer is determined

by the emission rate, that is, kET ~ kr which is typically
108–109 s�1 for fluorescence (cf. Fig. 3.84), although
kr for metalorganic triplet emitters are in the range

107–105 s�1. Hence, its presence is detected by meas-
uring the increase in radiative lifetime in a sample
compared to the natural lifetime of the emitting mol-
ecule, and the dependence of this lifetime on
sample size.
To summarize, we note that the total energy trans-

fer rate is the sum of all active processes. Therefore,
the total rate is given by

kET;tot ¼ kET;exch þ kET;FRET þ kET;rad: ð3:250Þ
The functional dependencies of each of these transfer
rates are summarized in Table 3.7.

3.9 Exciton diffusion

Multiple, sequential exciton transfers between indi-
vidual molecules prior to recombination results in
the migration of energy across macroscopic distances
within the solid. The transfer from D* to A0 by one of
the several processes in Section 3.8 is the shortest step
taken in what is ultimately a random walk of the
exciton, resulting in transport of energy over a char-
acteristic distance, LD, known as the exciton diffusion
length. After a diffusion time, τD, the exciton recom-
bines. We define the diffusivity (or diffusion constant)
of the material as

D ¼ L2
D

τD
: ð3:251Þ

Whether or not diffusion over extended distances is
efficient or even possible ultimately depends on the
distance over which transfer must occur between
donor and acceptor molecules. In homogeneous thin
films, the donor is surrounded by acceptor molecules,
and provided that the transfer process is not signifi-
cantly exothermic (i.e. there is not a large energy loss
in the D* ! A0 process), transfer occurs by simple
diffusion for a time, τD¼ τr, the natural recombination
lifetime of the exciton. However, if the donor and
acceptor molecules are mixed into a matrix consisting
of host molecules that have an energy gap larger than
that of the donor (or guest), then the diffusion length is
shorter than predicted in Eq. 3.251 if the separation

Table 3.7 Energy transfer processes and their properties

Process Transfer rate Distance dependence Zone Characteristic transfer distance

Exchange (Dexter) kET,exch
1

R 2
DA

expð�2R DA =L Þ Contact <1 nm

FRET kET,FRET
1

R 6
DA

Near <10 nm

Radiative kET,rad
1

R 2
DA

expð�αAR DA Þ Far >100 nm
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between guest molecules exceeds a critical distance
beyond which the exciton has a greater probability for
recombination than transfer. In this case, τD < τr for a
guest concentration [G] that is less than a critical
value, [Gc] that allows for an uninterrupted percolat-
ing path for diffusion, illustrated in Fig. 3.99. The
dependence of diffusion length on [G] is known as
dynamic percolation (Monberg and Kopelman, 1978).

The abrupt onset of percolation for triplets gov-
erned by Dexter exchange is determined using the
exchange integral, K. Guest molecules that are separ-
ated, on average by m host molecules, gives (Klafter
and Jortner, 1977)

K ¼ β β=�ð Þm; ð3:252Þ

where β is the exchange integral between nearest
neighbors, and � is the energy difference between the
guest and host excited states. The process whereby the
excitation moves from D* to A0 over a bridge of m
intervening host molecules is known as superexchange
(Lambert et al., 2002). When the distance between
D and A is small, a narrow impurity band develops
overwhich transport (of excitons or charges) can occur,
and the exciton is thereby delocalized. Alternatively,
the exciton can be trappedwithin a cluster. In this case,
no band exists, and the solid is transformed from a
conductor to an insulator. This transition is known as
Anderson localization (Anderson, 1958), and is observed
for a range of physical phenomena including spin
waves, acoustic waves, and conductor-to-insulator
transitions in disordered media.

For inhomogeneously broadened spectral lines
arising from off-diagonal disorder (i.e. the interaction
occurs between two spatially separated molecules),
the uncertainty principle implies that the hopping
time is τhop ¼ ℏ=K 	 τr, where the latter inequality
is required for dynamic percolation to occur. Then,

from Eq. 3.252, the number of steps leading to
percolation, is

mc ¼ ln βτr=ℏð Þ=ln �=βð Þ: ð3:253Þ
The relationship between mc and [Gc] depends on the
dimensionality of the solid and its lattice structure.
Interestingly,mc for triplets is typically larger than for

singlets. For example, for the system consisting of guest
C10H8 molecules in a C10D8 host, the singlet lifetime is
τr � 128 ns vs. 2.6 s for triplets. For this system, β �
1–10 cm�1, and �� 30–100 cm�1, leading to K� 10�2–
10�4 cm�1 (Klafter and Jortner, 1977). Thus, for singlets,
mc� 2,whereas for triplets,mc� 6. That is, owing to the
significantly longer lifetime of triplets, the number of
sites over which superexchange can occur is corres-
pondingly larger, resulting in a concomitant reduction
in [Gc]. The probability for the onset of percolation for a
square lattice is shown in Fig. 3.100.
Diffusion is governed by Fick’s law. Thus, the time-

dependent exciton population density of n(r,λ), at
position r due to absorption at wavelength λ is given
by the diffusion equation:

D∇2n r; λ; tð Þ � n r; λ; tð Þ
τD

þ Gðr; λ; tÞ ¼ ∂n r; λ; tð Þ
∂t

;

ð3:254Þ
where G(r, λ, t) is the generation rate of excitons in the
medium at time, t. In steady state, the right hand side
of Eq. 3.254 is zero.
In Fig. 3.101 we show the solution to Eq. 3.254 for

light propagating in the +x direction with intensity I0

ABC

D

Figure 3.99 Diffusion of an excited state via sequential transfer from
donor to acceptor molecules (filled circles) in a wide energy gap host
matrix (open circles). The wide energy gap of the matrix prevents energy
transfer from the host. Paths A and B are examples of percolation,
resulting in radiative recombination (starbursts) of the guest after a
diffusion length, LD, is reached. Paths C and D are too short for the exciton
radiate before it non-radiatively recombines (denoted by X).
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Figure 3.100 Percolation probability for a square lattice of C10H8
(guest) molecules doped in C10D8 (host) as a function of guest
concentration, [G]. The concentration at which the probability that the
guest molecule is found in an “infinite cluster,” that is, where the exciton
diffusion length is not limited by its lifetime, corresponds to the
intersection of the straight dashed lines with the [G] axis. From Monberg
and Kopelman (1978).

Reprinted from Chem. Phys. Lett., 58, 492, Monberg, E. M. & Kopelman, R.,
Critical concentrations for triplet exciton tunneling in binary napthalene
crystals: The case for percolation copyright 1978 with permission from Elsevier
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and incident on the sample surface at x ¼ 0. From the
Beer–Lampert law, Gðx; λ; tÞ ¼ I0ðλ; tÞexp �α λð Þx½ �
where α(λ) is the absorption coefficient. The calcula-
tions are for two different values of α, and for the

boundary conditions of n(x ¼ 0) ¼ 0, or
∂nð0Þ
∂x
¼ 0,

corresponding to complete, or zero quenching
(known as blocking), respectively, of excitons at the
surface. For blocking conditions, the exciton density is
at a maximum at the light incident surface. Far from
the surface, the exciton density simply follows the
exponential decay of the generation rate profile. The
diffusion length can be accurately measured in lumi-
nescent samples possessing one of these two bound-
ary conditions by determining their luminescence
intensity as a function of sample thickness. For ex-
ample, if the excitons are quenched at the surface of
incidence, the fluorescence intensity increases with
film thickness since an increasing fraction of photons
are absorbed deeper in the sample. By fitting the
intensity from a series of samples of different thick-
nesses to the profiles calculated using Eq. 3.254, one
can determine LD. Alternatively, this same procedure
can be applied to a single sample by measuring the
luminescent intensity as a function of incident wave-
length. Since absorption is wavelength dependent,
this allows one to vary the optical path length within
the sample for each wavelength chosen, from which a
fit to the diffusion equation provides LD.

A particularly accurate method for measuring LD is
spectrally resolved photoluminescence quenching (SR-
PLQ), where the photoluminescence intensity as a
function of wavelength is measured using a capping
layer that either quenches or blocks excitons at the
material surface (Lunt et al., 2009). The experimental
configuration for the SR-PLQ measurement is shown
in Fig. 3.101 (inset). A wavelength dependent exciton
distribution, n(x), in a thin film is generated using a
monochromatic light source incident at x ¼ 0 through
either a transparent exciton blocking or capping layer.
For sufficiently thick films, n! 0 as x! d, the film
thickness. The exciton distribution is then described
by Eq. 3.254 modified to take into account the angle of
the incident illumination, θ:

LD

τr

2 ∂2nðxÞ
∂x2

� nðxÞ
τr
þ I0α λð Þ

cosθ
exp � α λð Þx

cosθ


 �
¼ 0:

ð3:255Þ
By comparing the luminescence intensity of the sam-
ple with a blocking (PLB) to that with a quenching
layer (PLQ), the normalized quenching ratio, η, is
obtained using:

ηðαÞ ¼ PLB αð Þ
PLQ αð Þ ¼

ð∞
0

nBðx; αÞdx

ð∞
0

nQðx; αÞdx
: ð3:256Þ

Here, nQ is the exciton density in the film with the
quenching layer, nB is the density in the film with the
blocking layer,. Solving for n(x) in Eqs. 3.255 and
3.256 we obtain

ηðαÞ ¼ αðλÞLD

cosθ
þ 1 ¼ α0ðλÞLD þ 1: ð3:257Þ

where α0(λ) is the angle-corrected value of the absorp-
tion coefficient. Thus, the slope of a plot of PLB/PLQ

versus α0(λ) yields the diffusion length in situations
where there is negligible energy transfer between the
film and the quenching layer. The analysis becomes
somewhat more complicated when the films are thin,
there is energy transfer between the film and the
quenching layer, or there is overlap between the spec-
tra of the sample and the blocking or quenching
layers. While these situations can and should be
avoided, they can nevertheless be accounted for by
optical modelling of the sample structures, and in-
cluding independent measurements of transfer radii,
etc. (Lunt et al., 2009, Bergemann and Forrest, 2011).
Example results from SR-PLQ analysis of three

archetype fluorophores used in organic photovoltaics
and OLEDs are shown in Fig. 3.102. Excitation spectra
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Figure 3.101 Exciton density from the surface at x ¼ 0 as a function of
boundary conditions normalized to the incident intensity. The sample
thickness is d >> LD ¼ 15 nm. The exciton density is given for two
different values of absorption coefficient, α. Here, I0 is the incident light
intensity and τ is the exciton lifetime. Inset: Geometry employed in
measuring LD (Lunt et al., 2009).

Reprinted from Lunt, R. R., Giebink, N. C., Belak, A. A., Benziger, J. B. &
Forrest, S. R. 2009. Exciton Diffusion Lengths of Organic Semiconductor Thin
Films Measured by Spectrally Resolved Photoluminescence Quenching. J. Appl.
Phys., 105, 053711 with the permission of AIP Publishing
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were collected at a fixed wavelength located near a
peak in the emission are shown in Fig. 3.102a.
Quenching and blocking layers were selected for
each material based on the alignments of the HOMO
and LUMO energies to the material under test, as well
as their absorption characteristics to minimize energy
transfer-enhanced quenching. For these samples, C60

was used for exciton quenching, and either BCP or
NTCDA (in the case of CBP) for blocking.

The linear relationship between η and α0 is shown in
Fig. 3.102b, suggesting the presence of only a single,
resolvable diffusion length (and hence a single exci-
tonic species) that is independent of exciting wave-
length. Note that this method is limited to materials
with strong oscillator strengths in both absorption and
emission, and hence is insensitive to non-radiative
triplet or weakly emissive charge transfer states.

Table 3.8 provides diffusion lengths and diffusion
coefficients obtained for several archetype organic
electronic materials by SR-PLQ (Lunt et al., 2009).
From these data we make two observations. In most
cases, the diffusion length in crystals is longer than in
amorphous solids. This is not surprising, since excitons
are easily trapped and quenched at grain boundaries
or disordered regions where energy transfer to

neighboring molecular sites is impeded. The second,
perhaps more surprising finding is that LD for triplets
in PtOEP is nearly equal to that of singlet excitons in
fluorescentmaterials, even though the triplet lifetime is
τD ~ 20 μs compared to the more than three orders of
magnitude smaller singlet lifetime. While the ratio of
the triplet to singlet lifetime is not always this large, the
triplet diffusion constant is nevertheless several orders
of magnitude smaller than for singlets. This results
from the lower energy of the triplet, resulting in self-
trapping at molecular sites, thereby impeding transfer
(by exchange interactions) to neighboring molecules.
Since diffusion over large distances occurs by a

series of random transfer steps from donor to accept-
or, the relationship between the acceptor capture rate
and the diffusion constant can be obtained using the
diffusion equation, Eq. 3.254. The analysis assumes
that the probability for capture is unity when the
exciton arrives within a distance, Rc, from the accept-
or. Here, Rc is the exciton capture radius.
In the absence of other losses (e.g. recombination at

defects or impurities), Eq. 3.254 simplifies to

D∇2n r; tð Þ ¼ ∂n r; tð Þ
∂t

: ð3:258Þ
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Figure 3.102 (a) Normalized photoluminescence spectra for CBP (filled circle), NPD (triangle), and SubPc (filled square). The normalized C60 absorption
spectrum (dotted black line) highlights the overlap with CBP and NPD emission that must be considered in the diffusion length analysis. (b) Quenching ratio
versus absorption coefficient for the materials in (a). The quenching data were fit using Eq. 3.257 (lines). For NPD and CBP, effects of Förster energy
transfer are included (Lunt et al., 2009).

Reprinted from Lunt, R. R., Giebink, N. C., Belak, A. A., Benziger, J. B. & Forrest, S. R. 2009. Exciton Diffusion Lengths of Organic Semiconductor Thin Films
Measured by Spectrally Resolved Photoluminescence Quenching. J. Appl. Phys., 105, 053711 with the permission of AIP Publishing
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The unity capture efficiency condition leads to the
boundary condition: nðr; tÞjr¼Rc

¼ 0. Taking n(r,0) ¼
n0, in spherical coordinates, the solution to Eq. 3.258
is (Smoluchowski, 1915, Chandrasekhar, 1943)

nðr; tÞ ¼ n0 1� Rc

r
þ 2Rc

r
ffiffiffi
π
p
ðxc
0

expð�x2Þdx
24 35; ð3:259Þ

where xc ¼ r� Rcð Þ=2 ffiffiffiffiffiffi
Dt
p

. Then the capture rate is

kc ¼ dn0

dt
¼ 4πDR2

c
∂nðr; tÞ

∂r


 �����
r¼Rc

; ð3:260Þ

which finally leads to

kc ¼ 4πDRc 1þ Rcffiffiffiffiffiffiffiffi
πDt
p


 �
� 4πDRc: ð3:261Þ

The second term in parentheses is rarely considered
since the capture radius is Rc 	 1 nm (corresponding
to the Förster radius or Dexter hopping distance) and
D ~ 10�2 cm2/s (Lunt et al., 2009), with transfer times
t ¼ 1/kET, tot 	 1 ns (cf. Eq. 3.250). Hence, the second
term is ≲0:01, and can usually be neglected.
Assuming that the donor sits at the corner of a cube

of side a, then for a hop in time, τH, to any neighboring
site, we obtain

D ¼ L2
D

τ
¼ a2

τH
Θ; ð3:262Þ

where

Θ�1 ¼ 6ffiffiffi
1
p þ 12ffiffiffi

2
p þ 8ffiffiffi

3
p þ :::

� �
: ð3:263Þ

Here, hops to the 6 nearest neighbors, 12 second
nearest neighbors, and so on are summed.

If the hopping process is via FRET, then kFRET~ 1/τH,
and assuming that nearest neighbor transfers are the
most likely due to the 1/R6 dependence, then

τ

τH
¼ RDA

a


 �6

: ð3:264Þ

Using this and Eq. 3.262, we obtain a relationship
between the diffusion length and the Förster radius:

LD;FRET ¼ 1ffiffiffi
6
p R3

DA

a2
: ð3:265Þ

If the transfer is via exchange interactions (see
Eq. 3.244), similar arguments yield:

LD;exch ¼
ffiffiffiffiffiffiffiffiffiffiffi
τK’Jλ
6

r
exp �a=Lð Þ; ð3:266Þ

where we recall that L is the effective orbital radius of
the initial and final electronic states. Comparison of
Eqs. 3.265 and 3.266 show a clear distinction between
the dependence of the diffusion length on concentra-
tion, C (and hence the mean separation between
donor and acceptor molecules, a). In FRET, the diffu-
sion length scales as C2/3, whereas for exchange, the
dependence is exponential.
In addition to its dependence on the efficiency of

energy transfer between molecules, exciton diffusion
also depends on crystalline morphology. As the num-
ber of grain boundaries increases, the potential for
trapping within the grains increases. The dependence
of LD on crystallinity has been shown for a series of
PTCDA films grown on KBr substrates, where the
substrate temperature during growth was varied to
achieve morphologies ranging from amorphous (with

Table 3.8 Measured diffusion lengths (LD) for singlet (S) and triplet (T) excitons of crystalline (C) and amorphous (A) films measured by spectrally resolved
photoluminescence quenching

Materiala Exciton Morphologyb Quenching/blocking layer LD (nm) D (10�4cm2/s)

NPD S A C60/BCP 5.1 0.7

CBP S A C60 (or NTCDA)/Free
c 16.8 40

SubPc S A C60/bare 8.0 �6.4
PTCDA S C, 55 nm (flat) C60 (or NPD)/NTCDA 10.4 3.4

DIP S C, >150 nm (up) C60/Free
c 16.5 15

DIP S C, 30 nm (flat) C60/Free
c 21.8 26

C60 S A NPD/BPhen 34 20

C70 S A NPD/BPhen 10

PtOEP T—Mon. C, >150 nm (up) C60/BCP 18.0 0.041

PtOEP T—Dim. C, >150 nm (up) C60/BCP 13.1 0.00061

a All data are from Lunt et al. (2009) except for C60 and C70 from Bergemann et al. (2015).
b Up/flat refers to whether the molecular plane is perpendicular/parallel to the substrate.
c Free = no layer.

158 OPTICAL PROPERTIES OF ORGANIC SEMICONDUCTORS



a mean grain size of �Σ ¼ 0±5 nm at Tsub ¼ 77 K using
vacuum thermal evaporation) to nearly single crystal-
line (with �Σ ¼ 440 nm at Tsub ¼ 440 K using organic
vapor phase deposition) (Lunt et al., 2010). Micro-
graphs of three representative films with differing
PTCDA grain sizes are shown in Fig. 3.103.

Following the treatment that leads to Eq. 3.265, a fit
in Fig. 3.104 to the dependence of LD determined by
SR-PLQ on �Σ clearly shows that energy transfer is via
FRET. We also find that the fluorescence yield in
Fig. 3.104a increases with LD as expected, since ex-
citons are non-radiatively quenched at the grain
boundaries. Indeed, the quenching is extremely effi-
cient: excitons are 104 timesmore likely to be quenched
at grain boundaries in PTCDA than from other struc-
tural irregularities such as point defects or vacancies.

Interestingly, the maximum diffusion length of
25 nm is achieved only for films whose grain size is
�Σ ¼ 400 nm, or nearly 20 times larger. This results

since excitons are optically generated across the
grain under uniform illumination across macroscopic
sample areas. Excitons generated near a quenching
boundary have a greater probability of diffusing to
that boundary, and hence their mean diffusion length
will be less than excitons generated in the grain center.
Boundary effects become negligible only when the
grain diameter is much larger than LD. The solid line
in Fig. 3.104b is a fit to the Förster transfer theory of
Eq. 3.265, taking the increase in quantum yield into
account for this analysis (Lunt et al., 2010). A transfer
radius ofRDA¼ 2.8±0.2 nm is inferred from these data.

3.10 Exciton recombination and
annihilation

Thus far we have considered the diffusion of a single
exciton. However, it is never the case that only one
excited state exists in a solid. Since the states can

(b)

(a)

Figure 3.103 (a) Atomic force microscope (AFM) images of 350 nm thick PTCDA films grown under various conditions to control crystal domain
diameters. The image widths and heights are 5 μm and 50 nm, respectively. (b) Cross-sectional scanning electron microscope (SEM) images of the PTCDA
films (left and right SEM images correspond to the left- and right-most AFM images, respectively). The scale bar on the left corresponds to 500 nm. The
symbols correspond to different substrate temperatures used during growth: 440 K (&), 430 K (○), 420 K (●), and 295 K (▲) (Lunt et al., 2010).
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Figure 3.104 Measured exciton diffusion lengths (LD) versus (a) fluorescence quantum yield (ΦF) and (b) mean crystal diameter (�Σ). Hollow circles correspond
to measurements for crystalline films, hollow squares for amorphous films. The hollow triangle gives the estimated diffusion length from the measured quantum
yield limit in (a) for PTCDA single crystals. The single crystalline limit is indicated by the region bounded by the dashed lines (Lunt et al., 2010).
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migrate, as the excitation density increases, their op-
portunities for encountering each other or a charge
correspondingly increase. These exciton–exciton and
exciton–charge (i.e. polaron) encounters often lead to
annihilation of one or more of the excitons. That is, the
energy of an exciton on one molecule is delivered to
an exciton on its neighbor. This is an alternative en-
ergy transfer mechanism that results in briefly pro-
moting the neighboring exciton to a high energy state
from which it quickly relaxes, while returning the
original molecule to its ground state.
This type of interaction is known as exciton annihi-

lation and can occur by one of several routes: singlet–
triplet (STA), singlet–polaron (SPA), singlet–singlet
(SSA), triplet–triplet annihilation that produces sing-
lets and triplets (TTA-S and TTA-T, respectively), and
triplet–polaron annihilation (TPA). Their shared char-
acteristic is that one excited state is the product of a
collision between two initial states. Several of the
most important reactions and their associated rates
(shown above the arrows) are listed here:

Sþ T !kSTA Tn þ S0!kTn T þ S0 ðSTAÞ ð3:267aÞ

Sþ P !kSPA Pn þ S0!kPn Pþ S0 ðSPAÞ ð3:267bÞ

Sþ S !kSSA Sn þ S0!kSn Sþ S0 ðSSAÞ ð3:267cÞ

T þ T !kTTA�S Sn þ S0!kSn Sþ S0 ðTTA� SÞ ð3:267dÞ

T þ T !kTTA�T Tn þ S0!kTn T þ S0 ðTTA� TÞ ð3:267eÞ

T þ P !kTPA Pn þ S0!kPn Pþ S0 ðTPAÞ ð3:267fÞ
The energetics of these several properties are provided
in the Jablonski diagrams in Fig. 3.105. Note that TTA
can result in either a singlet (Eq. 3.267d) or a triplet
(Eq. 3.267e). Here, P denotes a polaron of either charge
polarity, and the superscript, n, denotes an excited
state higher than the lowest, n¼ 1 electronic manifold.
Also, TTA-S constitutes triplet fusion. This process oc-
curs when two T1 triplets, each with half of the energy
of the S1 state, collide to form a singlet. Similarly, a
singlet may split into two triplets, each with half of the
singlet energy in the complementary process of singlet
fission (Smith andMichl, 2010). Both fusion and fission
are potentially useful in photogeneration of charge in
organic photovoltaics and emission in OLEDs. This
subject will be discussed further in Chapters 6 and 7.
Since annihilation events involve the encounter of

two particles, the capture radius is double that for a

single excited state encountering a trap. For ex-
ample, the relationship between the rate of TTA
and the diffusion constant becomes (cf. Eq. 3.261)
(Chandrasekhar, 1943)

kTTA ¼ 8πDRc; ð3:268Þ
with analogous expressions for the other bimolecular
processes.
Cataloging the various transition processes is help-

ful in writing the time-dependent dynamical expres-
sions for the exciton populations that undergo
bimolecular reactions. For example, in an optically
and/or electrically pumped film of thickness d, and
current density j, the triplet T and singlet S population
densities are expressed by a pair of coupled
equations:

dS
dt
¼GS � kSS� 1

2
kSSAS2 � kSTAST � kSPASP

þ kTTA�ST2; ð3:269Þ

dT
dt
¼ GT � kTT � 2kTTA�ST2 � 1

2
kTTA�TT2 � kTPATP;

ð3:270Þ
where all variables are functions of (r, λ, j, t), as
appropriate. If generation occurs by current injec-
tion, then GT;Sð jÞ ¼ χT;SηJ j=qd, where χT;S is the trip-
let or singlet generation ratio due to encounters of
charges with uncorrelated spins. Also, ηJ is the
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Figure 3.105 Various annihilation processes whereby an exciton in
molecule 1 encounters an exciton (top) or polaron (bottom) in molecule 2.
This subsequently de-excites 1 (downward arrow) while promoting 2 into
a higher, spin-symmetry-allowed upper state (upward arrow to Sn, Tn, or
Pn). This excitation rapidly relaxes back to its first excited state (S1, T1, or
P0) by a combination of internal conversion and vibronic relaxation.

160 OPTICAL PROPERTIES OF ORGANIC SEMICONDUCTORS



electron-to-exciton conversion ratio, that is, it is the
quantum efficiency for exciton generation. The factor
of two in Eq. 3.270 results from the loss of two triplets
to produce one singlet. Similarly the factors of ½ in
both expressions arise since two excitons collide to
result in a single exciton of the same spin multiplicity.

It has been shown that the singlet/triplet gener-
ation ratio via current injection is determined by ran-
dom statistics. Thus, unless samples are specifically
prepared to have a particular singlet/triplet ratio via,
for example, the application of a magnetic field, then
χS=¼ for singlets and χT=¾ for triplets (Baldo et al.,
1999). Generally, under optical pumping, GT ¼ 0 due
to the spin forbidden T1  S0 transition.

Equations 3.269 and 3.270 represent simple enu-
merations of exciton sources and sinks indicated by
either a + or – sign, respectively, that accompanies
each term. Note that the annihilation terms have a
square dependence on density (e.g. SSA has a S2,
TTA has a T2, and SPA has a SP dependence, respect-
ively) since the reaction requires the encounter of two
excitons. As expected, therefore, these bimolecular
interactions dominate as the excitation density (either
via j or I0) increases.

An example where several of the processes in
Eq. 3.267 are active is in fluorescent OLEDs. For
exciton generation via electrical pumping, we have
G ¼ j/qd, where d is the thickness of the optically
pumped emission layer. Triplet density dynamics in
this case are determined by the processes of triplet
non-radiative decay, TTA, and TPA, as described in
Eqs. 3.267d–f. Assuming Langevin recombination
which is due to the random collisions between polar-
ons to form an exciton (see Section 4.5.4), we obtain

dP
dt
¼ j tð Þ

qd
� krecP2; ð3:271Þ

where krec is the Langevin recombination rate given
by (Langevin, 1903)

krec ¼ q
εrε0

μh þ μeð Þ: ð3:272Þ

Here, μh and μe are the mobilities of holes and elec-
trons in the layer, respectively. Then, from Eqs. 3.270
and 3.272, the triplet concentration is given by

dT
dt
¼ 3

4
krecP2 � kTT � 5

4
kTTAT2 � kTPATP: ð3:273Þ

Here, 3/4 and 5/4 arise from the spin statistics of
triplet generation and TTA, respectively.

The singlet density dynamics are a function of the
singlet decay rate as well as STA. Furthermore, in the

presence of STA, the corresponding rate equation for
singlets follows:

dS
dt
¼ 1

4
krecP2 � kSSþ 1

4
kTTAT2 � kSTAST: ð3:274Þ

The simulated singlet, triplet, and polaron densities
under a constant current density of j ¼ 0.8 A/cm2

using Eqs. 3.271, 3.273, and 3.274 are shown in
Fig. 3.106 using parameters typical of many doped
fluorescent systems (Zhang et al., 2010). Initially, the
singlet density is large since it only depends on the
natural singlet decay rate of kS. With time, the triplet
density increases, leading to an increase in STA that
results in a decrease in S that is proportional to the
increase in T. Since the light output in fluorescent
OLEDs is proportional to the singlet density, that is,
the luminance intensity follows L(t) ¼ kSS, STA leads
to a decrease in luminance to a steady state value as
the relative concentrations of singlets and triplets
approaches equilibrium.
The theory of singlet and triplet dynamics accurate-

ly models the transient decay of luminescent intensity
in many fluorescent and phosphorescent systems. For
example, the luminescence transients in DCM:Alq3-
based OLEDs are shown as a function of current pulse
amplitude in Fig. 3.107. The rise time (<1 μs) is sig-
nificantly shorter than the decay time (~20 μs); the
former determined by the transit time of electrons and
holes into the light emitting layer, while the latter is
determined by the triplet decay rate. Fits to the data
according to the transient analysis for STA are indi-
cated by solid lines. In this model, only the electron
mobility is important since it is considerably higher
than holes in the Alq3 host (Tang et al., 1989, Shi and
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Figure 3.106 Simulated density dynamics at a current density j¼ 0.8 A/
cm2 in a film of thickness d ¼ 25 nm, using the parameters listed (Zhang
et al., 2010).
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Tang, 2002). Furthermore, non-radiative triplet decay
and TTA are neglected since these processes are small
compared to TPA during the device turn-on. The
predicted L(t) slightly deviates from the experiment
during the initial 1 μs due to neglect of the charge
transit time in Eq. 3.271. Nevertheless, it is clear that
the simple theory of Eqs. 3.271–3.274 provides an ac-
curate description of the singlet dynamics in electric-
ally pumped organic thin films.
Since TTA results in the generation of singlets, tran-

sient solutions to Eq. 3.274 predict that singlet emis-
sion should persist long after the singlet natural
lifetime, 1/kS, due to their formation of singlets fol-
lowing the annihilation of very long lived triplets. The
delayed, persistent fluorescence (analogous to TADF

in Section 3.7.5) following the DCM:Alq3 device turn-
off is observed in Fig. 3.108. A fit (dashed line) to the
clearly non-exponential transient due to the T2 de-
pendence of TTA gives kTT ¼ 2.2 � 10�15 cm3/s
(Zhang et al., 2010).
Annihilation processes are particularly important

in films where triplet emission dominates over sing-
lets, such as in phosphorescent OLEDs (Baldo and
Forrest, 2000). The decay rate of triplets (kT) in metal-
organic compounds such as Ir(ppy)3 is typically three
orders smaller than kS, indicating that even at modest
triplet densities, annihilation depends on the triplet
concentration as ~T2 for TTA, or TP for TPA. Hence,
optimizing the optical properties of triplet emitting
devices requires a complete understanding of the dy-
namics of the various annihilation, energy transfer
and transport processes.

3.11 Summing up

The most distinctive properties of organic semicon-
ductors that separates them from the wide diversity
of conventional inorganic semiconductors, are their
optical characteristics. We have seen that these char-
acteristics are due to the low dielectric constants and
lack of chemical bonds between molecules within
organic solids. This gives rise to excited states where
the electron and hole form an exciton whose binding
energy is ~0.5 eV which is considerably larger than
the thermal energy of 26 meV at room temperature.
The stable excitonic states transport energy over rela-
tively long distances, in marked contrast to conven-
tional semiconductors whose much larger dielectric
constants result in unstable excitons with binding
energies more than an order of magnitude smaller.
As a result, excitons dominate the optical properties
of organics, that are, consequently, referred to as ex-
citonic materials. In this chapter, we have developed
the theory of excitonic materials, starting from indi-
vidual bonds between atoms forming a molecule, to
the properties of the entire molecule, and concluding
with the properties of organic solids comprised of
large ensembles of molecules or molecular mixtures.
Starting with the eigenstates of the individual or-

bitals, we have found that the electronic and vibronic
(i.e. phonon) structure of molecules can be conveniently
described by the linear combination of electronic wa-
vefunctions of the individual atoms of which they are
comprised. Once placed in close proximity, the mo-
lecular energy levels split to form bands, with the
band structure dispersion implying that the excited
states are mobile. The mobility is enabled via electro-
static and quantum mechanical coupling between
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Figure 3.107 Transient electroluminescence of 3% DCM:Alq3 OLEDs in
response to 100 μs current pulses of different amplitudes. The steady state
current densities are indicated. Solid lines are the fits to the STA model,
with kSTA ¼ 1.9 � 10�10 cm3/s (Zhang et al., 2010).
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Figure 3.108 Delayed fluorescence from DCM:Alq3 based OLEDs after
the turn-off of the current pulse at t ¼ 0 s. The steady state luminescence
is normalized at the pulse onset. The fit (dashed line) gives a TTA rate of
kTTA ¼ (2.2±0.2) � 10�15cm3/s (Zhang et al., 2010).
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adjacent molecules due to exchange interactions, to
distances of a micron or more via radiative transfer.
Further, the Pauli Exclusion Principle gives rise to
energy level splitting, revealing a plethora of optical
phenomena within solid mixtures. The spin multipli-
cities (e.g. singlet vs. triplet) of the excited states also
play a defining role in organic materials, another clear
departure from inorganic semiconductors whose
band-like nature tends to obscure these effects.

Ultimately, we observe this rich variety of optical
characteristics via the spectroscopic properties of the
individual molecules as well as in their collective
properties in the solid state. These processes are con-
veniently quantified in terms of transition rates that
are determined using one simple framework of time
dependent perturbation theory: Fermi’s Golden Rule.
Of course we recognize that this framework can be
accurately applied to phenomena that only slightly
perturb the unexcited system, which is not always the
case in excitonic systems.

Unlike conventional semiconductors, the proper-
ties of individual molecules are apparent even for
molecules bound together in the solid state. This
property provides insights as to how the properties
of individual units of a solid can lead to the charac-
teristics of the whole. Many of the classic works and
advances in our understanding of organics have been
developed to describe their fundamental optical pro-
cesses, including energy transfer and migration. This
has formed the foundational knowledge, and appli-
cation of organics to optoelectronics. It has revealed
the properties of diverse systems found in electronics,
optics, biology, and so on.

Beyond just providing a laboratory in which one
can test the fundamental theories of solid state phys-
ics and physical chemistry, the unique optical prop-
erties of organics have been extensively exploited in
high performance devices such as OLEDs, OPVs, and
transistors. Before we can move on to consider these
practical applications, we must first lay the founda-
tions for understanding the electrical properties of
organics; the subject of the following chapter. Indeed,
the transport of energy via exciton diffusion is due
among other things, to electron exchange between
adjacent molecules. This is similar to the processes of
electron and hole transport in the solid.
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Problems

1. If each of the individual spatial and spin wavefunctions in
Eqs. 3.2 and 3.3 are normalized, show that the combined
wavefunctions are also normalized.

2. Assuming a H2
+ molecule with both hydrogen atoms in

the 1s states, calculate
(a) the Coulomb integral,
(b) the resonance integral,
(c) the energy eigenvalues of the molecular ground state.

3. For the Morse potential in Eq. 3.16, show that
(a) the difference between adjacent energy levels is given

by Eq. 3.19,
(b) the quantum number of the highest bound state is

given by Eq. 3.20.
4. Butadiene is the simple organic molecule C4H6 shown in

the figure below:

(a) Construct the 4 � 4 secular determinant and solve for
the energy eigenvalues of the π-orbitals of this mol-
ecule. The energies can be written in terms of the on-
and off-diagonal matrix elements, a, b, respectively.

(b) Find the four molecular orbitals corresponding to
these energies (which is the same as finding the

coefficients, cni, in jnπi ¼
X4
i¼1

cniϕi, where ϕi is the

orbital of the ith carbon atom, and n ¼ 1, 2, 3, 4).
You may use a computer to calculate the c values.

(c) Repeat (a) for cyclobutadiene shown below.
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5. One approximation to calculating orbitals that is
reasonably accurate for fused ring systems is the
perimeter free electron orbital model. One shortcoming
of this model is that the energies diverge as the square of
the orbital angular momentum quantum number, l (see
Eq. 3.43). A modification of the theory is to use the basis

set (Eq. 3.42): ψl θð Þ ¼
1ffiffiffiffiffiffiffiffiffi
2πN
p

XN�1
k¼0

exp ikθlð Þϕk θð Þ.

(a) Using this basis set, show that the energy eigenvalues
are given by: El ¼ αþ 2βcos 2πl=Mð Þ where M is the
number of atoms, α is an energy offset and β
corresponds to the off-diagonal energy terms.

(b) Plot El along with that of a simple harmonic oscillator,
the solution to the simple PFEO theory, and a Morse
potential. Here, assume that l is the vibronic quantum
number. Which do you think gives the best
approximation to actual molecular systems?

6. An alternative and quite simple model of polyenes is the
free electron orbital model. In this model, we can take a
simple linear molecule such as β-carotene (Scheme P3.6) as
a one dimensional quantum mechanical “potential box”
consisting of a chain of N conjugated carbon atoms, with
bond length R0, as forming a box of length L ¼ N � 1ð ÞR0.
β-Carotene is a molecule that gives carrots their color.

(a) Calculate the length of the box.
(b) Find the wavefunctions and their energies for an

electron along the chain.
(c) Suppose that the electrons enter the states in pairs.

Thus, the lowest ½N states are occupied. Estimate
the wavelength of the lowest energy transition.

(d) Calculate the expected color of carrots. Is this
consistent with your idea of what a carrot should
look like?

7. In Section 3.6.1 we showed that the Franck–Condon factor
could be written as FCn;m ¼ Zme�Z=m!, where Z is the
Huang–Rhys factor. We want to derive this expression
in this problem. We start by assuming that the nuclear
positions for 0–0 transitions are expressed by:

j0i ¼ σ
π

� 1=4
exp �σ R� R0ð Þ2=2

� 
.

(a) Using this wavefunction, show that the nuclear
overlap between the ground and excited state is
given by: Z0�0 ¼ h0’j0i ¼ exp �σ R0 � Reð Þ2=4

� 
where the excited state equilibrium position is Re.

(b) Similarly, if the first vibronic is given by
j1’i ¼ ffiffiffiffiffi

2α
p

R� REð Þj0i, calculate Z0-1.

(c) Continuing along this vein, assuming only the |0i
state is occupied, show that the series of higher
orders of Z results in FCn;m ¼ Zme�Z=m!

8. Using the relativistic correction that leads to Thomas
precession:
(a) Show that the magnetic field for a moving electron in

an electric field F at velocity v in the laboratory

reference frame is given by B ¼ �v� F
2c2

, which

leads to the spin–orbit Hamiltonian.

(b) HSO ¼ � q
2m2

e c2
1
r
dV
dr

l � s, where l and s are the orbital

and spin angular momentum operators, respectively.
(c) Using this Hamiltonian in the central field of an

electron, show for hydrogenic states that the spin–
orbit coupling energy is given by:

ESO ¼ Z4q2

8πε0a30m2
e c2

1
n3l lþ 1

2ð Þ lþ 1ð Þ hl � si, where Z is

the atomic number of the atom, a0 is the Bohr
radius, n is the principal, and l the orbital angular
momentum quantum numbers.

(d) Using the result in (c), plot ESO vs. Z for the
following atoms commonly found in organic
compounds: C, Al, Si, Cu, Ag, Os, Ir, Pt, Pb.

9. The Slater–Condon selection rules introduced in the
context of spin–orbit coupling state that two n-electron
spinorbitals can differ by only a single spinorbital when
they are coupled via a one-electron Hamiltonian, H12.
Consider twowavefunctions,Φ1;Φ2 that differ by only a
single spinorbital, ϕm $ ϕp. That is, Φ1;2 ¼

ffiffiffiffi
n!
p

jϕ1:::ϕm;pϕi:::ϕnj. From this, derive the Slater–Condon
selection rule:

hΦ1jH1jΦ2i ¼ hϕm 1ð ÞjH12jϕp 1ð Þi
þ
X

i

hϕm 1ð Þϕp 1ð ÞjH12jϕi 2ð Þϕi 2ð Þi
n

�hϕm 1ð Þϕi 1ð ÞjH12jϕi 2ð Þϕp 2ð Þig

Here, (1) and (2) are the spinorbital coordinates of
electrons, 1, 2.

10. Show that the average number of cycles between the S1
and T1 states leading to thermally assisted delayed

fluorescence is given by: �n ¼ ΦTΦS

1� ΦTΦS
, where ΦT and

ΦS are the quantum yields for triplet and singlet
emission, respectively.

11. Derive the Förster overlap integrals

MD νð Þ ¼ 3
4
ε0ℏc3ΦDfD νð Þ

πnrτDν3
and LA νð Þ ¼ 6ε0αA νð Þnrℏc

NAν

MwA

ρMA

in Eqs. 3.225a and b using the Einstein A and B
coefficients for emission and absorption.

12. Figure P3.12 shows the room temperature absorption
spectra of a molecule in solution. In one case the
solution is quite dilute, in the other it is more
concentrated.
(a) Which of the two spectra (labeled A and B)

corresponds to the less and which to the more
dilute solution? Explain your reasoning based on
the shapes and broadness of the two spectra.
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(b) Relabel the horizontal axis in terms of energy units.
Label each of the peaks using spectroscopic notation
in terms of the transition between vibronic levels.

(c) Calculate the parabolic energy state that accurately
describes spectrum A. That is, specify the spring
constant and the energy gap from the ground to
excited states.

(d) What physical vibrational mode (e.g. a C–H bending
mode) do you think these energies correspond to? Is
there more than one such mode present?

13. Figure P3.13 shows the room temperature absorption
spectrum of the planar aromatic hydrocarbon molecule
shown. Also shown is the room temperature emission
(i.e. photoluminescence) spectrum of the molecule.

(a) What is the chemical formula of the molecule?
(b) Label all of the peaks in the spectrum using standard

spectroscopic notation to identify both electronic and
vibronic transitions. Also, identify the zero-crossing
energy, E00. Note that the absorption peaks at <400
nm are in a different electronic manifold than at >450
nm. What is the spin multiplicity of the states, and
why?

(c) What is the binding energy of the lowest exciton state
assuming εr ¼ 3.2?

(d) Plot thevibronic energyvs. quantumnumbern1 for the
lowest electronic state (subscript 0) as taken from the
absorptionspectrum.Onthisplot,fit theprogression to

a simple harmonic oscillator and a Morse potential:
VðrÞ ¼ V0 1� exp �α r� r0ð Þ½ �ð Þ2 Which fits better?

(e) What is the maximum bound quantum state energy
for the Morse potential that provides the best fit to
the spectra? What is the force constant?

14. In Fig. P3.14, we show the fluorescence and absorption
spectra of two different molecular species (data for
molecule A in blue, for B, in grey). The normalized
absorption spectra have maximum absorptions of αA ¼
5 � 105 cm�1 and αB ¼ 2 � 105 cm�1. Furthermore, the
mass density of A is 1.5 gm/cm3 and index of refraction
of 1.8 in the visible, and for B these values are 2.1 gm/
cm3 and 2.0. Both have quantum yields approaching
100%.

(a) If these molecules are blended, which will act as the
most effective donor, and which as an acceptor?

(b) Calculate the Förster transfer radius, RDA, for this
donor/acceptor system.

(c) Given that the natural lifetime ofA is 3 ns, and that of
B is 6 ns, plot the FRET transfer rate, kET vs. doping
concentration of B in A.

(d) What is the diffusion coefficient and diffusion length
of each of these molecules when they are undoped in
a thin film.

15. Show that a solution to the exciton diffusion equation

gives an exciton capture rate of kc ¼ 4πDRc 1þ Rcffiffiffiffiffiffiffiffi
πDt
p


 �
.

16. Assume that a thin squaraine film of thickness d is
bounded by two, 3 eV energy gap layers to form the
structure in Fig. P3.16a. Light is incident normal to
the plane of the film from the left and has intensity, I0.
The recombination lifetime in the film is τD ¼ 6 ns, and
the absorbance spectrum is given by Fig. P.16b.
(a) For d ¼ 100 nm, calculate the steady state exciton

density distribution across the entire structure for
incident wavelengths of λ ¼ 400, 550, 675 nm.

(b) The incident illumination at λ ¼ 675 nm is switched
off at t ¼ 0. Plot the time evolution of the exciton
density distribution across the layer for the next
50 ns.

(c) For the conditions in (b), if the quantum yield of the
material isΦPL¼ 60%, calculate the time evolution of
the luminescence intensity emitted in the forward
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direction (i.e. toward the right) if the index of
refraction of the outermost layer is nr ¼ 1.5, and
that of the material under investigation is 1.7.

17. In a fluorescent OLED, excitons are generated by inject-
ing current, j into an emission region of thickness, d.
Then, the singlets (density S) and triplets (density T)
can undergo many different paths to recombination. In
this problem we will only consider triplet–triplet annihi-
lation and singlet–triplet annihilation, and radiation.
(a) Write down the various singlet and triplet reactions

that can occur in this device and label the
appropriate rate constants.

(b) Write down the coupled rate equations for singlets
and triplets. Assume that in the active region of the
device that all electrons and holes combine to form
excitons (i.e. charge balance is unity), and that sing-
let/triplet formation follows their statistical ratio.

(c) Solve the coupled equations in (b) for the singlet
population vs. time (S(t)).

(d) Calculate the internal quantum efficiency of the
device (defined as the ratio of photons emitted to
the number of charges injected) as a function of j
from 0.01 to 100 A/cm2, assuming that 20% of the
triplets that annihilate form singlets, for the
parameters shown in the table below:

(e) Calculate the electroluminescence turn-on transient
(assuming a step function current pulse) over the
first 100 μs at j ¼ 0.01, 1, and 100 A/cm2.
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CHAPTER 4

Charge transport in organic
semiconductors

“When talking about semiconductors, if you can’t draw a band diagram then you
don’t know what you’re talking about.”

Kroemer’s Lemma, Herbert Kroemer, ca. 1990.

It is a small step from the optical to the electronic. Indeed, we have seen that all of the optical properties in organic
materials emerge fromelementary transitions of electrons fromone energy state to the next. But electrons andholes,
stripped of their binding from each other, contribute to the conductivity of solids. Indeed, it was the conduction of
electrons in molecular anthracene that first opened the door to the field of organic electronics. In this chapter, we
consider the origin of conductivity in organic semiconductors. We will find that it differs in many ways from
inorganic semiconductors. The purely electrostatic and relatively weak van der Waals bonds result in electronic
energies in the solid state that are quite similar to that of the individual molecules. Hence, thewell-developed band
structure that characterizes inorganic semiconductors is absent. But without even narrow bands, the electronmass
becomes infinite and there can be no conductivity. That, of course, is the opposite of what we observe.
The links between energy levels, bands and conductivity can be understood in terms of tight binding

theory. But the lack of significant energy bandwidths leads to lowmobility hopping transport of electrons and
holes frommolecule to molecule, in contrast to high mobilities due to transport of delocalized charge in bands
in inorganics. In fact, charge transport can be incoherent, or dispersive where a single mobility is absent in
many solids. The physics of charge transfer between molecules is analogous to exciton transfer, and needs to
be considered before we can address the source of the low charge mobility.
Ultimately, the distinguishing characteristics of organic conductivity once again result from the lack of

intermolecular chemical bonds. This, in turn leads to structural disorder, an intrinsic property leading to the
low charge mobility (and short exciton diffusion lengths) in the solid. Even in the presence of disorder, nearly
ideal junctions between dissimilar materials can be formed, resulting in strong rectification of charge across
these interfaces.
We start our discussion on junctions with metal–organic contacts. When the injection barrier is considerably

larger than the thermal energy, a Schottky diode is formed. When it is small, Ohmic contacts ensue. We continue
on to develop ideal diode equations for organic (i.e. excitonic) heterojunctions analogous to treatments used to
describe conduction across p-n junctions by Shockley in 1949. However, even though we can derive such an ideal
diode equation, it does notmean that all (or even any) excitonic junctions follow such a formulation. Non-idealities
such as recombination, lattice defects, disorder, and impurities are always present, and ultimately cause a
deviation of behavior from that predicted based only on the most fundamental, irreducible physical processes.
We will discuss both the ideal and non-ideal case of conductivity of organic heterojunctions; structures that form
the basis of all organic photonic devices such as OLEDs and OPVs.
Beyondpurelyorganic heterojunctions, there is awealth of exciting and important phenomena found inorganic/

inorganic semiconductor heterojunctions. Such heterojunctions have long been utilized in such devices as dye
sensitized solar cells and colloidal quantumdot emitters and detectors, yet the dynamics of charge transport across
suchhybrid interfaces hasnot, until recently, beenunderstood fromafirst-principles perspective. In the latterpart of

Organic Electronics: Foundations to Applications. Stephen R. Forrest. © Stephen R. Forrest 2020.
Published in 2020 by Oxford University Press. DOI: 10.1093/oso/9780198529729.001.0001
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4.1 From energy levels to energy bands

Due to the intimate bonding between atoms arranged
periodically in a crystal, inorganic semiconductors are
characterized by a band gap separating broad and
continuous conduction and valence bands, themselves
characterized by a large electronic density of states
(DOS). This is illustrated schematically on the left of
Fig. 4.1. The bandwidths are typically comparable to
the band gap, EG, that is, on the order of a few electron
volts. The peak densities of states depend on the atom-
ic composition of the lattice, and the lattice symmetry
itself. The peak DOS ranges from 1017–1020 eV�1 cm�3,
which is significantly less than the atomic density
(~1022 cm�3). The comparatively low DOS and broad
energy bands arise from sharing the outermost bonds
between neighboring atoms.
Organic semiconductors do not have broad bands.

In this context, it is more precise to call EG simply an
energy gap rather than a band gap. Then EG is the
difference between the highest occupied molecular
orbital (HOMO) for the most energetic bound valence
states, and the lowest unoccupied MO (LUMO) for
the least energetic conduction states. Thus, the
HOMO is analogous, but not identical to the valence
band maximum (VBM) of an inorganic semiconductor,
and similarly the LUMO is analogous to the conduc-
tion band minimum (CBM).
In organicmaterials theDOS is no longer continuous

with a wide bandwidth (BW). Near the HOMO and
LUMO, the energy levels from nearest-neighbor
molecules overlap to a limited degree, leading to a
narrow band. Such is the case with tightly packed
molecules typified by PTCDA, rubrene, and penta-
cene, where BW energies approaching a few hundred
meV are found. Yet far more frequently, the spacing
betweenmolecules, or theirmutual orientation leads to
only a limited degree of orbital overlap, such that BWs
of only a few tens of meV are more the rule than the
exception. In the former case, an incipient energy band is
formed, giving themolecular solid some characteristics
of a band-like inorganic semiconductor while preserv-
ing many of the properties of a more conventional

organic semiconductor. As temperature is lowered,
however, molecular motion is frozen, resulting in in-
creased time-averaged orbital overlap between neigh-
bors that can give a molecular solid with even a small
BW at room temperature, band-like characteristics.
The orbitals deeper than the frontier HOMO and

LUMO are denoted by HOMO-i and LUMO+i in
Fig. 4.1 (here, i is the integer orbital index relative to
the frontier orbital). These remain comparatively in-
dependent in the solid, that is, there is even less over-
lap with similar levels from adjacent molecules since
these orbitals are more tightly bound to the molecular
core. Hence, their lack of participation in the electron-
ic properties of the solid further limits the total BW
compared to an inorganic material.
Since the character of the frontier orbitals is not

significantly changed in the solid, there is approxi-
mately one state per molecule: an enormous increase
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Figure 4.1 Characteristic energy level schemes of (a) an inorganic
semiconductor with band gap energy, EG, and (b) an organic
semiconductor with an energy gap of approximately the same magnitude.
Here, DOS is the density of electronic states, HOMO is the highest
occupied molecular orbital, LUMO is the lowest unoccupied MO, and BW
is the width of the corresponding band. The “fuzzy” depiction of the
HOMO suggests that in the case of a tightly packed organic crystal, an
incipient, or narrow band-like character emerges.

this chapter, we will develop the theory of transport across hybrid heterojunctions, and find that it bears striking
similarities to both inorganic and fully organic junctions.

We note that photoconductivity forms a bridge between the optical and electronic properties of materials.
We leave a full discussion of this topic to Chapter 7, where photodetectors of all varieties are considered.

Earlier, we considered the structural and optical properties of organics. With this chapter on charge transport,
we complete ourdiscussionof the fundamental physics of organic semiconductormaterials. This leadsusdirectly
to their applications that will be the subject of Part II.
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compared with inorganics. One consequence of this is
that the optical absorption coefficient of direct band
gap inorganic semiconductors is ≲104 cm�1, but can
be as much as 100 times higher for organics, making
even the thinnest films extremely strong absorbers.

The differences in energy level and band structure
compared to inorganics play a determining role in their
conductive properties. Whereas an electron in an inor-
ganic semiconductor moves relatively effortlessly
around the solid within its energy band due to the
intimately shared orbitals of adjacent atoms, the re-
duced intermolecular coupling of molecules results in
polarization. The electron therefore self-traps on each
molecule as it moves under the influence of an electric
field. Given its ability to polarize the surrounding me-
dium, the “free” electron is called a polaron, and rather
than experiencing band-like transport, it hops from
molecule to molecule. The immediate consequence is
a dramatically reduced mobility: organics have max-
imum charge mobilities no more than 1–5 cm2/V s,
whereas inorganic semiconductors have mobilities
(and hence conductivities) that can exceed this by a
factor to 103–104. We will show that both the field
and temperature dependence of the charge mobilities
in these two systems can also be vastly different, lead-
ing to distinctive conductive character.

We begin our discussion by showing how conduc-
tion levels emerge when individual molecules are
assembled into a solid. While the lack of chemical
bonds between molecules allows them to preserve
their individual character to some degree, we have
shown in Chapter 3 that molecular assemblies have
emergent properties of their own that give rise to en-
ergy (i.e. exciton) transport within the solid. These
same collective effects also allow for charge transport
with a semiconductor-like temperature dependence
that was discovered for molecular violanthrone
(Akamatu and Inokuchi, 1950).

4.1.1 Tight binding method for calculating
energy bands

A convenient means for calculating energy bands
is the use of the tight-binding approximation. It is a
somewhat limited method for calculating the very
complex situation of molecules in solids, but it has
the advantages of providing an intuitive formalism
for appreciating the emergence of band-like character
that leads to conduction in organic semiconductors.

In Chapter 2 we found that bringing two H atoms
into close proximity to form an H2

+ molecule results
in a splitting of the 1s state into a symmetric bonding,
and an antisymmetric antibonding state whose en-
ergy difference increases with decreasing atomic sep-
aration. This splitting is a result of Coulomb repulsion

of the two valence electrons. When N atoms are
brought into proximity in a lattice, the result is a
splitting into N electronic levels. As is the case for a
H2

+ molecule, the splitting increases as the lattice con-
stant decreases, ultimately resulting in overlap of
many adjacent levels to form a continuous band
whose width scales with N.
In molecular systems, the situation is in many ways

similar to that of atoms but with a significant differ-
ence; in covalently bonded solids, an electron is shared
between allN atoms whereas inmolecular systems the
orbital overlap between molecules is comparatively
small. Hence, the influence on the orbital energies of
individual molecules separated by even a few lattice
constants is small. When considering an assembly of
N molecules in the solid, therefore, only those mol-
ecules within a limited neighborhood need to be
considered, and this results in a concomitant reduc-
tion in the BW. As for atomic systems, when mol-
ecules are brought closer together, the Coulomb
interaction between electrons in nearby orbitals in-
creases, broadening the bands even further. Broad-
ening continues until the molecules reach their
equilibrium separation distance, R0, when the at-
tractive van der Waals force is balanced by the
repulsive force of the inner shell electrons.
A schematic representation of the formation of

bands as the intermolecular spacing decreases is pro-
vided in Fig. 4.2. As the spacing decreases, the BW
increases until neighboring orbitals (e.g. HOMO and
HOMO-1) begin to interact, resulting in further mer-
ging and broadening of the bands.
To calculate the perturbation of the electronic en-

ergy levels, we employ the tight binding approxima-
tion that has been widely applied to describe
inorganic materials such as metals, and was first ap-
plied to organic semiconductors by LeBlanc (1961),

HOMO
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V(r) Energy levels

(Spacing)–1

HOMO-1

HOMO-2

N-fold
degenerate
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with
N values
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Figure 4.2 Schematic illustration of band formation due to orbital overlap
as the molecular spacing is decreased. (a) The orbitals of unperturbed
molecules showing the single electron potential, V(r). (b) Bands formed due
to overlap of orbitals from N molecules. BW¼ electronic bandwidth of the
HOMO which increases with decreased spacing.
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and then extended by Katz et al. (1963). The import-
ant features of this method applied to molecular or-
ganic semiconductors are now described.
Each orbital level results in a band. For example,

if there are six atoms forming the molecule, there
are three resulting electronic states (with two spins
per state). The bound orbitals are the HOMO,
HOMO-1, and HOMO-2. In a crystal of N such
molecules therefore, three valence bands emerge,
one corresponding to each HOMO level. The con-
duction bands corresponding to the LUMO, LUMO
+1, LUMO+2…, extending to the vacuum level, are
also generated.
We calculate the BWand shape by assuming that the

interaction energy between electrons on separate mol-
ecules is small compared to the orbital energies within
an individual molecule. Furthermore, we neglect all
interactions between electrons within an orbital; this
is known as the single-electron approximation. Then,
using Hmol for the Hamiltonian of a molecular orbital,
the total Hamiltonian of the system is

Htot ¼ Hmol þHint; ð4:1Þ
where Hint(r) = U(r) is the interaction at lattice site, r,
and has the periodicity of the lattice, that is,

Uðrþ RÞ ¼ UðrÞ; ð4:2Þ
where R is the lattice translation vector (Section 2.2).
The interaction, Hint(r), is the perturbation when a
molecule is placed into an infinite crystal, and should
contain all of the symmetry properties of the lattice.
Due to the potential having the same periodicity as
the lattice, the Bloch condition imposes the same peri-
odicity on the wavefunction, viz.

ψkðrþ RÞ ¼ eik·RψkðrÞ; ð4:3Þ
where k is the electronic wavevector.
As in Chapter 3, the electronic wavefunction can be

solved by the LCAO method, in which case we ex-
pand Eq. 4.3 using

ψnkðrÞ ¼
XN

i

ckiψnðr� RiÞ; ð4:4Þ

where the sum is over all N lattice points, and
ψnðr� RiÞ is the contribution from the molecule at Ri

and from the electron in its nth orbital. The basis
functions, ψn(r), are solutions to the individual (isolated)
molecular eigenvalue equations, HmolψnðrÞ ¼ EnψnðrÞ.
Thus, the lattice wavefunction contains the character-
istics of the orbitals of the individual molecules al-
though it must also be consistent with Bloch’s
theorem for a periodic lattice, as in Eq. 4.3. This
requires that the coefficients have the property:

cki ¼ N�1
2e�ik·Ri . We can test that this satisfies the con-

dition for periodicity by translating ψ(r) through a
lattice vector, viz.

ψnkðrþ RÞ ¼ 1ffiffiffiffi
N
p

XN
i

e�ik·Riψnðr� Ri þ RÞ

¼ 1ffiffiffiffi
N
p eik·R

XN
i

e�ik·ðRi�RÞψnðr� Ri þ RÞ:

ð4:5Þ
But ~Ri ¼ R� Ri is also a lattice translation vector.
Thus,

ψnkðrþ RÞ ¼ 1ffiffiffiffi
N
p eik·R

XN
i

eik· ~R iψnðr� ~RiÞ

¼ eik·RψnkðrÞ;
ð4:6Þ

as required by the Bloch boundary condition, Eq. 4.3.
When placed near its neighbors, these functions

and the system energy are perturbed. Assuming that
the perturbation is small, we write the newwavefunc-
tions as linear combinations of the wavefunctions of
the isolated molecules. We allow that the lattice basis
can contain more than one molecule, in which case the
number of molecules is M. Then we have

ϕ rð Þ ¼
XM

j

ajψj rð Þ; ð4:7Þ

where, in keeping with only minor perturbations, the
coefficients aj are small. Then we can rewrite the total
wavefunction as

ψk rð Þ ¼ 1ffiffiffiffi
N
p

XN
i

eik � Riϕ r� Rið Þ

¼ 1ffiffiffiffi
N
p

XN
j

eik � Ri
XN

j

ajψjk r� Rið Þ:
ð4:8Þ

Using the Hamiltonian for the crystal in Eq. 4.1, we
then arrive at

Htotψk rð Þ ¼ Hmol þHint rð Þð Þψk rð Þ ¼ E kð Þψk rð Þ: ð4:9Þ

The energy eigenvalues are determined by multiply-
ing Eq. 4.9 by the original, molecular wavefunctions,
ψm(r), which in bracket notation becomes

hψm rð ÞjHtotjψk rð Þi ¼ hψm rð Þj Hmol þHint rð Þð Þjψk rð Þi
¼ hψm rð ÞjE kð Þjψk rð Þi: ð4:10Þ

Now, the eigenvalues of the unperturbed molecular
Hamiltonian, Hmol, are simply Em, in which case we
can rewrite Eq. 4.10 as

E kð Þ � Emð Þhψm rð Þjψk rð Þi ¼ hψm rð ÞjHint rð Þjψk rð Þi:
ð4:11Þ
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Substituting Eq. 4.8 into Eq. 4.11, and from the orthog-
onality of the wavefunctions, we require that n ¼ m.
Then Eq. 4.11 becomes

E kð Þ � Emð Þam ¼ � E kð Þ � Emð Þ

�
XM
n

XN
i 6¼0

ð
ψ�m rð Þψn r� Rið Þeik � Ri d3r

" #
an

þ
XM
n

ð
ψ�m rð ÞHint rð Þψn rð Þ

� �
an

þ
XM
n

XN
i 6¼0

ð
ψ�m rð ÞHint rð Þψn r� Rið Þeik � Ri d3r

" #
an

ð4:12Þ

Since we are assuming the collective effects of the
crystal are small and the magnitude of the wave-
functions, ψnðr� RiÞ must decrease rapidly with Ri,
only interactions between immediate neighbors (i.e.
i � 1) are included. Hence, terms on both sides of
Eq. 4.12 must be small, which means that EðkÞ � Em.
This is equivalent to saying that the HOMO energy
leads to a broadening of the highest (i.e. valence)
band, but it does not influence the energies of the
HOMO-1, HOMO-2, etc. levels. Those orbitals them-
selves are also impacted as the molecules are brought
into close proximity but, like the HOMO, are only
broadened by other, similar HOMO-i levels, forming
the corresponding HOMO-i bands. While the various
terms in Eq. 4.12 are small, they are nevertheless finite.
If they were not, then we revert to the case of non-
interacting molecules, that is, EðkÞ ¼ Em.

The first term on the right corresponds to contri-
butions to the energy from all of the other molecules
in the crystal, although as mentioned above,
ψnðr� RiÞ falls off rapidly with distance. The second
and third terms are due to perturbations of the elec-
tronic potential due to intermolecular interactions
which, in themselves, are assumed to be small. The
smallest term in this expression is the last, which is
the product of the interaction potential and the wa-
vefunction at distances of one or more lattice con-
stants from the origin. Of course, the interaction may
be large far from the origin when ψnðr� RiÞ is small,
or vice versa.

In solving the Eq. 4.12, we must account for the
degeneracy of a particular band. That is, if the band
has s-like symmetry, then there is a single equation
to be solved, resulting in a single energy band, E(k).
Likewise, a level with p-symmetry results in three
such expressions (with three aj values) that must
be solved with a 3 � 3 secular determinant (see
Section 3.3). If the energies from two bands are

sufficiently close, or if they are broadened by inter-
actions from nearby molecules such that they over-
lap with another energy level, then that energy level
must also be included. For example, if the HOMO
with s-symmetry interacts with the HOMO-1 with p-
symmetry, then the energy E(k) of the new HOMO
band is calculated via a 4 � 4 secular determinant
that considers the contribution from all of the inter-
acting orbitals. Finally, spin must be taken into ac-
count if the states are not degenerate. In this case, the
number of equations used to calculate the energy
levels is doubled yet again.
As an example, we consider an s-symmetric HOMO

level. Then Eq. 4.12 reduces to:

E kð Þ � EHOMO ¼ � E kð Þ � EHOMOð Þ
XN
i 6¼0

α Rið Þeik � Ri

þβ�
XN
i 6¼0

J Rið Þeik � Ri ; ð4:13Þ

which leads to

E kð Þ � EHOMO ¼
βþ

XN
i 6¼0

J Rið Þeik � Ri

1þ
XN
i 6¼0

α Rið Þeik � Ri

ð4:14Þ

with

α Rið Þ ¼
ð
ψ�HOMO rð Þψn r� Rið Þd3r

¼ hψHOMO rð Þjψn r� Rið Þi; ð4:15Þ

β ¼ hψHOMO rð ÞjHint rð Þjψn rð Þi; ð4:16Þ
and

J Rið Þ ¼ �hψHOMO rð ÞjHint rð Þjψn r� Rið Þi: ð4:17Þ
Hence, we have a band centered on the HOMO, but
whose width and dependence on k are determined by
the right hand side of Eq. 4.14. Clearly, a larger over-
lap between adjacent molecules, and a stronger inter-
action between molecules leads to an increase in the
overlap integral, J(Ri). Since the overlap ultimately is
small in the tight binding approximation, α(Ri) ≪ 1,
and hence the properties of the HOMO-band are al-
most entirely determined by the magnitude and func-
tional form of J(Ri).
Recall from our treatment of excited states in crys-

tals that the energy is perturbed from that of the
monomer by nearest neighbor interactions that are
modeled as Bloch wavefunctions of the same form
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as Eq. 4.3 (c.f. Eq. 3.138). Hence, our solution to
Eq. 4.14 should also reduce to the dispersion relation
of Eq. 3.139, where (LeBlanc, 1961)

EðkÞ � �E
0 þ 2EWcosðk·RÞ: ð4:18Þ

Here, �E0 is the sum of the ground (EHOMO) and
excited monomer energies, and BW ¼ 4EW is the
BW resulting from intermolecular interactions.
It is straightforward to show that Eq. 4.14 follows

this familiar form by its solution for the simple case of
a face centered cubic (fcc) structure with lattice con-
stant, a. The molecule at (0,0,0) has 12 nearest neigh-
bors at positions (±½,±½,0), (±½,0,±½), (0,±½,±½).
We consider only the s-states in this example. The in-
version symmetry of the cubic lattice implies that the
interaction Hamiltonian follows HintðRÞ ¼ Hintð�RÞ.
Similarly, the wavefunctions have even parity, i.e.
ψ rð Þ ¼ ψ �rð Þ, from which it follows that the coeffi-
cients α, β, and J have this same symmetry. Finally, as
noted above, α(Ri) is neglected. This leads to a simpli-
fied expression for E(k) in Eq. 4.14 with the sum over
only the 12 nearest neighbors:

EðkÞ � EHOMO ¼ �β�
X12
i¼1

JðRiÞcosðk·RiÞ ð4:19Þ

with

J Rið Þ ¼ Jfcc ¼ �
�
ψHOMO rð ÞjHint rð Þjψ x� a

2
; y� a

2
; z

� ��
:

ð4:20Þ

The expression for J Rið Þis identical for all 12 nearest
neighbors (Jfcc); here we have written it explicitly only
for the molecule at ð12 ; 12; 0Þ. The sum in Eq. 4.19 for the
fcc lattice is, therefore:

EðkÞ � EHOMO ¼ �β� 4Jfcc cos 1
2
kxa

� �
cos 1

2
kya

� �n
þ cos 1

2
kxa

� �
cos 1

2
kza

� �
þ cos 1

2
kya

� �
cos 1

2
kza

� �o
ð4:21Þ

The bands have a cosine shape that is symmetric
along all three orthogonal axes, and the BW is deter-
mined by Jfcc that is a function of both the overlap of
nearest neighbor orbitals and the strength of the inter-
action potential. In fact, Hint can take any functional
form that decays rapidly from the origin. One such
function is shown in Fig. 4.3 and follows

UðrÞ ¼ �U0
sin2ðπR=aÞ
ðR=aÞ2 : ð4:22Þ

One important feature of this potential is that it is
large when the wavefunction (and hence the overlap)
is small, and vice versa. That is, the potential is max-
imum midway between the molecular sites (i.e. at
R=a ¼ ð2iþ 1Þ=2, i ¼ 1, 2,…, except the self energy at
i¼ 0), and thewavefunction is small at the originwhere
the s-state probability density vanishes. This ensures
that Jfcc remains a small perturbation of the original
crystal structure, as required.
In the limit of ka ¼ 1 (i.e. for electrons near the

center of the Brillouin zone), then cosð12 kaÞ � 1
�1

2ð12kaÞ2 and Eq. 4.21 becomes

EðkÞ � EHOMO � �β� 12Jfcc þ JfccðkaÞ2: ð4:23Þ

Now the slope of the dispersion, ∂E(k)/∂k, toward the
zone edge (e.g. along the (100) direction where
kxa ¼ 2π) is

∂EðkxÞ=∂kx ¼ 4Jfccasin
1
2
kxa

� �
! 0: ð4:24Þ

Hence, the band has a cosine shape with width of
BW ¼ 8 Jfcc in the (100) direction, and centered on
the energy EHOMO � β. Along other directions, the
slope may not vanish at the band edge, and the
width can differ from 8 Jfcc.
Figure 4.2 implies that the deeper orbitals are not as

broadened by proximity with neighboring molecules
as are the shallower (frontier) orbitals. This is a con-
sequence of the stronger localization of electrons in
the deeper valence states of the molecule, and hence
their considerably reduced overlap with similar states
in adjacent molecules. We also note that the calcula-
tion of conduction (i.e. LUMO) states by the tight
binding approximation is far less reliable given the
considerable spatial extent of such states compared
with bound valence states. Hence, the inclusion of
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Figure 4.3 Perturbation potential used in tight binding calculation.
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only nearest neighbor interactions becomes dubious
as the conduction electron energy increases toward
the vacuum level. Finally, the tight binding model as
described thus far has only imposed a Coulomb inter-
action inHint. However, as we have seen in Chapter 3,
many other interactions can play a role, including
dipole interactions, and spin-orbit interactions that
strongly impact the orbitals of molecules containing
heavy metals. As an example, the inclusion of first
order singlet–triplet coupling requires solution of a
4 � 4 secular determinant.

A consequence of band structure is that the electron
has a velocity given by

vðkÞ ¼ 1
h�
∂EðkÞ
∂k

; ð4:25Þ

and a corresponding effective mass tensor along crys-
tal directions i, j of

$mij kð Þ ¼ 1

h� 2
∂2E kð Þ
∂ki∂kj

� ��1
¼ 1

h�
∂vj kið Þ
∂ki

� ��1
: ð4:26Þ

For an isotropic medium, the effective mass reduces to

m� ¼ 1

h� 2
∂2EðkÞ
∂k2

� ��1
¼ 1

h�
∂vðkÞ
∂k

� ��1
: ð4:27Þ

Holes have negative effective masses, but other-
wise are determined by the same expressions as
Eqs. 4.25–4.27.

The existence of the bands, no matter how narrow,
ultimately allows electrons and holes to move from
molecule to molecule within the solid. Since bands do
not exist in dilute solutions of non-interacting mol-
ecules, we conclude that the conductivity of the ma-
terial depends entirely on the magnitude of the orbital
overlap integral, J(R). This is easily seen by once more
taking the example of an fcc lattice near the Brillouin
zone center where

vðkÞ ¼ 2Jfccka2

h� ð4:28Þ

and

m� ¼ h� 2
2Jfcca2

: ð4:29Þ

That is, the velocity increases and the effective mass
decreases with increasing molecular orbital overlap,
Jfcc. In contrast, near the (100) zone edge,

v kxð Þ ¼ 1
h�
∂E kxð Þ
∂kx

! 0, which leads to the electron

effective mass m� ! ∞. That is, the electron slows
and is reflected at the zone edge.

An intuitive outcome of the tight binding approxi-
mation is that the spacing between molecules should
decrease as the crystal is compressed, thereby result-
ing in a broadening of the bands as well as a decrease
in the lowest energy transition from the ground to the
excited state. Figure 4.4 shows the energies of the long
wavelength absorption edges (which are inversely
proportional to EG) of NTCDA and PTCDA as func-
tions of hydrostatic pressure (Jayaraman et al., 1985).
The energy gap is reduced with pressure due to a
decrease in a. Indeed, as PTCDA is compressed, its
appearance changes from red to black. The change in
NTCDA absorption at low pressures is non-linear,
with a weaker dependence on pressure. Both re-
sponses are functions of the compressibility (i.e. the
bulk modulus, Eq. 2.23) of these materials. The more
open herringbone structure of NTCDA (with an inter-
molecular spacing of a ¼ 3.506 Å) is more easily
compressed than is the very tightly π-stacked
PTCDA (a ¼ 3.21 Å). Hence, the changes are more
pronounced in NTCDA until the molecular core re-
pulsion becomes dominant. However, the depend-
ence of the energy shift on pressure, which is
directly proportional to molecular spacing, is linear
over the entire range tested in Fig. 4.4.
Tight binding approximations have been exten-

sively used to calculate energy band dispersions
in a number of molecules. Figure 4.5 shows the ex-
cess hole and electron three dimensional band struc-
tures for pentacene along several crystal symmetry
directions. (Here, X ¼ (a�/2,0,0), M ¼ (a�/2,b�/2,0),

ρ0 = 1.757 gm/cm3
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Figure 4.4 Shift in the low energy absorption edge of NTCDA and
PTCDA excitonic features vs. hydrostatic pressure. The upper straight line
corresponds to the spectral shift as a function of NTCDA density
(Jayaraman et al., 1985).
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Y ¼ (0,b�/2,0), Z ¼ (0,0,c�/2), N ¼ (0,b�/2,c�/2),
H ¼ (a�/2,b�/2,c�/2), and O ¼ (a�/2,0,c�/2). Also,
a�, b�, and c� are the reciprocal lattice vectors, Γ is the
center of the Brillouin zone, and the direction from Γ

to M is ½(a� + b�).) The bands are calculated using
both density functional theory and tight binding
with almost identical results (de Wijs et al., 2003).
The bands resulting from the crystal structure and

the electron density distributions are shown in
Fig. 4.5a. The relative position of the wavefunction
phases between adjacent molecules in the crystal
(see Fig. 3.16) significantly affects the band structure
(i.e. the splitting of the bands within the LUMO and
HOMO manifolds) and consequently, the charge
mobility. There are two branches in both the
HOMO and LUMO bands since two symmetry-
inequivalent molecules form the unit cell basis. The
BWs are ~600 meV and 700 meV for the HOMO and
LUMO, respectively. Note that the calculated band

gap is 0.7 eV, which is substantially less than the
measured EG ¼ 2.2 eV (Kang et al., 2006). This dif-
ference is sometimes observed in tight binding and
DFT calculations (Nabok et al., 2007), although it
does not appear to significantly affect other features
of the band structure. While the energy band doub-
lets are somewhat distorted due to asymmetries in
the transfer integrals, J(R), along different symmetry
directions, they nevertheless have approximately the
cosine shape in Eq. 4.19. This periodicity is particu-
larly apparent for the upper and lowermost bands in
the LUMO and HOMO, respectively.
The effective masses in the a–b plane calculated

from the band structure are plotted in Fig. 4.5c. The
mass varies from approximately 6.5m0 along the â-
axis, to 1.5m0 at approximately 15° from the b̂ -axis. It
is also found that m� ¼ 5.2m0 along ĉ. Here, m0 is the
free electron mass. The asymmetries in m� are also
due to different magnitudes in the coupling integrals,
J(R), along different symmetry axes.
The tight binding method has also been used

to understand the charge transfer complex, bis
(ethylenedithio)tetrathiafulvalene ((BEDT-TTF)2ClO4

(C2H3Cl3)0.5) with the highest four bands shown in
Fig. 4.6 (Mori et al., 1984). The bands arise from the
four molecules per unit cell, presenting a more
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complex system than polyphenyls such as penta-
cene. While a small (0.1 eV) band gap around the
Fermi energy (EF) opens up between the third and
fourth bands along the V-symmetry direction, band
overlap along different crystal directions indicates
that this is not a semiconductor, but rather a semi-
metal with a ¾-filled frontier orbital. Of particular
note is the small BW ~200 meV compared to penta-
cene, resulting from relatively large intermolecular
distances of R≃ 3:80 Å.

4.1.2 Experimental dispersion relationships

There are several methods for measuring the frontier
orbitals of organic semiconductors, most notably
ultraviolet photoelectron spectroscopy (UPS, also known
simply as photoelectron spectroscopy, PES) and cyclic
voltammetry (CV). These methods are described and
compared in Appendix C. Here, we will discuss the
use of a modified version of UPS, known as angle
resolved ultraviolet photoelectron spectroscopy (ARUPS)
that can resolve the dispersion relation, E(k). Briefly,
UPS is based on the photoelectric effect, whereby a
UV light source illuminates the surface of the sample.
The energy difference between the HOMO and the
vacuum level (known as the ionization potential, IP)
is determined by measuring the kinetic energy of
electrons ejected from the sample surface for a given
photon energy (Hüfner, 2003). The angular depend-
ence of the kinetic energy yields the component of the
electronic wavevector perpendicular to the surface,
k⊥. The parabolic electronic potential (or mean inner
potential), V0, is then determined from ARUPS
spectra using

k? ¼ ð2m=h� 2Þ1=2ðEkincos2θe þ V0Þ1=2; ð4:30Þ
where Ekin is the kinetic energy determined from the
electric field required to retard the motion of the
photoemitted electron, and θe is its emission angle
relative to the surface normal. Tight binding theory
provides the band shape perpendicular to the sub-
strate via (Mori et al., 1984)

Eðk?Þ ¼ EHOMO � 2Jcosða?k?Þ; ð4:31Þ

where the lattice constant perpendicular to the
substrate is a⊥, EHOMO is the energy at the band
center at k? ¼ 0, and BW ¼ 4J. ARUPS has been
applied to determine the band structure of
BTQBT on graphite with results shown in Fig. 4.7
(Hasegawa et al., 1994). The presence of sulfur atoms
in BTQBT results in a close in-plane intermolecular
contact distance of only 3.26 Å, with a more relaxed
interplanar spacing of 3.45 Å which, due to the mo-
lecular tilt relative to the substrate, gives a? � 3:4 Å.
Consistent with the tight binding approximation, the
HOMO-centered band has a cosine-like dependence
with a BW of almost 0.4 eV (corresponding to J ¼
0.092 eV). This is considerably larger than the next
highest HOMO, or NHOMO, centered on HOMO-1
whose BW is ~0.08 eV. The narrower BW is a conse-
quence of the more tightly bound inner shell electrons
that make up the deeper HOMO levels. Fits to the
ARUPS data give a V0 ¼ �12.5 eV and EHOMO ¼ 5.4
eV. Note that the phase of the NHOMO is opposite to
that of the HOMO, suggesting that the velocity and
effective masses also have opposite signs in the two
bands.
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The BW along a⊥ is substantial for an organic solid,
and suggests a high charge mobility and low effective
mass. Indeed, from the fits to the tight binding model
(Fig. 4.7b, solid line), the hole effective mass at the top
of the HOMO band is m�h ≃ 3:1m0. Then the charge
mobility in the crystal is

μh ¼
qτ
m�h

; ð4:32Þ

where the scattering relaxation time is given by the
uncertainty principle to be τ> h�=kBT for thermally
broadened bands. From this, we find that μh > 6.5
cm2/V s (Hasegawa et al., 1994), which is comparable
to the measured Hall mobility of 4 cm2/V s. (Imaeda
et al., 1992). There is little question, therefore, that the
close intermolecular packing of BTQBT leads to band
transport similar to that of inorganic semiconductors.
An even closer π-stacking distance of 3.21 Å for

PTCDA suggests an even larger carrier BW. As we
have seen in Chapter 3, this close intermolecular spa-
cing results in extended charge transfer states that
span several molecules in the stack. In one ARUPS
study (Yamane et al., 2003), PTCDA was grown near-
ly epitaxially onto MoS2 to produce large crystalline
domains. The spacing of a? � 3:8 Å between PTCDA
and MoS2 is considerably larger than the native inter-
molecular stacking distance of neat PTCDA crystals.
Nevertheless, the fit of the data to a cosine depend-
ence in Fig. 4.8 yields m�h ¼ 5:28m0 and μh >

3.8 cm2/V s. These values are expected to differ for
bulk crystals with tighter molecular stacking. The
data lead us to conclude that, like BTQBT, PTCDA
has many band-like properties consistent with inor-
ganic semiconductors.
Similar findings regarding the HOMO energy dis-

persion have been calculated and measured for high
mobility semiconductors such as pentacene (Koch
et al., 2006) and rubrene (Yanagisawa et al., 2013). In

cases where high mobility is observed, HOMO BWs
in the range 150–250meV are typical, although to date
there has not been evidence for a BW higher than 400
meV, as observed for BTQBT. The tight binding ap-
proximation clearly provides a reasonable estimate of
the energy dispersion of high mobility (and thus high
conductivity) organic materials, suggesting that Bloch
theory applied to inorganic semiconductors can also
be adapted to organic materials with a significant
orbital overlap between neighbors.

4.2 Charge transfer

Now that we have established that the band structure
of an organic medium is primarily determined by
nearest neighbor interactions, we can develop the
theory of charge transfer between molecules. The ap-
proaches taken to understand the optical properties of
organics (and hence exciton transfer and energy mi-
gration) are similar to those needed to understand
charge migration and conductivity. Before addressing
the process of charge transfer, we define two import-
ant macroscopic quantities.

Charge mobility ($μ) is the constant of proportional-
ity between the electric field (F) charge velocity (v).
That is,

v ¼ $μF: ð4:33Þ

It is a tensor whose value depends on crystalline
direction. The mobility for electrons (μe) and holes
(μh) is different in virtually all semiconductor mater-
ials since they each depend separately on their
corresponding intermolecular charge transfer (CT)
properties that are sensitive to the crystal and molecu-
lar structures. As we will show in the ensuing discus-
sion, the mobility is a function of temperature, T,
electric field, and the charge density of states.

Conductivity, $σ, is defined via Ohm’s law:

j ¼ qðnve þ pvhÞ ¼ $σF; ð4:34Þ

from which we obtain

$σ ¼ qðn$μe þ p$μpÞ: ð4:35Þ

Here, j is the current density and n and p are the
electron and hole densities, respectively.
Given the central importance that μ plays in quanti-

fying conductive properties, calculating and measur-
ing this quantity has been a significant focus of studies
of organic electronic materials. The remainder of this
section is devoted to understanding its origins, and in
Section 4.4.3 we discuss how it is accurately measured.
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While charge mobilities >1 cm2/V s are suggestive
of band-like transport, it is far more typical to find
organics whose mobilities are< 0.1 cm2/V s. This is in
contrast to mobilities in inorganic solids that are at
least 10 times, and even >1000 times larger. The pri-
mary difference lies in the strength of the electron–
phonon interaction. In inorganics, electron exchange
interactions within the bands are dominant. Their
large dielectric constants (εr > 10) lead to electric
field screening. Indeed, the large BWs and weak
couplings to phonons lead to a charge mean free path,
λ ≫ a, where a is the lattice constant. Hence, the mean
free time between scattering events, τ, is much longer
than the time to move between adjacent atoms in the
lattice. The uncertainty principle sets a lower limit to
the electronic BW of BW> h�=τ:

The mobility is related to the diffusion constant, D,
via the Einstein–Smoluchowski relationship:

D
μ
¼ kBT

q
: ð4:36Þ

Since the charge diffusion length, LD, is given by

LD ¼
ffiffiffiffiffiffi
Dτ
p

; ð4:37Þ
then band-like properties require that LD > a. In this
case, provided that BW > kBT we have the condition
that (LeBlanc, 1961),

μ>
qa2

h�
BW
kBT

	 

: ð4:38Þ

To estimate the magnitude of this limiting band-like
mobility, we assume that a � 5 Å, in which case μ> 5
(BW/kBT) (in units of cm2/V s). Thus at room tem-
perature where BW � 25 meV, band transport dom-
inates when μ > 5 cm2/V s, a high value that is rarely
observed in organic materials.

In contrast to inorganic semiconductors, organic
semiconductors have a relatively small dielectric con-
stant (εr� 3), and hence a concomitantly reduced
electric field screening. Thus, electron–phonon inter-
actions both within a charged molecule as well as
between molecules involved in electron transfer over-
whelm the exchange interactions. This leads to charge
scattering and localization at each molecular site. In
this limit, λ ~ a such that transport is incoherent, where
the charge trajectories are highly randomized. Band
transport gives way to hopping transport of a charge
that self-traps on each molecular site due to polariza-
tion of the local orbital environment. The polarization
energy is “carried” with the charge from molecule to
molecule, considerably increasing its effective mass.
The charge-plus-polarization is called a polaron. Since

the polarization effect is confined to only nearest or
next nearest neighbors (i.e. it is on the order of a lattice
constant, a), the polaron is often referred to as a small
polaron (Holstein, 1959a).
In contrast to the short range interactions of elec-

trons in organics, interactions in ionic compounds are
governed by Coulombic effects whose potential de-
cays as 1/r. Polarization in this case decays slowly
with distance, with concomitantly reduced effects on
the charge effective mass and other transport proper-
ties. This long range lattice distortion is known as a
large polaron. Since its effects are of relatively minor
importance in organic materials, large polarons are
not considered further here.
Electron–phonon interactions dominate transport

in molecular solids when h�ω0 >BW, where h�ω0 is
approximately equal to the highest energy vibration.
Thus, mobilities in materials with strong electron–
phonon coupling with magnitudes

μ>
qa2

h�
h�ω0

kBT

	 

ð4:39Þ

suggest the existence of band transport. Typically,
h�ω0 � 100 meV. Then at room temperature, μ > 20
cm2/V s is a signature of coherent transport. Such
high room temperature mobilities in molecular and
polymeric materials are not observed. The transition
between hopping and band transport, however, can be
observed at far lower mobilities than predicted by the
generalities leading to Eqs. 4.38 and 4.39.
Quantitative analysis of intermolecular electron

transfer proceeds by solving the Schrödinger equation
using the single electron Hamiltonian:

HT ¼ H0
e þH0

ph þHtr
e þHloc

e�ph þHnon
e�ph þHstat

e ; ð4:40Þ

which is decomposed into the several energetic con-
tributions to the transfer process. The excited electron
Hamiltonian for a perfectly ordered lattice is given by
(Coropceanu et al., 2007, Bässler and Köhler, 2012)

H0
e ¼

XN
n

E0
na
þ
n an; ð4:41Þ

where E0
n is the electron energy and a†nðanÞ is the

creation (annihilation) operator for an electron at the
nth lattice site in the absence of coupling to surround-
ing molecules. For an n-particle eigenstate, |ni, these
operators have the following properties:

a†jn� 1i ¼ ffiffiffi
n
p jni ð4:42Þ

and

ajni ¼ ffiffiffi
n
p jn� 1i ð4:43Þ
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such that the number operator

N i ¼ a†i ai ð4:44Þ
counts the number of quantum states. Thus,
N ijni ¼ njni. Similarly, for phonons we have

H0
ph ¼

X
q;j

h�ωq;jðbTq;jbq;j þ 1
2
Þ; ð4:45Þ

where ωq,j is the frequency of the phonon mode with
wavevector q on the jth phonon branch. Also b†q;jðbq;jÞ
is the phonon creation (annihilation) operator. Hence,
He ¼ H0

e þH0
ph gives the energy of an excited mol-

ecule that does not interact with the phonon popula-
tion. In writing Eqs. 4.41 and 4.45 and the expressions
for the various terms in HT that follow, for simplicity
only first order (linear) interactions are considered.
Electron transfer from themth to the nth molecule is

expressed by

Htr
e ¼

XN
m6¼n

Jnma†nam; ð4:46Þ

where the transfer integral, Jnm, gives the electronic
interaction, or coupling between molecules m and n:

Jnm ¼ hψn r� Rnð ÞjHtr
e jψm r� Rmð Þi: ð4:47Þ

This is in contrast to the on-site energy, with expect-
ation value of εnn at site n:

εnn ¼ hψn r� Rnð ÞjHtr
e jψn r� Rnð Þi: ð4:48Þ

Interactions with the phonon population are ex-
pressed by the electron–phonon coupling terms as
follows:

Hloc
e�ph ¼

1ffiffiffiffi
N
p

X
q;j

XN
m

h�ωq;jðgmðq; jÞbq;j þ g�mðq; jÞb†�q;jÞa†mam

ð4:49Þ
and

Hnon
e�ph ¼

1ffiffiffiffi
N
p

X
q;j

XN
m;n
m6¼n

h�ωq;j gnm q; jð Þbq;j
�

þg�nmðq; jÞbþ�q;jÞaþn am: ð4:50Þ
Equation 4.49 is the dynamic disorder term due to
electron–phonon coupling within the charged mol-
ecule. The strength of the coupling is gm(q,j), with
complex conjugate gm�(q,j). Since the interaction only
involves intramolecular interactions within the mth

molecule, the matrix elements lie only on the diag-
onal (m, m), and hence Eq. 4.49 is known as dynamic
diagonal disorder. Similarly, dynamic off-diagonal dis-
order due to intermolecular interactions with the vi-
bronic manifold, is expressed by Eq. 4.50, with an

electron–phonon coupling strength of gnm(q,j). These
terms are used to calculate the reduction in electron
energy arising from intrinsic or polaronic effects (and
hence interaction with the phonon population) during
transfer. Importantly, when gm or gnm are large com-
pared to Jnm, the transport is dominated by polarons
where the mass of the charge is “dressed” by local
lattice distortions. In the opposite circumstance when
Jnm > gm, gnm, the effects of polarons are small, and the
transport becomes band-like. This corresponds to the
situation in inorganic semiconductors where polaron
energies are negligible.
Finally, actual crystal structures always contain a

finite number of physical defects, and this is particu-
larly true for weakly bonded organic van der Waals
crystals. These imperfections in lattice structure can
significantly influence charge transfer between neigh-
boring molecules, and hence the conductivity of the
solid. To account for this so-called static disorder,
we write

Hstat
e ¼

XN
n

δEnaþn an þ
XN
m;n
m6¼n

δJnmaþn am: ð4:51Þ

The terms δEn and δJnm are small deviations in the
energy and coupling constants due to local variations
in the structural morphology. As above, the first term
expresses static diagonal disorder and the second is
for static off-diagonal disorder. Note that there are no
interactions with the phonon population since static
disorder is only a property of crystalline morphology.
This term is largest in amorphous materials or non-
crystalline polymers where there is considerable vari-
ation in the molecular environment and configuration
from site to site. In sufficiently disordered solids, this
term can dominate other effects in Eq. 4.40.
A conceptual illustration of the physical processes

and the terms quantifying transfer between molecules
in a lattice is shown in Fig. 4.9.
Nowthat thetotalHamiltonianisdefined,our task is to

calculate the various terms to determine their relative
strengths. That is, when gm(q,j) and gnm(q,j) are large,
charge transfer (andhence chargemobility) is dominated
by polaronic effects, and the primary mechanism for
charge transport isvia incoherenthoppingbetweennear-
est neighbor molecules. Conversely, band-like transport
occurswhen these coupling constants are small.
In the absence of intermolecular coupling (i.e.

Jnm ¼ 0) and considering only local polaron (i.e.
on-diagonal terms), the Hamiltonian simplifies to
HT ¼ H0

e þH0
ph þHloc

e�ph which yields the following
energy eigenvalues (Coropceanu et al., 2007):

182 CHARGE TRANSPORT IN ORGANIC SEMICONDUCTORS



Em ¼ E0
m þ

X
q;j

h�ωq;j nqj þ 1
2

� �
� 1

N

X
q;j

h�ωq;jjgmðq; jÞj2:

ð4:52Þ
The first two terms are the familiar solution to the
Schrödinger equation using He in Eq. 3.11 ff., whereas
the last term results from on-site perturbations of the
vibronic modes in response to the excess polaron
(Fig. 4.9c). That is, the intramolecular polarization en-
ergy which equals the polaron binding energy is

Eloc
pol ¼ �

1
N

X
q;j

h�ωq;jjgmðq; jÞj2: ð4:53Þ

To determine the coupling strength, we assume that
the transfer of an electron results in only a small
distortion of the electronic potential. Then we can
expand Em(Q) about the equilibrium nuclear coordin-
ates, Q( j) as defined in Fig. 4.10:

EmðQÞ ¼E0
m þ

X
i

∂Em

∂Qmð jÞ
����
Q¼0

Qmð jÞ

þ 1
2

X
j

Mjω
2
j Q

2
mð jÞ þ…:

ð4:54Þ

The second term, which is linear in Qm( j), is the re-
storing force near equilibrium. Here,Mj is the molecu-
lar mass (Holstein, 1959a). This distortion results in a
shift in the nuclear coordinates, �Q( j) that increases
the energy by Mjω2

j �Qð jÞ. Assuming that the vibra-
tional modes in the ground and the singly charged
excited states are unchanged, and that λrel is the sum
of the energies of the j vibrational modes, λrel ¼

P
J λj

then the total polarization energy is

Eloc
pol ¼ λrel ¼ 1

2

X
j

Mjω
2
j �Q2ð jÞ ð4:55Þ

(see Fig. 4.10). At equilibrium, the first derivative in
Eq. 4.54 is zero. It follows that the shift in coordin-
ates by the transfer of charge is (Austin and Mott,
1969)

�Qm jð Þ ¼ 1
2Mjω2

j

" #
∂Em

∂Qm jð Þ
����
Q¼0

ð4:56Þ

Then from Eqs. 4.53, 4.54, and 4.56, we obtain a rela-
tionship for on-site coupling:

jgm q; jð Þj2 ¼ λj
h�ωq;j

¼ 1
2Mjh�ω3

q;j

���� ∂Em

∂Qm jð Þ
����
Q¼0

����
2

; ð4:57Þ

or

jgm q; jð Þj2 ¼
2Mjωq;j

h� j�Qm jð Þj2: ð4:58Þ
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Figure 4.10 Relative coordinate shift (�Q) between the initial, neutral
state (1), and the final charged molecule state (2) involved in charge
transfer. The polarization energies are λð1Þrel and λð2Þrel , respectively.
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Figure 4.9 Various processes involved in charge transfer. The relevant
Hamiltonians and coupling constants are indicated. The unpaired electron
(�) undergoes transfer in the direction indicated by the arrow.
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The relationship between λrel and �Q is shown in the
energy diagram of the neutral and ionic molecular
states in Fig. 4.10. The coupling constants are propor-
tional to the coordinate displacements, �Q, that are
due to changes in intramolecular vibrational modes in
the presence of an excess charge. This change results
in a molecular relaxation of the local polarization of
magnitude λð1Þrel as the electron is transferred to a
neighboring neutral molecule, which in turn relaxes
by energy, λð2Þrel . That is, the charge “carries” the polar-
ization from molecule to molecule. The total reorgan-
ization energy upon charge transfer is, therefore,

λreorg ¼ λð1Þrel þ λð2Þrel ; ð4:59Þ
and in the special case that the initial and final states
of the molecules are the same, then

Eloc
pol ¼ λreorg=2: ð4:60Þ

For rigid molecules such as the polyacenes, the
reorganization energies have in fact been found to
be approximately equal (Epol � 50–100 meV)
(Coropceanu et al., 2007). This is not the case for
more flexible molecules that can undergo substan-
tial distortion during charge transfer, and where the
perturbation approach breaks down.
The reorganization energy was initially introduced

by Marcus (1957), who used a classical approach to
charge transfer between a donor and acceptor mol-
ecule, yielding

λreorg ¼ �q2

4πε0

1
2aD
þ 1
2aA
� 1

RDA

	 

1
ε∞
� 1
εs

	 

; ð4:61Þ

where aD (aA) is the radius of the donor (acceptor)
outer sphere electron orbital, RDA is the distance be-
tween acceptor and donor molecules, ε0 is the permit-
tivity of free space, and ε∞ and εs are the optical and
static dielectric constants, respectively. The first two
terms in Eq. 4.61 are the energies required to charge
the donor and acceptor molecules by an amount, �q,
and the third term is the reduction in energy due to
the transfer of �q from D to A. The difference in
dielectric constants is a result of the Born–
Oppenheimer approximation in that the nuclear de-
grees of freedom cannot instantaneously adjust dur-
ing the transfer process. The reorganization energy
increases with increasing donor–acceptor separation,
as expected.
Calculation of off-diagonal dynamic distortion

coupling constants, gnm(q,j) follows an analogous pro-
cedure to that used for gm q; jð Þ. This interaction is
governed by the generation of acoustic phonons dur-
ing transfer. The strength of the intermolecular

coupling due to off-diagonal dynamic disorder is
often lower (Enon

pol ~ 10 meV), largely as a result of the
lower energy of inter vs. intramolecular phonons in
organic crystals (Friedman, 1965). The presence of a
polaron can result in substantial displacements of the
lattice if it is sufficiently soft, leading to contributions
as large as 30% to the total polaron energy
(Coropceanu et al., 2007).
While the foregoing discussion has focused on elec-

tron transfer, the same arguments are made to de-
scribe hole transfer, albeit with different values for
the coupling constants. The strength of the coupling
determines the transfer rate via Fermi’s Golden Rule.
Ultimately it is the rate that determines the carrier
velocity and hence its mobility. While both electrons
and holes apparently follow the same process of
charge transfer, it is observed that hole mobilities are
often larger than those of electrons. It has been argued
that this difference has extrinsic origins; that electrons
transported along the LUMO levels are at a higher
energy and hence more readily available for oxidation
or trapping within the energy gap (Bässler and
Köhler, 2012). Intrinsic properties of solids may also
lead to a higher mobility for one of the two carrier
types: the most important being the orbital overlap
between the molecules. In Eq. 4.47 we see that Jnm
increases proportionately with the orbital overlap in-
tegral. Thus, the overlap of the HOMOs and LUMOs
between molecules ultimately determines the prob-
ability for charge transfer. The charge mobility is,
therefore, intimately related to both the spatial distri-
bution of the respective orbitals, and the relative posi-
tions (i.e. stacking habit, distance of closest approach
defined by the van der Waals radius, steric hindrance,
etc.) of adjacent molecules. From tight binding, we
have argued that the HOMO overlap leads to the
broadest BW. Hence, it is not surprising that holes
transported near the top of this band experience the
highest mobility, as is often the case.

4.3 Charge transport

Charge transport over macroscopic distances occurs
through a sequence of intermolecular charge transfer
steps. Mechanisms of charge transport, therefore,
determine the macroscopic electronic properties of
charge mobility, diffusion and conductivity. We
now relate the quantum mechanical couplings in
Section 4.2 to these macroscopic quantities.
In Fig. 4.11a we illustrate the process of band trans-

port that develops when Jnm > g2m and g2nm, that is,
when Htr

e >Hloc
e�ph, and Hnon

e�ph (see Eq. 4.40). This situ-
ation arises when the BW is greater than the polaron
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energy in Eq. 4.55, such that the distance between
scattering events is much larger than a. The charge
motion is then limited by acoustic phonon scattering
at the lattice sites. To determine the temperature de-
pendence of the band-like mobility, the root mean
square thermal velocity of charges that follow Boltz-
mann statistics is given by

hvi ¼
ffiffiffiffiffiffiffiffiffiffi
3kBT
m�

r
: ð4:62Þ

Now the scattering time for an electron or hole is
τ�1 � ρσXhvi, where σX is the scattering cross section
and ρ is the molecular number density in the medium.
The temperature dependence of σX due to phonon
scattering is σX � T, resulting in τ � T�3/2. It then
follows from Eq. 4.32 that temperature dependence of
the mobility for band-like conduction is μ�T�3/2.
More generally, the temperature dependence of
band-like mobility is

μ � T�n; ð4:63Þ
where for most common semiconductors such as Si,
Ge, and GaAs, n is in the range from 3

2 to 5
2 for both

electrons and holes.
Intrinsic band-like behavior has been observed in

ultrapurified naphthalene and perylene single crys-
tals (Warta et al., 1985, see Chapter 5.3), where great
care was taken to remove impurities and their associ-
ated scattering processes that can introduce signifi-
cant deviations from Eq. 4.63. For example, charged
defects can lead to σX � hvi�4 � T�2, from which we
infer μ�T3/2. In Fig. 4.12 we show the dependence of
the time of flight (TOF) mobility on T for both

electrons and holes for such highly pure naphthalene.
The mobility shows a T�n dependence down to T ¼
20 K in Fig. 4.12. This is a clear indication of band-like
conduction extending to room temperature. As in the
case of perylene, however, n is somewhat larger than
commonly observed in inorganic materials, ranging
from 2.19 (electrons in perylene) to 2.90 (holes in
naphthalene) suggestive of strong interactions with
high energy acoustic phonons (Warta et al., 1985).
Notably, the electron mobility is 5–10 times less than
the hole mobility. Since the single crystals studied in
Fig. 4.12 have been thoroughly refined, it is unlikely
that this rather significant difference between hole
and electron mobilities can simply be ascribed to the
presence of impurities. As noted in the previous sec-
tion, differences in HOMO vs. LUMO overlaps be-
tween molecules in a crystal can lead to intrinsically
different mobilities due to different magnitudes of the
transfer integral, Jnm, in Eq. 4.47.
Even though highly pure, the room temperature

mobility does not exceed ~1 cm2/V s, and indeed is
comparable to values for less purified materials. The
low mobility arises from strong electron–phonon
interactions (i.e. small polarons) due to dynamic lat-
tice disorder. This is an intrinsic property of even the
highest quality organic materials. Hence, reports of
exceptionally high mobilities, often obtained from
interface conduction in transistors at room tempera-
ture, should be taken with healthy skepticism (cf.
Section 4.4.3). Nevertheless, phonon scattering is

(a) EC

(b) (c)

ELUMO

∆EB

EVAC

a

λ >> a

λ ~ a

Figure 4.11 Modes of charge conduction in semiconductors. (a) Band
transport where the mean free path (λ) of an electron is large and the
transport is coherent (i.e. the path of the electron is correlated between
collisions). EC is the energy of the conduction band minimum, and EVAC is
the vacuum energy. (b) Hopping transport from molecule to molecule. The
orbitals of each molecule are shown. The LUMO energy (ELUMO) is indicated
by the topmost level containing an unpaired spin. (c) Tunneling occurs
between states of equal energy in adjacent molecules.�EB is energy barrier
to hopping or tunneling, and a is the molecular spacing. The energy scales
and energy references for (a) are independent of (b) and (c).
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Figure 4.12 Dependence of the electron (μ�) and hole (μ+) mobilities
on temperature along the a-axis of an ultrapurified naphthalene crystal.
Also shown is the electric field dependence of the hole mobility at
T< 40 K. The (+) data between T = 200 K and 300 K are for naphthalene,
that has not undergone ultrapurification (Warta et al., 1985).
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reduced with temperature, leading to the power-law
dependence in Fig. 4.12, with naphthalene achieving
hole mobilities of >200 cm2/V s. This is similar to
data for ultrapure perylene in Fig. 5.6 with an electron
mobility of 80 cm2/V s at 30 K.
Another phenomenon observed for ultrapurified

naphthalene is the dependence of the hole drift vel-
ocity on applied electric field, F, shown in Fig. 4.13.
The differential mobility,

μdiff ¼
∂v
∂F

; ð4:64Þ

is given by the slope of the data. At all temperatures,
μdiff ! 0 as F! large, characteristic of velocity satur-
ation due to increased acoustic phonon scattering in
the bands. The data in Fig. 4.12 are taken from the

linear interpolation of the drift velocities to F ¼ 0.
Extremely high mobilities (400 cm2/V s at F ¼ 3 kV/
cm) are attained at T ¼ 4.2 K where scattering is
minimal.
Polaron-limited transport is important when

BW< h�ω0, kBT. In this case dynamic disorder leads
to Hloc

e�ph;H
non
e�ph >Htr

e . The polaron is scattered at each
molecular site, leading to transport dominated by
thermally-assisted hopping at high temperature. As
temperature is decreased, tunneling between sites
dominates. These two processes are illustrated in
Fig. 4.11b and 4.11c, respectively. Tunneling is iso-
energetic, that is, it involves the transfer between
equal energies. Therefore, it is only weakly tempera-
ture dependent arising from thermal phonon broad-
ening of the electron DOS. Like band transport,
tunneling leads to coherent transport where the
mean free path of the carrier is λ ≫ a. In thermally
assisted hopping, however, the polaron requires en-
ergy to hop over the barriers between adjacent mol-
ecules. Since scattering and relaxation occur on
time scales less than the hopping rate, the transfer
is incoherent. That is, there is no “memory” of past
events that determines the direction and time of
subsequent hops.
The total mobility is given by

μT ¼ μhop þ μtun: ð4:65Þ

The various mobility regimes vs. temperature have
the functional forms illustrated in Fig. 4.14. The dom-
inance of either band or polaron transport is a deter-
mined by the strength of the electron–phonon coupling
constants, for on-diagonal dynamic disorder, and for
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Figure 4.13 Hole drift velocity (vh) vs. electric field (F ) in an ultrapurified
naphthalene crystal at two different temperatures. The slope of the lines
asF! 0 gives the mobilities (Warta et al., 1985).
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Figure 4.14 Mobility vs. temperature for both strongly and weakly electron–phonon coupled systems showing the various transport regimes. The
transitions between the band and hopping, and hopping and scattering regimes approximately occur at temperatures TBH and THS, respectively. The
electron–phonon coupling constant is g2.
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off-diagonal disorder. These couplings exceed the elec-
tron transfer integral, Jnm, when hopping dominates.
Since hopping is thermally assisted, the mobility fol-
lows: μhop � expð��E=kBTÞwith an activation energy,
�E. As temperature is increased, hopping over barriers
no longer is the rate-limiting step in the transport
process, and residual acoustic phonon scattering dom-
inates, leading to μ ~ T�3/2.

4.3.1 Hopping in the presence of dynamic disorder

Having calculated the transfer energies and integrals
in Section 4.2, we now determine the polaron mobi-
lities in the presence of both dynamic and static dis-
order. First, we will consider the effects of on-diagonal
and off-diagonal dynamic disorder where Hloc

e�ph;
Hloc

e�ph ≫Htr
e ;H

stat
e . This is the small polaron, or polaron

transport regime first described by Holstein (1959b).
Second, we will consider disorder effects, where
Hstat

e ≫Hloc
e�ph;H

loc
e�ph;H

tr
e .

Since only nearest neighbor interactions need to be
considered, we can describe electron transfer from
initial site, p, to the neighboring site, p ± 1. Then for
a three dimensional, cubic lattice with lattice constant
a, the diffusion constant is given by (Holstein, 1959b)

D ¼ 1
6
kETðp! p±1Þa2: ð4:66Þ

The factor of 1/6 arises from the choice of hop in any
of 6 directions. We assume that molecules at all sites p
are identical, and hence positive and negative hops
occur with equal probability. For diagonal transitions,
the vibrational quantum numbers remain unaltered
during transfer, whereas for off-diagonal transitions,
the quantum numbers change by ±1. Then, from
Eq. 4.36 and 4.66, we can relate the transfer rate kET
to the hopping mobility:

μ ¼ q
6kBT

kETðp! p±1Þa2: ð4:67Þ

The calculation of kET follows from the Schrödinger
equation employing the Hamiltonian in Eq. 4.40, but
excluding disorder, Hstat

e . Thus (Holstein, 1959b),

ih� ∂ϕnðQÞ
∂t

¼
XN
m

� h� 2
2M

∇2
m þ

1
2
Mω2

0Q
2
m

 "

þ 1
2
Mω2

0QmQmþ1



þ VQðmÞQn

�
ϕnðQÞ

� Jn;n±1ðϕn�1ðQÞ þ ϕnþ1ðQÞÞ; ð4:68Þ

where ϕn is the wavefunction at site p whose vibra-
tional coordinates are Qm, and VQ(m) is the electron–
lattice interaction with the mth phonon mode. Also J

are the orbital overlap integrals as previously. Here,
VQ is taken to be a small perturbation (Holstein,
1959a), and results in a linear displacement in relative
coordinates, Qm. Solutions to Eq. 4.68 have been de-
rived by Holstein (1959b) for the transfer rate based
on time-dependent perturbation theory to yield

kET¼ J2

h� 2ω0

π

g2csch
h�ω0

2kBT

	 

0
BB@

1
CCA
1=2

exp �2g2tanh h�ω0

4kBT

	 
	 

;

ð4:69Þ
taking g ¼ gm ¼ gnm. Here ω0 is the optical phonon
frequency. Thus, using Epol ¼ h�ω0g2m from Eq. 4.53 in
the high temperature limit of kBT≫ h�ω0 this
simplifies to

kET ¼ J2

h�
π

2EpolkBT

� �1=2
exp � Epol

2kBT

	 

; ð4:70Þ

which, from Eq. 4.67, leads to the following thermally
activated mobility:

μhop ¼
qJ2a2

6kBTh�
π

2EpolkBT

� �1=2
exp � Epol

2kBT

	 

: ð4:71Þ

At large Twhere the thermal energy is higher than the
polaron energy, the value of the exponential term is 1,
leading to μ ~ T�3/2, characteristic of band transport.
Below that temperature, the transport is primarily by
diffusion due to hopping to nearest neighbor sites over
a potential barrier equal to the polarization energy.
Comparing Eq. 4.68 with the energy expansion in

Eq. 4.54, we see that VQðmÞ ¼ ∂Em

∂Qm
jQ¼0. Then, in the

special case of the symmetric transfer illustrated in
Fig. 4.10 along with Eq. 4.55, we obtain for the po-
laron binding energy:

Eloc
pol ¼ λrel ¼ 1

2

XN
m

Mmω
2
m�Q2

mð jÞ ¼
XN
m

V2
QðmÞ=2Mmω

2
m:

ð4:72Þ

As noted above, J is the orbital overlap integral re-
lated to the electronic bandwidth via BW= 4J in a
simple cubic lattice (Holstein, 1959a). Hence, it fol-
lows that a small polaron exists when

BW ¼ 4J<< λrel � V2
Q=2Mω2

0; ð4:73Þ

and large polarons dominate when the inequality is
reversed. This implies that small polarons dominate
at low temperatures and for narrow BWs less than the
reorganization energy during charge transfer.
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An important prediction of the small polaron
model is that the BW narrows with increasing tem-
perature. This is an outcome of the temperature de-
pendence of the overlap integral (Holstein, 1959b,
Coropceanu et al., 2007):

JðTÞ ¼ J expð�g2cothðh�ω0=2kBTÞÞ � J exp �g4 2kBT
Epol

	 

;

ð4:74Þ
where, to first order, the approximation on the right is
valid forEpol< kBT. For T ! 0, then J(T)¼ J. From tight
binding theory (Section 4.1.1), the effective mass is
m� ¼ h� 2=2Ja2 (c.f. Eq. 4.29). But if the bands are suffi-
ciently narrow in weakly coupled molecular systems,
all states are equally populated. Furthermore, since the
electron can hop forward or backward in all three di-
mensions, the relaxation time is given by τ ¼ 1/3kET.
Then the tunneling mobility at low temperature is

μtun ¼
qa2

3kBTh� 2kET
J2ðTÞ ð4:75Þ

(cf. Eq. 4.71). The temperature dependence of the mo-
bility separates the hopping from the tunneling re-
gimes at TBH in Fig. 4.14. This transition is shown in
detail in Fig. 4.15 for a coupling, g2 ¼ 10 and a BW
equal to twice the optical phonon frequency, corres-
ponding to J ¼ h�ω0.
Finally, we note that the hopping mobility is only

accurately determined when both on-diagonal and
off-diagonal (corresponding to local and non-local)
couplings are considered. The Holstein model treats
only on-diagonal terms (gnm ¼ 0) whereas the Peierls

model considers systems where gm ¼ 0, that is, only
non-local terms are present. Both of these effects have
been incorporated to provide explicit expressions
combining both local and non-local couplings while
also accounting for crystalline anisotropy (Munn and
Silbey, 1985, Hannewald et al., 2004). It is found that
the polaron transport BW due solely to local coupling
is ~100 meV, but both the shape and the width of the
transport bands are significantly impacted by off-
diagonal disorder. These couplings add ~10 � 30
meV to the polaron binding energy arising from inter-
molecular phonon interactions, and hence cannot be
ignored. Their inclusion in our analysis, however, does
not qualitatively change the conclusions although they
impact the magnitude of the observed effects.
In Fig. 4.16 we compare the HOMO and LUMO

BWs as functions of temperature for naphthalene
using only on-site local (Holstein) interactions, with
a combination of local and non-local (Holstein–Peierls)
couplings that indicates the influence of intermolecular
vibronic interactions (Hannewald et al., 2004). There
are several features to note in this comparison. The
first is that the BWs are considerably overestimated,
and the decrease in BW with T is reduced if off-
diagonal disorder is ignored. That is, the LUMO BW
from the Holstein model (gnm ¼ 0) is 600 meV at T = 0
K, decreasing by only ~30 meV as T is increased to 300
K. This compares to BW ¼ 75 meV at T ¼ 0 K and a
decrease of approximately that same magnitude be-
tween 0 K and 200 K when incorporating both on-
and off-diagonal couplings. It is also striking that the
BW of the LUMO level for the Holstein approximation
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Figure 4.15 Mobility transition between tunneling and hopping as
determined from small polaron theory. The bandwidth, 2J, decreases with
increasing temperature, resulting in a decrease in tunneling probability
and hence μtun, along with an increase in thermally activated hopping. For
this calculation, g2 ¼ 10 and J ¼ h�ω0 (Coropceanu et al., 2007).
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is larger than for the HOMO, whereas the opposite
obtains in the case of the Holstein–Peierls solution.
Indeed, it has been experimentally determined that
the hole mobility in naphthalene is larger than its
electron mobility (see Fig. 4.12), suggesting that inter-
molecular polaronic interactions giving rise to the lar-
ger HOMO BW (~250 meV at T¼ 0 K) in the Holstein–
Peierls model are an essential part of an accurate cal-
culation of the molecular transport properties. When
considering both on- and off-diagonal couplings, the
LUMO andHOMOBWs are smaller and their depend-
ence on temperature is larger than for cases where only
intramolecular couplings are included.

In Fig. 4.17 we show the dependence of BW on
temperature for several linear polyacenes. Most no-
ticeable is that the LUMO BW at T ¼ 0 K increases
monotonically with the number of fused benzene
rings, from naphthalene (with 2 rings) where BW ¼
20 meV, to tetracene (4 rings) with BW ¼ 400
meV. A similar monotonic dependence is not seen
for the HOMO levels, although the ordering is ap-
proximately consistent with this “rule.” The trend
with molecular size follows from the more extended
π-system that permits a larger orbital overlap (and
hence intermolecular interactions), which results in
the increased BW. However, crystal symmetry and
anisotropy, molecular shape and lattice structure
play important roles in determining the couplings, g
and J, and hence these factors can affect the observed
trends in unexpected ways, as apparent in Fig. 4.17.

An interesting observation is that the high tempera-
ture BWs for electrons are considerably smaller than
for holes, leading to a concomitant reduction in the
mobility of the former. These calculations do not in-
clude all effects (particularly disorder) and hence are
only approximations to the physical properties of the
systems themselves. The asymmetry in BWs may be
due to intermolecular interactions of the filled HOMO
orbitals that stabilize the orbital overlap (and hence
crystal structure) even as temperature is increased. In
contrast, the empty LUMO bands are not similarly
stabilized, and hence their BW decreases more rapidly
as temperature is increased. This leads to the higher
mobilities for holes than electrons observed for poly-
acenes and associated molecules such as PTCDA
(Forrest et al., 1984b).
Note that small BW narrowing from 240 meV at

T ¼ 120 K, to 190 meV at room temperature has been
observed in pentacene nanocrystals using ARUPS
(Koch et al., 2006). This is within a factor of 2-3 of
calculations for the HOMO levels in similar linear
polyacenes in Fig. 4.17.

4.3.2 Hopping in the presence of static disorder

Since organic crystals are particularly prone to de-
fects, the effects of static disorder cannot be ignored.
Referring to Eq. 4.40, static disorder is important
when Hstat

e ≫Hloc
e�ph;H

loc
e�ph;H

tr
e . Unlike dynamic dis-

order, the potential environment of nearest neighbors
is not identical, and hence the probabilities for a for-
ward vs. a reverse hop are not always equal. There are
two models used for site hopping in the presence of
disorder; one due to Miller and Abrahams, and the
other to Marcus.

4.3.2.1 Miller–Abrahams electron transfer

Miller and Abrahams developed a theory for impurity
band conduction in semiconductors that was later suc-
cessfully adapted to molecular materials. Impurity
band conduction occurs by hopping from one dopant
atom to the next in a heavily doped (degenerate) semi-
conductor. Hence, the process is analogous to that
which occurs in organics, where hopping between in-
dividual molecules leads to scattering at each hopping
site. In this formulation, the rate of hopping from site i
to site j is given by (Miller and Abrahams, 1960,
Ambegaokar et al., 1971, Fishchuk et al., 2002)

kET;ij ¼ υ0 expð�2γijRijÞ exp �Ej � Ei

kBT
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;

8<
:

ð4:76Þ
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Figure 4.17 Bandwidth of the HOMO and LUMO levels as functions of
temperature of three linear polyacenes: Nph = naphthalene, Ac =
anthracene, and Tc = tetracene (Hannewald et al., 2004).
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where Ei and Ej are the energies of the initial and final
sites, respectively, separated by distance, Rij, γij is the
orbital overlap factor, and ν0 is the “attempt fre-
quency,” that is, the rate at which a charge attempts
to overcome the energy barrier between nearest
neighbor molecules. To reasonable approximation, ν0
is equal to the highest energy (optical phonon) fre-
quency. The overlap factor is the degree to which the
wavefunction on site i (ϕj(ri)) overlaps that on site j,
that is, γij~hϕiðriÞjϕjðri � RjÞi (cf. Eq. 4.15). The expo-
nential prefactor in Eq. 4.76 thus gives the spatial
decay of the wavefunction with distance from the
original molecular site, similar to the dependence of
exchange transfer for excitons (Section 3.8.2). This
points to an important aspect of charge transfer: the
probability for transfer decays rapidly with distance
since it entails tunneling between adjacent molecules.
This results in more rapid transfer, and hence higher
charge mobility, for tightly π-stacked molecular
crystals where the disorder is minimal. As disorder
increases, due for example to the formation of bound-
aries at the edge of nanocrystalline domains, we ex-
pect the mobility to decrease accordingly, similar to
observations in a decrease in exciton diffusion length
with structural disorder (Lunt et al., 2010 and
Chapter 3.9).
Another feature of Miller–Abrahams theory is

that the rate from Ei to Ej is thermally activated
when Ej > Ei, that is, endothermic processes require
the absorption of a phonon whose probability is ex-
pressed by a Boltzmann factor. On the other hand,
exothermic transfer occurs when Ei > Ej with unity
probability. In both cases, the rate is modified by the
magnitude of orbital overlap between the initial and
final electronic states.

4.3.2.2 Marcus electron transfer

An alternative and more physically consistent
model for CT reactions in solutions was introduced
by Marcus; an accomplishment that earned him the
Nobel Prize in 1992 (Marcus, 1956, 1993). This theory
is equally applied to charge transfer in solids, and
predicts phenomena that are absent from the Miller–
Abrahams formulation. In the Marcus picture, elec-
tron transfer occurs between the outer sphere (i.e.
orbital) of a donor molecule to that of an acceptor
illustrated in the free energy (G) vs. reaction coord-
inate (Q) diagram of Fig. 4.18. It is convenient to
express the total system energy in terms of the
Gibbs free energy which avoids multidimensional
considerations of the many hundreds, if not thou-
sands, of electronic, vibronic, and spin coordinates
of the reactant and product involved in the transfer.

Indeed, it this insight of Marcus that allows conver-
sion to an N-dimensional space of molecular coord-
inates for the initial, precursor and dissociated
systems to a single energetic representation that
makes the problem of charge transfer tractable.
A further assumption is that the Franck–Condon
principle is operative; that is electron transfer occurs
before the molecular nuclei can adjust.
Charge transfer occurs by a process that starts with

the precursor D|A, moving through an intermediate
successor D+|A�, finally resulting in dissociation via
the following steps:

DþA⇌
kp

k�p
D
����A ⇌

kET

k�ET
Dþ
����A�!kd Dþ þA�: ð4:77Þ

The rates of each process are indicated, including
their reverse, or back-transfer rates. Thus, kp is the
forward precursor formation rate, kET is the rate of
electron transfer to form the successor (or reactant)
state, and kd is the dissociation rate into a charge
pair (or product state) that completes the transfer.
In Fig. 4.19 we show the case where kET >> kp, kd,
and hence DjA! DþjA� is not the rate-limiting
step. The changes in free energy, �G0 between
the D+|A� and the dissociated state, and the bar-
rier between them, �G�, are shown. As previously,
molecular reorganization that occurs during trans-
fer results in a reduction of the total energy by
λreorg, see Eqs. 4.55 and 4.59.
There are two possibilities for electron transfer: the

first is non-adiabatic transfer where the reactant–
product (i.e. donor–acceptor) coupling integral, JRP,
is small, and the second is adiabatic electron transfer
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Figure 4.18 Electronic manifolds involved in a charge transfer reaction
according to Marcus theory. The diagram shows the initial (D+A),
precursor (D+|A�), and final (D++A�) dissociated states.
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where JRP is large. In analogy to Eq. 4.47, we can
express the coupling as

JRP ¼ hψ0
Rðr� RRÞjHejψ0

Pðr� RPÞi; ð4:78Þ
where ψ0

R;P are the initial wavefunctions of the react-
ants and products, respectively, and He is the Born–
Oppenheimer electronic Hamiltonian for the system.
The rate of transfer for weak, or non-adiabatic coup-
ling is limited by the energy barrier height, �G�, that
can be surmounted by thermal or optical excitation, or
by tunneling following the path R⇌P in Fig. 4.19a.
The rate of transfer in this case can be calculated
using Fermi’s Golden Rule. For strong coupling, the
upper and lower branches are split at their intersec-
tion by energy 2JRP, and adiabatic transfer between
the reactant and product states occurs as in Fig. 4.19b.
Note that the reaction zone, corresponding to the re-
gion over which the coordinate changes to move from
the reactant to the product state, is larger, and the
transition more gradual for strongly coupled adiabat-
ic vs. non-adiabatic systems.

To determine the Gibbs free energy barrier, �G�,
we refer to Fig. 4.20. Assuming that the potential sur-
faces for the approximately parabolic reactant and
product states are undistorted by the transfer, then
at the point of crossing:

VRðQCÞ ¼ VPðQCÞ: ð4:79Þ
If the curvature (i.e. the force constant) of these states
is κ, then from the crossing point, QC:

1
2
κðQC �QRÞ2 ¼ �G0 þ 1

2
κðQC �QPÞ2: ð4:80Þ

Furthermore, the reorganization energy is given by

λreorg ¼ 1
2
κðQP �QRÞ2 ð4:81Þ

and the energy barrier is

�G� ¼ 1
2
κðQC �QRÞ2: ð4:82Þ

Combining the results of Eqs. 4.80–4.82 we arrive at:

�G� ¼ 1
4λreorg

ðλreorg þ�G0Þ2: ð4:83Þ

In classical Marcus theory, the transfer across this
energy barrier is thermally activated, in which case
the rate of transfer is given by:

kET ¼ A exp ��G�

kBT

� �
¼ A exp �ðλreorg þ�G0Þ2

4λreorgkBT

" #
:

ð4:84Þ
A striking difference between this expression and
Eq. 4.76 for the Miller–Abrahams model is that there
is no separate treatment for downward or upward
steps; the electron transfer rate is simply due to the
change in free energy of the entire system, �G�.
One prediction of Eq. 4.84 is that the transfer rate

vanishes in the limit of T ! 0. However, this is not
found to be the case; the transfer rate is indeed ther-
mally activated at high temperature but achieves a
non-zero asymptotic value at low temperature. The
lack of complete quenching of the rate of oxidation in
Chromatium is evident from the data in Fig. 4.21. The
persistence of electron transfer at low temperature is
due to quantum mechanical tunneling through the
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Figure 4.19 (a) Non-adiabatic and (b) adiabatic electron transfer.
Reaction zones are delineated by vertical lines. After Newton (1991).
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barrier separating the reactant and product states.
This process occurs between the vibronic states of
the R and P electronic manifolds (Fig. 4.20), and
hence the full wavefunction including electronic and
nuclear coordinates, Φðr;QÞ ¼ ϕeðr;QÞϕNðQÞ, must be
employed to calculate the transition rate.
We can estimate the boundary between the quan-

tum and classical regimes based on the phonon (i.e.
vibronic) modes in the initial and final states that are
coupled via tunneling transfer. That is, the process is
adequately described by the classical picture if the
thermal energy is greater than the energy of the lth
vibronic with energy h�ωl in VP into which the electron
transfers. At kBT< h�ωl, the treatment fails and quan-
tum mechanical tunneling dominates the transfer
reaction.
From Fermi’s Golden Rule in the Franck–Condon

approximation, the transfer rate is

kET ¼ 2π
h� jhϕeRjHjϕePij2jhϕNRjϕNPij2ρ EPð Þ; ð4:85Þ

where ρ(EP) ¼ δ(ER � EP) is the density of product
states around EP ¼ ER. The first term is due to elec-
tronic states, and the second is the nuclear Franck–
Condon factor weighted by the DOS, that is,

FCρ ¼ jhϕNRjϕNPij2ρ EPð Þ: ð4:86Þ
Writing the energy expended in mixing the initial and
final electronic states as the familiar transfer integral

JRP ¼ hϕeRjHejϕePi that involves only the electronic
part of the Hamiltonian, He, Eq. 4.85 becomes

kET ¼ 2π
h� J2RPFCρ: ð4:87Þ

The remaining challenge is to evaluate the matrix
elements. For this treatment we consider only non-
adiabatic (i.e. weakly coupled) transfer. Then the total
Hamiltonian of the system is given by (Barbara et al.,
1996)

H ¼ jϕeRihϕeRj E0
R þ

1
2

X
l

κl Ql �QR;l
� 2 !

þjϕePihϕePj E0
P þ

1
2

X
l

κl Ql �QP;l
� 2 !

þ jϕeRihϕePj þ jϕePihϕeRjð ÞJRP ð4:88Þ

Here,E0
R andE0

P are theunperturbed initial reactant and
product energies, and κι is the force constant of the lth
mode. This generalization of the parabolic potential
approximation requires only a single value of κ. The
summations in Eq. 4.88 are over all vibronic modes.
The first term corresponds to the unperturbed reactant
state, the second to theproduct state, and the last term is
the interaction that leads to electron transfer due to
overlap of the electronic orbitals, ϕeR and ϕeP. Indeed,
due to theorthogonalityof jϕeRi and jϕePi, it is clear from
Eq. 4.85 that only the term in JRP affects the transfer rate.
The rate has been calculated for non-adiabatic

transfer in the low temperature limit for a single
coupled mode between two electronic states to yield
(Jortner, 1976)

kET ¼ J2RP

h�
π

λreorgkBT

	 
1=2X
l0

Sl
0

l0 !
expð�SÞ

�exp �ðλreorg þ l0h�ωþ�G0Þ2
4λreorgkBT

" #
:

ð4:89Þ

In this expression, it is assumed that the transition
occurs from the lowest (l ¼ 0) vibronic with frequency
ω in R, to l0 in P. The sum takes into account the transfer
from the initial mode into a distribution of final modes
whose probability is determined by Boltzmann statis-
tics. Here, Sl is the Huang–Rhys parameter (Huang and
Rhys, 1950, Jortner, 1976) that gives the electron–
phonon coupling strength in the localized molecular
states, see Eq. 3.110. The energy released in electron
transfer is thus modified such that �G0 ! �G0 þ l

0
h�ω

in the transfer from 0! l
0
. Furthermore, themaximum

term in the sum is at�j�G0j � λreorg þ l
0
h�ωwhere there

is the closest energy match between initial and final
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Figure 4.21 Rate of electron transfer from cytochrome to chlorophyll in
Chromatium molecules as determined by changes in optical density vs.
temperature. The rate decreases to a steady state, tunneling-limited value
of ~4 � 10�4 μs�1 at T < 80 K. At higher temperatures the rate is
thermally activated (Jortner, 1976)
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states. When this condition is met, the tunneling prob-
ability is high and the thermally activated exponential
term to the right of Eq. 4.89 vanishes. Then the tem-
perature dependence arises only weakly from the pre-
factor. In Fig. 4.20 we show the example of isoenergetic
0! 40 tunneling transition.

The summation is simply the Franck–Condon fac-
tor, FC in Eq. 3.79. For electron transfer, we express Sl

in terms of the intramolecular reorganization energy,
λI, due to an excess charge on the electronic manifolds
described by ϕeR to ϕeP. Thus, if there is a shift in
electronic coordinates, �Qe, then the corresponding
reorganization energy is λI ¼ 1

2κ�Q2
e , yielding for the

lth vibronic mode:

Sl ¼ λI
h�ωl
¼ κ�Q2

e

2h�ωl
: ð4:90Þ

When�G0 is small, the electronic manifolds for R and
P are aligned in Fig. 4.20, leading to symmetrical elec-
tron transfer. Then transfer occurs between modes
l = 0 to l0 ¼ 0, which allows us to simplify Eq. 4.89 as
follows:

kET ¼ J2RP

h�
π

λreorgkBT

	 
1=2

exp
�ðλreorg þ�G0Þ2

4λreorgkBT

" #
:

ð4:91Þ
This expression is remarkably similar to that obtained
for dynamic disorder in Eq. 4.70, but where we have
replaced the local polarization energy with
Eloc
pol ¼ λreorg=2 (Eq. 4.60), and the system releases free

energy �G0 during transfer. Disorder, then, is cap-
tured in the transfer integral, JRP where (Coropceanu
et al., 2007)

JRP ¼ JRP0 expð�γDARDAÞ; ð4:92Þ
as applied in Miller–Abrahams charge transfer in
Eq. 4.76.

A fit to Marcus theory in the adiabatic approxima-
tion including tunneling in the low temperature limit
(Jortner, 1976) is shown by the solid line in Fig. 4.21.
The fit accurately reproduces both the classical, ther-
mally activated rate dependence at high temperature,
whereas at low temperature tunneling dominates and
the rate becomes constant.

Marcus transfer predicts phenomena that are ab-
sent in the Miller-Abrahams treatment where only
upward hops are thermally activated. Notably, the
rate predicts the existence of the Marcus inverted re-
gion, that is, the rate increases with |�G0| until
�G0 ¼ �λreorg, at which point it decreases. This can
be understood in terms of the reaction coordinate

parabolas shown in Fig. 4.22. There, �G0 ranges
from the normal region where �G0 < λreorg, to the
case of symmetrical transfer �G0 ¼ 0, to the inverted
region where j�G0j> λreorg. Importantly, the barrier to
transfer �G� is positive except for the case of
j�G0j ¼ λreorg, at which point �G� ¼ 0 and the
transfer rate achieves its maximum value of

kET ¼ J2RP

ħ
π

λreorgkBT

	 
1=2

, determined only by the

transfer integral, J2RP, and the reorganization energy.
We can understand the inverted region via the

following scheme:

A donor is either optically or thermally excited from
which charge transfer occurs from donor to acceptor
across the bridge, or precursor state,D+|A�. The final
state on the right can either proceed to a further
charge transfer step (or chemical reaction), or it can
back transfer to the initial state at rate kET. It is the
back transfer process that occurs in the inverted re-
gion. From Fig. 4.22, we see that the barrier in this
region can be lower, and particularly its width is
reduced from that experienced in forward transfer,
resulting in an increased tunneling probably. Also,
as the change in free energy, �G0, during transfer
increases, kET must decrease according to Eq. 4.91.
The first clear evidence for the existence of the

inverted region was observed for intramolecular

G

Q
QPQR

|∆G0| > λreorg

|∆G0| = λreorg

|∆G0| = 0

VP
VR

|∆G0| < λreorg

∆G*

∆G0

Figure 4.22 Free energy vs. reaction coordinate for several different
magnitudes (both positive and negative) of the free energy,�G0, released
during charge transfer.
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charge transfer for a series of compounds with an
A–Sp–B structure, where A is one of eight π-conju-
gated molecules ranging from 4-biphenylyl to 5,6-di-
chlorobenzoquinon-2-yl, Sp is a rigid 5α-androstane
skeleton spacer, and B is 4-biphenylyl. The molecules
were dissolved in MeTHF. Transient optical absorp-
tion probed the time for the compound to equilibrate
following the CT reaction in Fig. 4.23. The charge
transfer rate between B and A across the molecular
bridge vs. free energy was determined for each com-
pound, with results in Fig. 4.24. The solid line is a fit to
Marcus theory, assuming that the reorganization is
equal to the sum of the contributions from solvent
reorganization (0.75 eV) and the change in internal
vibrational modes during transfer (0.45 eV) (Miller
et al., 1984). Since a large fraction of λreorg is due to
the solvent, data were also taken by dissolving the
molecules in isooctane, where it was found that the
peak of the curve shifts according to predictions of
Marcus theory.
An example of intermolecular Marcus inversion

has been observed between contacting molecules
across a series of heterojunctions (HJs) comprising

neat films of the donor and acceptor molecules, with
results shown in Fig. 4.25 (Rand et al., 2007). The
electron transfer rate parameters, λreorg and J2RP,
and consequently kET in Eq. 4.91 were determined
from the dark current of each donor–acceptor pair
listed in Table 4.1. The dark current is measured by
sandwiching the HJ between metal electrodes, and
then applying a small voltage. The current is due to
the difference in the probability of forward transi-
tions from a filled initial state with occupation
probability fi as determined by Fermi-Dirac statis-
tics, to an empty final state with occupation prob-
ability (1 � ff), and reverse transitions from an
occupied final to an empty initial state. The rates of
forward and reverse transfer are equal, at kET,if. Since
f ! imust overcome a barrier due to relaxation after
transfer, its rate is weighted by a Boltzmann factor,
exp ��Eif =kBT

� 
. Then, the current density is given

by (Nelson et al., 2004)

j ¼ qρdkET;if fi 1� ff
� � exp ��Eif =kBT

� 
ff 1� fið Þ� 

:

ð4:93Þ
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Figure 4.23 Charge transfer route in A-Sp-B compounds. The neutral
compound (top) undergoes reduction, and then reversibly transfers
between A-Sp-B� and A�-Sp-B.
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Here d is the layer thickness and ρ is the volumedensity
of molecules.Also, the activation energy,�Eif, is equal
to either the difference in HOMO energies between
donor and acceptor (�EHOMO) for transitions A! D,
or the difference in LUMO energies (�ELUMO) for tran-
sitionsD! A. It is assumed that the change in system
free energy is induced by transfer across the HJ, such
that Eif ¼ �G0, which can be directly measured from
the open circuit voltage of the HJ diode under simu-
lated solar illumination (see Section 4.7.2). We will
show in Chapter 7 that Marcus transfer in both the
inverted and normal regions significantly contributes
to voltage losses in organic solar cells.

4.3.2.3 Charge mobility in organic
semiconductors with static disorder:
the effective medium approximation

Mobilities in almost all small molecule and polymer
systems have activation energies of �Ea = 0.3–0.6
eV. Since �Ea = Epol/2 in the non-adiabatic limit (Eq.
4.71), polarization energies of 0.6–1.2 eV are too large
to be due solely to reduced coupling arising frompure-
ly dynamic disorder. Furthermore, there is often a
transition from dispersive to non-dispersive transport
as temperature is decreased. Here, dispersive transport
refers to mobilities that cannot be defined by a single
value (see Section 4.4.3). This is inconsistent with dy-
namic disorder, where transport is governed by small
polarons, and hence is temperature independent..
Thus, the effects of static disorder must be included to
provide a complete description of most organic
systems.

As in the case of dynamic disorder, the coupling
between molecules is short range, requiring consider-
ation of only nearest neighbor interactions. The mas-
ter equation for the change in occupancy of site i
during hopping is

∂fiðtÞ
∂t
¼
XN
j6¼i
�kijfiðtÞ½1� fjðtÞ	 þ kjiðtÞ½1� fiðtÞ	
� �� krecfiðtÞ;

ð4:94Þ
where kij is the hopping rate from i! j as determined
by either Miller–Abrahams or Marcus theory, and
fiðtÞ ¼ f1þ exp ½ðEj � EFÞ=kBT	g�1 from Fermi–Dirac
statistics. It is the probability for site j to be occupied
at time t, ΕF is the Fermi energy, and krec is the rate of
charge recombination, leading to its loss.
This expression is complicated, and hence we make

the following simplifications: (i) only low charge
densities are considered, in which case terms in f 2

can be ignored, and (ii) recombination is much slower
than charge transfer, allowing us to neglect the last
term. Thus, the master equation simplifies to

∂fiðtÞ
∂t
¼
XN
j 6¼i
�kijfiðtÞ þ kjifjðtÞ
� �

: ð4:95Þ

From this we can write the current density generated
in a layer of thickness, d:

jðr; tÞ ¼ q
ð
gðEÞdE

XN
i

∂fiðri;Ei; tÞ
∂t

� ∂fjðrj;Ej; tÞ
∂t

� �
: ð4:96Þ

The first term in brackets corresponds to transfers,
i! j, whereas the second term accounts for back
transfer, i j. Furthermore, g(Ε) is the DOS, such
that Ng(E) f(E) is the total number of occupied states
at energy, E.
The challenge for determining the mobility, there-

fore, is to calculate the net hopping rate i! j, and
g(Ε). It is convenient to assume that the states are
distributed over an energy space defined by a Gauss-
ian distribution centered around energy Ε0 and with
width, σGDM. (Bässler, 1993) This physically intuitive
and mathematically manageable assumption is

Table 4.1 Parameters obtained from fitting the current vs. voltage characteristics for the various donor/acceptor interfaces in Fig. 4.26 (Rand et al., 2007)

Donor/acceptor interface Donor to acceptor Acceptor to donor λcv (eV)
c

kccD (s�1)a λccD (eV)b kccA (s�1)a λccA (eV)a

Pentacene/C60 8 � 1011 0.9 3 � 1011 1.1 0.8

CuPc/C60 2 � 1010 1.0 2 � 1011 0.6 0.7

CuPc/PTCBI 4 � 108 0.8 1 � 109 0.6 0.7

NPD/C60 1 � 107 1.3 4 � 107 0.4 0.9

CuPc/C70 2 � 1011 0.7 3 � 1011 0.7 0.7

Pentacene/C70 4 � 1010 0.9 3 � 1011 0.7 0.5

a kccD is the charge transfer rate from D ! A , kccA is for A ! D .
b λccD and λccA are the reorganization energies for D and A, respectively.
c λcv is the reorganization energy for transitions from HOMO to LUMO, that is assumed are equal for D and A.
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known as the Gaussian disorder model (GDM). The
GDM distribution is illustrated in Fig. 4.26, and can
be expressed by

g Eið Þ ¼ Nffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2πσ2GDM

q exp � Ei � E0ð Þ2
2σ2GDM

 !
; ð4:97Þ

where N is the density of hopping sites. Since the
mean energy can be arbitrarily referenced, it is con-
venient to set E0 ¼ 0, in which case Eq. 4.97 is re-
ferred to as the occupational density of states (ODOS).
This is the equivalent of the actual DOS reduced to a
Gaussian centered about the average energy, E∞,
given by:

hE∞i ¼

ð∞
�∞

EgðEÞ expð�E=kBTÞdE

ð∞
�∞

gðEÞ expð�E=kBTÞdE
¼ � σ2GDM

kBT
: ð4:98Þ

The assumption in this analysis is that the level of
injection is low (i.e. the fraction of free charge, n to
the number of available sites, N is ζ ¼ n=N<< 1).
Thus, the system is non-degenerate, allowing for a
replacement of the Fermi–Dirac distribution with
the Boltzmann approximation. Further, the organic
medium is only weakly disordered and homoge-
neous. This implies that a single probability func-
tion can be used throughout the film volume. The

probability for a hopping site to be available is
determined by the Gaussian DOS along with
Fermi–Dirac statistics. This is known as the effective
medium approximation (EMA).
In Fig. 4.26a we show the case of moderate

charge injection, where the filled states have a tail
of width ~2kBT centered around the Fermi energy,
EF. Free polarons hop to the empty states into the
transport level, which defines the mobility edge.
Only charges occupying states near EF can acquire
sufficient energy to hop to unoccupied states, and
hence contribute to conduction. For low charge
densities, the hopping energy required to reach
the mobility edge must be correspondingly larger
(Fig. 4.26b), and consequently, the conductivity is
reduced.
Figure 4.27a shows the mobility edge for the

transport DOS. Monte Carlo calculations have
been employed to determine the rate at which
equilibrium is reached following the injection of a
hot (i.e. at E ≫ EF) charge into the transport band.
Results in Fig. 4.27b are shown for a distribution
of width σGDM ¼ 2kBT. The dwell time between
each step is given by 1/t0 ¼ 6v0 exp(�2γa) (see
Eq. 4.76), where a simple cubic lattice with edge
length, a, is assumed, and the factor of 6 accounts
for all possible nearest neighbor hops. Since the
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Figure 4.26 Transport density of states (DOS) due to static disorder.
(a) The filled states are shown by the shaded area with a tail
extending from the Fermi energy, EF, to the transport level (dotted line).
(b) The same as in (a) except at very low current injection. The mean
energy of the occupational DOS (ODOS) is hE∞i. After Köhler and Bässler
(2015).
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Figure 4.27 (a) Equilibration of a hot charge in both space and energy
via a series of intermolecular hops from disordered states whose energy
distribution is described by the Gaussian disorder model. The mobility
edge, that is, the equilibrium energy of the filled states is shown.
(b) Monte Carlo calculation of the relaxation to the equilibrium energy,
hE∞i, of a distribution of charges injected at reference energy E¼ 0 into a
density of states of width σGDM ¼ 2kBT. The dwell time between steps is
t0. After Bässler (1993).
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time follows a logarithmic scale, it is apparent that
it takes many hops and a considerable distance
before the charge distribution fully equilibrates.

Note that the GDM represents only one of several
possible functions that can be used to represent the
transport DOS, g(Ε) (Tessler et al., 2009). A uniform
DOS with g(Ε) ¼ constant can be employed for its
calculational simplicity, although it does not accurate-
ly represent the situation in disordered media. Alter-
natively, the tail in a Gaussian distribution can be
approximated by an exponential DOS given by

gðEÞ ¼ N
kBTT

exp � E
kBTT

	 

; ð4:99Þ

where TT is the characteristic trap temperature.
A comparison between a Gaussian and exponential
DOS is provided in Fig. 4.28. The exponential function
has a longer, more gentle roll-off than the Gaussian.
Given that the exponential distribution is readily
adaptable to analytical solutions of the master trans-
port equation, it is often used to model trap-limited
transport and injection from contacts, as discussed in
greater detail in Section 4.4.

With the assumption of a Gaussian density distri-
bution, we can proceed to calculate the mobility in a
one-dimensional electric field F ¼ fF; 0; 0g. Once
more assuming molecules are arranged on a cubic
lattice with side, a, then the mobility is given by the
difference in the rate of jumps from i ! j vs. i  j
(Fishchuk et al., 2003):

μ ¼ a
kij � kji

F
: ð4:100Þ

The rates are given by Miller–Abrahams theory
(Eq. 4.76) where the energy difference now includes
the driving force provided by the electric field, viz.

kij ¼ υ0exp �2γija
� �

� exp � jEj � Eij þ Ej � Ei þ q rj � ri
� 

·F
2kBT

� �
:

ð4:101Þ
This must be weighted by the Gaussian DOS in
Eq. 4.97 to account for hops from states at or near
the mobility edge. Alternatively, the hopping rate
can be calculated using Marcus theory (Eq. 4.89):

kij ¼ J2RP

h�
π

λreorgkBT

	 
1=2X
l0

Sl
0

l0 !
expð�SÞ

� exp
�ðλreorg þ l0h�ωþ�G0 þ qðri � rjÞ � FÞ2

4λreorgkBT

" #

ð4:102Þ

with �G0 ¼ Ej � Ei. We must similarly weight this
expression by the DOS.
Solving Eq. 4.100, we arrive at two analytical ex-

pressions for the mobility depending on the hopping
rate employed. For Miller–Abrahams hopping at
“small” electric fields in the range: kBT ≪ qaF ≪
hE∞i, that is, where the field-induced hopping is lar-
ger than thermally activated hops, yet it is smaller
than the mean energy of the DOS, then (Fishchuk
et al., 2003)

μ ¼ σGDMν0ffiffiffiffiffi
2π
p

qF2
expð�2γaÞ· exp � 1

2
σGDM

kBT

	 
2
"

þ 1ffiffiffi
2
p σGDM

kBT

	 
3=2

� σGDM

kBT

	 
1=2
" # ffiffiffiffiffiffiffiffiffiffiffi

qaF
σGDM

s #
: ð4:103Þ

Similarly, for Marcus theory in the low temperature-
low field limit, and assuming that transfer only occurs
from l ¼ 0 to the lowest vibronic state in the product,
l0 = 0, then

μ¼ σGDMξffiffiffiffiffi
2π
p

qF2

J2RP

h�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

π

4EAkBT

r� �
� exp � EA

kBT
� 1
8ξ2

σGDM

kBT

	 
2
"

þ 1

2
ffiffiffi
2
p

ξ2
σGDM

kBT

	 
3=2

� σGDM

kBT

	 
1=2
" # ffiffiffiffiffiffiffiffiffiffiffi

qaF
σGDM

s #

ð4:104Þ

where ξ ¼ ½1� hE∞i=ð8EAÞ	1=2 and we have replaced
the reorganization energy with the mobility activa-
tion energy, that is, λreorg ¼ EA. This allows for a direct
comparison with experiment.
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Figure 4.28 Comparison between a Gaussian and exponential DOS.
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There are clear similarities, and some notable dif-
ferences between the expressions in Eqs. 4.103 and
4.104:

(i) Both Miller–Abrahams and Marcus theories pre-
dict a dependence on electric field that follows
μ � exp �A ffiffiffi

F
p� 

. This is a characteristic of the
Frenkel–Poole effect (Sze, 1981) where the barrier
to electron emission from a molecule to its neigh-
bor is lowered by the applied electric field.

(ii) The mobility in both cases decreases exponential-
lywithmolecular separation (see Eq. 4.92). Again,
this is consistent with charge tunneling between
orbitals on nearest neighbors, which increases
rapidly as molecular separation, a, decreases.

(iii) Both expressions predict that μ � exp �B=ðkBTÞ2
h i

at high temperature, which is strikingly different
from conventional thermal activation that fol-
lows μ � exp½�EA=kBT	. However, at low tem-
peratures there is a deviation from the 1/T2

behavior, with notable differences between
predictions by Miller-Abrahams vs. Marcus
theories, although distinguishing these differ-
ences from mobility data may not be possible
unless the transport is clearly non-dispersive
(see Section 4.4.3).

(iv) The expressions primarily differ by the reorgan-
ization energy in the exponential term, EA, and
the transfer integral, JRP that appear in the Mar-
cus formula, Eq. 4.104.

(v) Both expressions are consistent withMonte Carlo
calculations of the mobility that result in the

following empirical temperature- and electric
field-dependent mobility (Bässler, 1993):

μ ¼ μ0 exp � 2σGDM

3kBT

	 
2
 !

�exp C
σGDM

kBT

	 
2

� Σ2

 ! ffiffiffi
F
p

" #
Σ � 1:5

�exp C
σGDM

kBT

	 
2

� 2:25

 ! ffiffiffi
F
p

" #
Σ< 1:5

8>>>><
>>>>:

ð4:105Þ

For these expressions, it is assumed that the overlap
parameter, 2γa, also has a Gaussian form. This results
from application of the central limit theorem to account
for the varying separation and orientation of mol-
ecules in a disordered solid. The variance is given by
Σ, and determined by the magnitude of the off-
diagonal disorder. Then the ensemble average of the
mobility is hμi ¼ μðΣ ¼ 0Þ expðΣ2=2Þ.
The mobility dependence on F and T for the poly-

mer, PMPSi measured using the time of flight method
(Bässler et al., 1994) has been fit to Eq. 4.104, with
results shown in Fig. 4.29. The temperature depend-
ence is reasonably well fit by an activation that fol-
lows μ � exp½�B=ðkBTÞ2	, although it is often difficult
to distinguish between this functional dependence
and that due to simple thermal activation of
μ � exp ½�EA=kBT	 (Fishchuk et al., 2003). The high
field dependence is consistent with Frenkel–Poole
emission. Note, however, that the mobility is not
expected to increase indefinitely since scattering
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Figure 4.29 Mobility (data points) vs. (a) temperature and (b) electric field for PMPSi along with fits (lines) assuming Marcus electron transfer in the
presence of static disorder. Parameters used in the fits are shown in the legends (Fishchuk et al., 2003).

Reprinted figure with permission from Fishchuk, I. I., Kadashchuk, A., Bassler, H. & Nespurek, S., Physical Review B, 67, 224303, 2003. Copyright 2003 by the
American Physical Society.
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becomes important at high electric fields, at which
point the mobility saturates, as in Fig. 4.13 for ultra-
pure naphthalene crystals.

Results from similar TOF measurements on
amorphous films of the small molecule, TTB, are
shown in Figs. 4.30 and 4.31. The TTB molecular
structural formula is provided in the inset of

Fig. 4.30b. The single bond between the two triaryla-
mine end groups allows for torsional modes that lead
to dynamic disorder that adds to the temperature
dependence of the static disorder in the amorphous
solid. Plots of μ vs. an exponential with either a 1/T2

(Fig. 4.30a) or a 1/T dependence (Fig. 4.30b) assuming
Miller–Abrahams electron transfer show fits that are
easily distinguished, favoring the 1/T2 behavior char-
acteristic of static disorder (Heun and Borsenberger,
1995). In Fig. 4.37, we show the field dependence
(with temperature as a parameter), exhibiting the
μ � expð�A ffiffiffi

F
p Þ dependence anticipated for Frenkel–

Poole dominated electron transfer.

4.3.2.4 Beyond the Einstein relation and the EMA

In the previous section, we derived the mobility from
the diffusion constant that are proportional, using the
Einstein relation in Eq. 4.36. Strictly speaking, this
relationship is only valid at or very near equilibrium
in an undoped semiconductor where the ratio of the
free charges to hopping sites, ζ<< 1. That is, we
assume that the system is non-degenerate, thereby
allowing for the replacement of the Fermi–Dirac
distribution with the Boltzmann approximation.
However, this condition is rarely met in disordered
organic semiconductors where the Fermi ODOS over-
laps the transport level (E0) due to the extended width
of the distribution, σGDM >E

0 � EF. This condition is
also violated in high current devices such as OLEDs
and thin film transistors. A more general relationship
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Figure 4.30 Mobility vs. temperature with electric field as parameter for the molecule, TTB. (a) μ � exp ½�B=ðkBTÞ2	 characteristic of the static
disorder model. (b) μ � exp ½�EA=kBT	 expected for transport limited by small polaron hopping in dynamically disordered systems. Inset: Molecular
structural formula of TTB. The lack of curvature in (a) indicates that static disorder limits the measured mobility. Lines in both cases are fits assuming a 1/T2
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Figure 4.31 Mobility vs. electric field with temperature as parameter for
TTB (Heun and Borsenberger, 1995).

4.3 CHARGE TRANSPORT 199



between μ andD is found from the formal expressions
for electrons and holes, viz.

μn ¼ qDn
∂ln nð Þ
∂EF

ð4:106aÞ

and

μp ¼ qDp
∂ln pð Þ
∂EF

; ð4:106bÞ

where the electron (hole) density is n (p) and the Fermi
energy, EF is the chemical potential. Now the hole
concentration is given by

p EFð Þ ¼
ð
g Eð Þf E;EFð ÞdE ð4:107Þ

with an analogous expression for electrons. Substitut-
ing the Fermi–Dirac distribution and the Gaussian
DOS into Eqs. 4.107 and 4.106a gives a hole mobility of

μp ¼
qDp

kBT

ð
exp � E� E0ð Þ2

2σ2GDM

 !
exp E� EFð Þ=kBTð Þ

1þ exp E� EFð Þ=kBTð Þ½ 	2 dEð
exp � E� E0ð Þ2

2σ2GDM

 !
1

1þ exp E� EFð Þ=kBTð Þ½ 	 dE
:

ð4:108Þ
A plot of the ratio μp/Dp in units of q/kBT is shown vs.
ζ¼ p/NHOMO for several different values of the normal-
ized distribution width, σ̂ ¼ σGDM=kBT in Fig. 4.32.
Here, we assume that the density of hopping sites, N,
is equal to the DOS at the HOMO, i.e. NHOMO. For
σ̂ ¼ 7 and 10, the distribution has been cut off at �19
kBT (dotted lines) and�40 kBT (dashed lines) to prevent
overlapping into theHOMOstates. The deviation from
the Einstein relation is quite significant as the Gaussian
width increases. This is evidence for the degeneracy
that arises from the wide ODOS that can overlap well
into the frontier orbitals, causing a significant deviation

from themobilities predicted by Eq. 4.36. Furthermore,
a narrow DOS leads to adherence to the classical Ein-
stein relationship even at charge densities approaching
that of the total density of hopping sites.
The conclusion is that the rate of mobility in-

crease with charge density depends on the Gauss-
ian width. That is, as the width is increased, there
are higher energy states available for transport as
the Fermi energy moves towards the conduction
level. In contrast, the states in the tails of a narrow
distribution are rapidly filled, resulting in a de-
crease in the change in mobility. This is illustrated
in Fig. 4.33 where we plot the low field mobility
vs. ζ for different values of σ̂.
From the foregoing, we see that the mobility is a

function of the charge density, and hence the position
of the Fermi energy relative to the conduction levels.
Furthermore, the assumption of an effective medium
where all charges have the same probability of hop-
ping into a nearby site fails to capture the details of
the physics of disordered media, since the available
final hopping sites are not evenly distributed about
the initial site. Given the very short range nature of
the electron wavefunction captured by the exponen-
tial, ν0 exp �2γað Þ in the Miller–Abrahams formalism,
or the overlap integral, JRP, in Marcus theory, the
distance from charge to hopping site is critically im-
portant, yet is ignored in the effective medium ap-
proach. Ultimately, the hopping process is one of
percolation; there are favored continuous pathways
that lead to lower resistance conduction channels than
others. These pathways are ultimately governed by
the random details of the local disorder. Conduction
is limited by those steps within the favored paths that
are most difficult to overcome. That is, the average
hop is replaced by the “most difficult but still rele-
vant” hop within a percolating path (Coehoorn et al.,
2005). These are the unavoidable steps that,
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statistically must be accounted for in determining the
macroscopic, measurable quantities of mobility, dif-
fusion constant, and conductivity. And, as noted
above, these quantities not only have a complex tem-
perature dependence, but also depend on the details
of the distribution assumed for the DOS (e.g. uniform,
Gaussian, or exponential), and on the morphology
and the steric nature of the molecules comprising the
solid. To complicate matters even more, dipolar ma-
terials can result in locally organized domains, as well
as polaron-dipole interactions that influence the per-
colation paths available. This so-called spatially correl-
ated disorder can create significant departures in the
field and temperature dependences of the mobility
predicted by the simplified randomness assumed in
the GDM (Gartstein and Conwell, 1995, Dunlap et al.,
1996, Van Mensfoort et al., 2010).

Several models have been developed to describe
the complexities of transport within organic media.
These models have been reviewed in the literature
(Coehoorn et al., 2005, Tessler et al., 2009); here we
will describe and compare several of the most prom-
inent such approaches with the caveat that the results
of such models are sensitive to the materials systems
considered, the film morphologies, the temperature
and injection conditions extant, and the DOS distri-
bution function that is assumed. Furthermore, as in
the previous section, most models are developed in
the limit of ζ! 0, and thus must be modified when
used to model systems (e.g. thin film transistors) at
high current densities.

For most semi-analytical, semi-empirical models,
the mobility in the zero charge density limit follows
the general form of (Coehoorn et al., 2005)

μ ζ! 0ð Þ ¼ μ0 exp �α� β̂σ � χ̂σ
2


:

	
ð4:109Þ

With the exception of some additional but perhaps
minor deviations in the powers of σ̂ in the argument
of the exponent, this is similar to that predicted by
the effective medium approach (Eqs. 4.103–4.105).
A tabulation ofμ0 and α for several important examples
is provided in Table 4.2. In these models, it is assumed
that hopping is governed by a Miller-Abrahams pro-
cess, and that theDOS is defined byGaussian disorder.
In each of the models with the exception of RT, we

provide a factor, B, that depends on the statistics gov-
erning the onset of percolation. Also, ξ1=3 ¼ γ=N1=3 is
the ratio of the decay length of the wavefunction to the
average distance between hopping sites. The basic
elements of the models are as follows:

(i) MS is the Movaghar–Schirmacher model based
on hopping controlled by the average distance
between sites, �R∝1=N1=3. This is effectively
the EMA, but is corrected by the inclusion of
B ¼ exp(1) to discount the importance of hops
to states that are far removed from EF.

(ii) VM is the model of Vissenberg and Matters. It
assumes that the medium is equivalent to a
random network of resistors, whose resistance
is determined by Miller-Abrahams hopping en-
ergetics. Thus, the conductance between sites, i,
j is Gij ¼ ðq2ν0=kBTÞ expð�̂εijÞ, where ε̂ij is the
reduced energy given by the exponential terms
in the expression in Eq. 4.101. The path taken by
the hopping charge is determined from percola-
tion theory, whereby there is a critical energy
value, ε̂C above which the conductance drops to

Table 4.2 Terms used in defining the generalized low-charge-density mobility of Eq. 4.109 for several models assuming Gaussian disorder. Adapted from
Coehoorn et al. (2005)

Model μ0 α B Ref.

MS qν0
k BT

�R 2

6
B

6B
π
ξ

	 
1=3 2.7 (Movaghar and Schirmacher, 1981)

VM
σ0
qN

6B
π
ξ

	 
1=3

2.7 (Vissenberg and Matters, 1998)

Arkhipova
qν0�R

2

k BT
Γ

4
3

� � 6B
π
ξ

	 
1=3

3.933 (Arkhipov et al., 2002)

Martens
σ0
qN

6B
π
ξ

	 
1=3

1.969 (Martens et al., 2003)

Baranovskii
qν0
k BT

R E tð Þ2
6

Ψ
6B
π
ξ

	 
1=3

1.969 (Baranovskii et al., 2000)

RT
qν0

N 2=3k BT
ln

1
π
ξ5=3

	 

1 (Roichman et al., 2004)

a Γ 4
3ð Þ ¼ 0:893 is the Euler gamma function.
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zero. This is the pointwhereby the “most difficult
but still relevant” path is broken, and percolation
paths formonly isolated clusters. The percolation
factor is identical to that of the MS approach.

(iii) Arkhipov invoked a “favored first hop” formu-
lation that asserts that hops occur between
neighboring sites where the Miller–Abrahams
rate is largest. The available site energies are
determined by applying a step function in the
Miller–Abrahams hopping energy argument.
Then, only those available sites whose average
density is less than B participate in the percola-
tion process. As in the EMA, the mobility is
assumed to be proportional to D according to
the Einstein relation. Unlike VM, the Arkhipov
model does not take Fermi–Dirac statics into
consideration, and hence a charge may hop
into an already occupied site. For this reason, it
is only valid at very low charge concentrations.

(iv) Martens specifically requires that hopping
occurs from a site at energy EF to a neighboring
site at distance R�, whose energy is E�. Hence,
the conductivity is given by σ ¼ σ0exp �2γR�ð
� E� � EFð Þ=kBTÞ, where σ0 is the conductivity
for R� ¼ 0, and E� ¼ EF. The primary assumption
of this model that is absent in VM and MS is that
each site is connected to only one other favored
site, similar to the model of Arkhipov.

(v) Baranovskii and co-workers developed a model
very similar to Martens, but assume the most
favored transfer occurs within a sphere whose
radius lies in a range, R(Et). The charge can access
siteswhose energies lie belowEt and the transport
level. The parameter Ψ is a function of Et and the
Gaussian width, and is on the order of unity. The
Baronovskii model also faithfully reproduces the
temperature dependence of Eq. 4.109, containing
both the linear and quadratic dependences by
setting Et ¼ hE∞i ¼ β̂σ where β¼ σGDM and ξ ¼ 1

2.
(vi) RT denotes the Roichman–Tessler model which

is distinct from the other five models in Table 4.2.
Indeed, this is another EMA theory, where per-
colation does not play a role (i.e. B¼ 1). Thus, the
material is considered to be homogeneous, with
each carrier randomly selected from the Gaussian
DOS. Starting with the conventional definition
for the current density, j ¼ ne�v, an average vel-
ocity, �v is calculated for each carrier which is the
product of the displacement, dx, parallel to the
applied electric field, F(x), and kij in Eq. 4.101.
This has the advantage of including the effects
of electric field, and thus μ can be obtained at all
fields as in the GDM. It also accounts for site

occupancy as determined by Fermi–Dirac statis-
tics, which avoids disallowed hops into occupied
final states. The fundamentally different nature of
the RT model thus predicts temperature and con-
centration dependences that are not found in the
other, percolation-based analyses that are based
on the principle of carriers hopping along “lucky,”
continuous but largely independent pathways.

One further model is that of Pasveer that is based on
solving the master occupancy-based Eq. 4.94 (Pasveer
et al., 2005). We will show in the following section
that this can lead to satisfactory fits to the mobility
as a function of both electric field and charge density
over a moderate temperature range in PPV-based
polymers. However, it is a largely parametric compu-
tational approach and is not based on Eq. 4.109 as are
the other percolation models.
In the foregoing, we have not explicitly included

the concentration dependence of the mobility. In-
creased charge concentration results in a change in
the Fermi energy, as implied in Figs. 4.32 and 4.33. In
effect, the states closer to the center of the DOS have a
higher probability of occupancy, resulting in the pref-
erential selection of conduction states in the high en-
ergy tails of the DOS. The outcome of state filling is an
abrupt increase in mobility with charge density,
shown in Fig. 4.34. The onset of the high mobility
region is independent of temperature, which is con-
sistent with percolation being linked to a physical
property of the material (i.e. the density of sites).
The lines are fits to the data using the VM model.
Interestingly, it has been found through numerical
comparisons that for σ̂> 2, all the models predict
that, at charge densities corresponding to the condi-
tion EF ¼ hE∞i (Eq. 4.98), the mobility is twice that of
its value at p ¼ 0 (Coehoorn et al., 2005). That is,
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Figure 4.34 Hole mobility vs. hole concentration in a OC1C10-PPV thin
film transistor as a function of temperature. Lines are fits to the VM
percolation model (Tanase et al., 2004).
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μ p EF ¼ hE∞ið Þð Þ
μ p ¼ 0ð Þ ≃2: ð4:110Þ

Furthermore, the carrier concentration at this “cross-
over” point is:

ζ EF ¼ hE∞ið Þ ¼ 1
2
exp �̂σ=2Þ� ð4:111Þ

By measuring the mobility vs. charge concentration,
these two expressions combined can yield the width
of the DOS. Indeed, for the data in Fig. 4.34 we
obtain σGDM ¼ 23kBT, which at 300 K corresponds
to 600 meV. This is a significant fraction of the en-
ergy gap, justifying our skepticism in using the Ein-
stein relation to deduce the mobility from the
diffusion constant.

The several models in Table 4.2 are compared in
the mobilities vs. σ̂ and ζ in Figs. 4.35a and b, respect-
ively. The reduced mobility is given by Eq. 4.109,
that is: μred ¼ exp �αð Þ, where α is provided in
Table 4.2 for all except the model of Pasveer
(Pasveer et al., 2005). The width dependence of the
several percolation models is approximately equiva-
lent. The two outliers are the Arkhipov model (upper
curve) and that of RT. The higher Arkhipov curve
corresponds to the situation where B ¼ 1. This result
obtains when hops can occur between neighboring
sites whether they are within continuous or discon-
tinuous percolating paths. When only continuous
paths are included, B = 3.933, yielding the lower
curve that conforms to results of the other percolation
models. Since the RT model assumes the EMA, it gen-
erates a considerably larger mobility.

Figure 4.35b compares the predicted dependences
of the reduced mobilities vs. charge concentration
for several different Gaussian widths normalized to
their values at σ̂ ¼ 2. The vertical lines show that
the cross-over into the high concentration conduc-
tion regime occurs at approximately twice the mo-
bility value at ζ! 0 for all models. Note that
results from RT are not provided since they show
a much higher mobility and concentration depend-
ence than the models in the plot. The percolation
models predict an increase in μ with charge concen-
tration, with the largest changes occurring for the
broadest distributions. However, as the charge
density approaches that of the hopping sites (i.e.
as ζ! 1), the available sites become saturated.
Fermi–Dirac statistics prohibit hopping into filled
sites, thus resulting in a decrease in mobility, as
shown for all models except Arkhipov. We noted
above that this latter picture does not account for
the occupancy of the final states, and hence it con-
tinues to increase with ζ.
An empirical relationship that accounts for the fea-

tures of the several percolation-based models is as
follows (Coehoorn et al., 2005):

μ ¼ qν0
N2=3kBT

Φ exp �α� lnζ� β0σ̂ � χ0σ̂2	;
h

ð4:112Þ

where β
0 ¼ α� EF=σGDM and χ0 ¼ �d=α. Here,Φ and d

are dimensionless fitting parameters on the order of
unity. We note, once again, that such a semi-analytical
expression is dependent on many factors that are
possibly unique to a given materials system. These
include the shape of the DOS function, the sterics of
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individual molecules that control the hopping pro-
cess, morphology of the solid, and so on. However,
given the calculational intensity and the uncertainties
that accompany the analysis of transport in dis-
ordered systems, empirical expressions such as
Eq. 4.105 and 4.112 are helpful in analyzing the results
of mobility measurements in bulk and thin film or-
ganic semiconductors. These measurements and
other factors that impact conductivity such as doping
are the subjects of the next two sections.

4.4 Conduction in organic thin films

A distinctive feature of semiconductors in device
applications is the ability to change their conductiv-
ities over several orders of magnitude by doping.
Organic electronic materials typically have large en-
ergy gaps (1–4 eV), and consequently have very low
background intrinsic carrier concentrations. Further-
more, as we have seen in previous sections, the room
temperature charge mobility is often <1 cm2/V s,
and the narrow energy BWs of organic semiconduct-
ors (typically with a maximum at ~ 500 meV) are
considerably smaller than for inorganics (with BW ¼
1–4 eV). This implies an effective mass m� > m0.
Taking all of these properties together, organic semi-
conductors have exceptionally low conductivities in
their native state. Of course, there are examples of
ultrapurified and highly ordered molecular mater-
ials that have higher mobilities and large BWs.
Nevertheless, these represent exceptions rather
than the norm for this materials class.
Our discussion up to this point has concentrated

on understanding the mobility of both ordered and
disordered organics. However, conductivity—the
primary property of an electronic material—is a
result of both mobility and charge concentration.
Both quantities can be complicated functions of
temperature, electric field, defect and dopant con-
centrations, and film morphology. In Sections 4.4.1
and 4.4.2, we describe the conductive properties of
both pure and doped organic materials, their de-
pendence on film morphology (i.e. crystalline vs.
amorphous), and on defects. Closely associated
with dark conductivity is the photoconductivity
of organic semiconductors. Indeed, photoconduct-
ivity is a signature property of all semiconductors,
and it governs the performance of photodetectors
and solar cells. However, we will leave the discus-
sion of the photoconductive properties to the chap-
ter on photodetectors, Chapter 7. In Section 4.4.3,
we discuss commonly used measurement methods
of conductivity and mobility. We have already

introduced this topic in our discussions of band
structure and hopping, where we reported the re-
sults of time of flight measurements of mobility in
single crystals and polymers. However, time of
flight represents only one of several methods of
determining these properties. It is important to
fully understand the limitations and the range of
validity of the principal methods employed to
quantify the electronic properties of organic semi-
conductors, which is the topic of Section 4.4.3.

4.4.1 Ohmic conduction and doping

Ohm’s law predicts a linear relationship between cur-
rent and voltage, that is, j ¼ $σF, where the conductivity
tensor is $σ ¼ qðn$μe þ p$μeÞ (see Eq. 4.35). A measure-
ment of the conductivity yields the product of mobility
and the background charge concentration, nμe + pμp.
For an undoped semiconductor in equilibrium, n¼ p¼
ni, where ni is the intrinsic carrier concentration:

n2
i ¼ NHOMONLUMO exp � EG

kBT

� �
: ð4:113Þ

Here, EG is the energy gap, and NHOMO and NLUMO

are the densities of states at the frontier HOMO and
LUMO energies, respectively. In many cases, the mo-
bility of one charge carrier is much larger than its
counter charge, allowing us to neglect the smaller
charge-mobility products. Due to the large energy
gaps of most organic electronic semiconductors, the
background carrier concentration is much larger than
ni due to either intentional or adventitious doping.
Intentional doping of inorganic semiconductors is

the means by which the conductivity of the material
is controlled. This is accomplished by introducing
atomic species that have either one more valence
electrons than the host lattice (for electron donors),
or one less (for acceptors). The substitutional doping of
As into a Si lattice for n-type doping via the excess
and loosely bound valence electron (As has a valence
of 5 compared to 4 for Si) and B for p-type doping
due to its lack of a fourth valence electron is

Si Si Si

SiSi

Si Si Si

(a) (b)

As+

–q•

Si Si Si

SiSi

Si Si Si

B–

+q

Figure 4.36 Doping by substitutional impurities in a Si lattice: (a) n-type
doping via introduction of As atoms, (b) p-type doping via B atoms.
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illustrated in Fig. 4.36. Alternatively, dopants can be
introduced as interstitial impurities between lattice
atoms, although due to the lack of shared bonds with
the lattice molecules, the doping efficiency is re-
duced as there may not be one electron, or hole,
released per dopant atom, as there is with substitu-
tional impurities.

The lack of chemical bonds between organic mol-
ecules implies that only interstitial doping is possible,
that is, the dopant atom or molecule is placed be-
tween molecules in either crystalline or amorphous
solids. Doping to control conductivity in organic
semiconductors is, therefore, inefficient, although it
can be effective in increasing the conductivity of
otherwise insulating solids. While interstitials can
introduce additional charge carriers, they can also
disrupt the lattice order. This additional static dis-
order, in turn, reduces the charge mobility, as dis-
cussed in Section 4.3. This partially counteracts the
effects of increased charge density, and hence may
decrease the anticipated gains in conductivity. Unin-
tentional doping of organics by oxygen and other con-
taminants has been observed since the earliest work
on organic semiconductors (Eley, 1948, Kearns et al.,
1960, Martin et al., 1983), whereas intentional doping
has been only recently been effectively used to control
the conductivity of organic electronic devices (Chiang
et al., 1977, Maitrot et al., 1986, Kido and Matsumoto,
1998, Pfeiffer et al., 1998, Parthasarathy et al., 2001,
Lüssem et al., 2013).

The first report of doping of an organic semicon-
ductor was the addition of AsF5 into a 0.1–0.5 mm
thick film of trans-CHx (Chiang et al., 1977). The room
temperature conductivity of the film changed by >7
orders of magnitude as the p-type AsF5 concentration
was varied from 0% (with σ0 ¼ 10�5 mS/cm) to 10.3%
(with σ ¼ 220 mS/cm). The dependence of conduct-
ivity on temperature for films of several different
AsF5 concentrations is shown in Fig. 4.37. The tem-
perature dependence can be understood in terms of
the Fermi–Dirac functions for the occupancy of the
dopant levels. That is, for an acceptor energy at EA,
the hole concentration is

p Tð Þ ¼ NA

ð
g Eð Þf EA;Tð ÞdE; ð4:114Þ

where the acceptor level occupancy is

f EA;Tð Þ ¼ 1
1þ exp EA � EFð Þ=kBTð Þ : ð4:115Þ

Similar expressions are obtained for electrons and
donor levels.
The temperature dependence of the charge concen-

tration is shown in Fig. 4.38. At low temperatures, the
exponential function is large, implying that not all
acceptor molecules are ionized, that is, N�A=NA < 1.
This corresponds to the ionization regime where the
charge concentration follows a Boltzmann distribu-
tion, viz. p Tð Þ � exp EF � EAð Þ=kBTð Þ. Once all the ac-
ceptors are ionized, the semiconductor enters the
extrinsic region where its conductivity is determined
by the free holes. Finally, at high temperature,
ni ¼ pi >NA, where the intrinsic properties of the
semiconductor dominate (corresponding to the intrin-
sic regime). Returning to Fig. 4.37 doped polyacetylene
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moves from the ionization to the intrinsic regime as
the dopant concentration is increased.
Atomic dopants can be introduced that either re-

lease or capture an electron at an incomplete valence.
For example, Li has the valence of 1s22s1, and there-
fore can contribute an excess electron from its 2s shell,
thereby serving as a donor in the following reaction:
Li ! Li+ + q� (Kido and Matsumoto, 1998,
Parthasarathy et al., 2001). Calcium has also been
identified as an atomic donor in Alq3 (Choong et al.,
1998) and Cs in Bphen (Reineke et al., 2009).
A shortcoming of using metallic dopants, however,
is that they are small compared to the molecular host,
and therefore they can diffuse away from their initial
location, and dope unintended regions of a device.
Larger atoms (e.g. Cs vs. Li) have a smaller diffusion
constant, and hence are preferred.
Molecular dopants can contribute electrons or holes

while being less susceptible to diffusion within the
solid due to their larger size. Doping is effectively
achieved by choosing molecules with suitable frontier
orbital energies relative to the host organic semicon-
ductor, as illustrated in Fig. 4.39. For example, a mo-
lecular acceptor molecule should have a very deep
LUMO energy relative to vacuum such that it is posi-
tioned close to the HOMO of the host (Fig. 4.39a).
Subsequently, an electron is transferred from the host
HOMO to the acceptor LUMO, leaving behind a semi-
conductor cation while adding that electron to the
acceptor, forming a counter anion. Alternatively, a
molecule with a very small electron affinity is easily
oxidized via transfer of an electron to the LUMO of the
host (Fig. 4.39b). The donor cation is then left with an
excess hole, and the host acquires an excess electron.
Several candidate molecular dopants are shown in

Fig. 4.40. An example donor, Li quinolate (Liq), re-
leases an electron into the host as an n-type dopant

(Liua et al., 2002). Fluorinated tetracyanoquinodi-
methanes have been identified as effective p-type
dopants due to their exceptionally large electron af-
finities (EA) that increase with the degree of fluorin-
ation, making this a highly reductive species.
Figure 4.41 shows the relationship between the con-

ductivity of MeO-TPD with concentration of the
p-type dopant, F4-TCNQ. Interestingly, the conduct-
ivity is superlinear with molar dopant ratio, that is,
σ ~ p1.85 up to MR ¼ 0.24. Above this concentration,
the conductivity saturates at σ � 2� 10�3 S=cm; a
value that is approximately 104 times higher than
the neat host semiconductor. Taking a mobility of
~10�6 cm2/V s, a conductivity of 10�3 S/cm at a MR
~ 0.1 suggests that p ~ 1022 cm�3. This implies that a
maximum of 10% of the dopant molecules provide
free holes to the host. This contrasts with inorganic
semiconductors where the efficiency of substitutional
doping approaches 100%.
The superlinear dependence of conductivity on dop-

ant concentration is due to electricfield screening in the
low dielectric constant organic semiconductor. That is,
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the film polarizability is increased by electrons bound
to the acceptormolecules. The screening field increases
with the number of trapped charges given that the free
charge density is p ¼ p0 þN�A . In the limit where the
background carrier concentration, p0, is much less than
the number of charges provided by the dopant, then
p ¼ N�Aexpð��Ea=kBTÞ, where the activation energy,
�Ea, of the charge is equal to the difference between the
electron affinity of the acceptor and the Fermi energy of
the host semiconductor. The superlinearity in Fig. 4.41
suggests that �Ea is a function of N�A , that is, it is not
a constant as expected in an inorganic semiconductor.
The power law dependence, σ ~ p1.85 implies that
the change in activation energy arises from a decrease
in binding energy of the charge to the dopant.
The energy thus scales roughly linearly with the in-
verse distance between dopant molecules, that is,
�Ea ¼ �Ea0 � βðN�A Þ1=3. Here, �Ea0 is the activation
energy of the undoped solid and β is a constant
(Gregg et al., 2004).

The effect of dopant polarization is understood
using the energy level diagram in Fig. 4.42 (Winkler

et al., 2015). We focus our attention on the addition of
a cationic molecule (with an excess hole) illustrated in
Fig. 4.42a, with identical, symmetrical arguments ap-
plying to anions in Fig. 4.42b.When an excess electron
is added to a molecule, its HOMO is split into two
levels. One is the singly ionized electron affinity, EA+

which is increased above the HOMO by the reorgan-
ization energy, λreorg. The second is the ionization
energy, IE+, which is increased by the on-site repul-
sive energy, U (left panel, Fig. 4.42a). The on-site en-
ergy is due to Coulomb repulsion of electrons
experienced by a doubly ionized molecule, and is
calculated using the Hubbard Hamiltonian:

H ¼ �
X
hj;ii;σ

tjic†jσciσ þU
X
j

N j" � 1
2

� �
N j# � 1

2

� �

�
X
j

μjðN j" þ N j#Þ: ð4:116Þ

The first term is the kinetic energy resulting in transfer
of an electron from site i,σ to site j,σ, and tji is the
overlap of wavefunctions on these two sites. Here,
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c†jσðcjσÞ is the creation (annihilation) operator at lattice
site j with spin σ, and the sum is over all sites, j,i,σ,
where the brackets hj; ii in the summation indicates
that only nearest neighbor hops are included due to
the short range interaction between molecules. As
previously, N j" is the number operator for site j, and
in this case for a spin-up electron (subscript "). The
second term is the on-site repulsive energy for two
electrons with strength U, known as the Hubbard
U. Following the Pauli Exclusion Principle, the elec-
trons have opposite spins. The final term is the chem-
ical potential (μj) of site j, which determines the state
occupancy.
The unperturbed activation energy is obtained

from the isolated molecule. From Fig. 4.42a, this is
approximately �Ea0 ¼ U � λreorg. PES measurements
indicate thatU� 1.4 eV for the acceptor C60, and as in
the previous section, λreorg ~ 0.5–1 eV for most mol-
ecules. When placed in a solid, the long range Cou-
lomb potential of the ionized impurity polarizes the
local molecules, resulting in a total HOMO shift by V
� 0.5 eV (Winkler et al., 2015). Then, the activation
energy decreases to �Ea ¼ �Ea0 � V. The amount of
energy needed to remove a charge from the dopant is
thus reduced to that of the first (largest) step required
to overcome the local potential (Eloc) surrounding the
cation.
For an electron polaron (i.e. an anionic state), the

energy levels are shifted upward by approximately
the same energy as for hole polarons. Thus, the same
arguments leading to estimates of�Ea and�Ea0 apply.
The microscopic diagrams in the middle panels of
Fig. 4.42 can be simplified by assuming that the
HOMO and LUMO energies are broadened as shown
on the right hand panels, with the ionized hole and
electron dopant levels residing either above or below
their corresponding frontier orbitals.
We can put this discussion in the context of the

GDM by assigning a second, Gaussian distribution
to the polarization induced splittings in Fig. 4.42.
That is, the introduction of dopants releases free car-
riers that increase the mobility by filling the high
energy tail of the Gaussian DOS. The increased mo-
bility, along with the higher density of free charge
both conspire to increase the conductivity. However,
the ionized dopants introduce an electrostatic retard-
ation of the mobile charges, thereby decreasing the
mobility via energetic disorder. Also, increased static
disorder due to lattice disruption by the high density
of dopants ultimately limits the maximummobility to
less than if disorder were absent. The Coulomb traps
formed by the dopants can be visualized by the one-
dimensional energy level diagram in Fig. 4.43 for an

organic with ionized dopants separated by distance,
d ¼ N�1=3d , where Nd is the dopant density (i.e. either
the donor or acceptor concentration). The electrostatic
attraction of the dopant creates a potential minimum
of depth � from the maximum at a distance rm � r0
from the dopant itself. Then it follows that

UðrÞ ¼ �qFrþ q2

4πε0εrr
þ q2

4πε0εrjr� dj ; ð4:117Þ

where εr is the relative dielectric constant of the ma-
terial. The energy barrier is at the maximum of U(r),
yielding

� ¼ q2

4πε0εra
þU rmð Þ; ð4:118Þ

where a is the distance between the dopant and the
nearest hopping site. Then, assuming a Gaussian dis-
tribution for both hopping and dopant sites, the total
DOS is (Arkhipov et al., 2005a, 2005b)

g Eð Þ ¼ N �N�A
N

g Eð Þ þN�A
N

g Eþ q2

4πε0εra
þU rmð Þ

	 

:

ð4:119Þ
As previously, N is the density of hopping sites, and
for convenience we have assumed a p-type dopant is
used such that p � N�A .
A calculation of the HOMODOS for a P3HT film p-

doped with different ratios of F4TCNQ is shown in
Fig. 4.44. The doping ratio is the number of F4TCNQ
molecules per thiophene unit in the P3HT chains. The
calculations assume that the undoped Gaussian is
centered at EHOMO determined from the surface Kel-
vin probe potential (see Chapter 8). It is found that
EHOMO increases from�4.83 eV for the undoped sam-
ple to �4.94 eV for the 1:200 sample. Furthermore,
N = 7 � 1020 cm, Nd is taken from the doping ratio,
σHOMO ¼ 78 meV, and a ¼ 0.57 nm. Importantly, the
doping states have a DOS that is a function of the
doping ratio. The HOMO distribution is also a Gauss-
ian that shifts toward EHOMO with doping ratio. The

–qFr

rm

U(r)

d

∆
r0

Figure 4.43 Electrostatic potential, U(r), along one dimension for a
series of Coulomb traps spaced at distance d. The trap depth is �
measured from the bottom (at r0) to the top of the potential (at rm). The
applied electric field is F.
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small DOS for the undoped sample is attributed to Al
diffusion from the back contact. The width of this
distribution is the Hubbard U, ultimately determined
by the splitting of the HOMO level due to polariza-
tion described in Fig. 4.42a.

Direct evidence for charge transfer from the dopant
to the host is obtained using absorption spectroscopy,
shown for the F4TCNQ:P3HT films in Fig. 4.45. The
singly ionized (anionic) F4TCNQ features at 1.43 eV
and 1.62 eV are identified from optical measurements

on the neat species themselves. The rectangular back-
ground between 2 eV and 1 eV lying below the neutral
P3HT energy gap at 2 eV is attributed to P3HT hole
polarons, as is the rising absorption at <1 eV. The free
polaron concentration is then extracted from the cor-
respondence between OD and doping ratio, x.
The measured conductivity vs. x is provided in

Fig. 4.46, with a fit to the data (solid line) employing
the mobility model extracted using the DOS in
Eq. 4.119 (Arkhipov et al., 2005b) and the hole concen-
tration from Fig. 4.45. The slope of the conductivity is
sublinear at low doping ratios, becoming linear at
moderate ratios, and then superlinear as in Fig. 4.41
at high doping ratios. At low ratios, the dopants com-
pensate the native traps in the P3HT. As doping is
increased, the Gaussian tail states are filled, resulting
in an increased number of free holes, leading to a
rapid rise in hole concentration. Note the decrease in
calculated mobility at low to moderate doping con-
centrations, as shown in the inset of Fig. 4.46. The
drop in mobility that leads to the sublinear depend-
ence of the conductivity with x is due to Coulomb
traps from the cationic molecular dopants, discussed
above. At the highest doping levels, both the mobility
and the charge concentration increase, leading to the
superlinear dependence of σ on x.
The low doping regime and the facility for dopant

charge to compensate native traps induced by struc-
tural disorder was studied in the n-type semiconduct-
or system comprising C60 doped at very low levels
using the donor, [RuCp�(mes)]+ (Olthof et al., 2012).
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The samples were grown in ultrahigh vacuum, and
the molar ratio of the dopant was controlled by its
relative deposition rate with C60. The free charge con-
centration (n) was obtained from UPS and IPES meas-
urements of the Fermi energies and frontier orbitals.
From this, the mobility was deduced from conductiv-
ity measurements, viz. μn ¼ σ=qn.
The electron mobility vs. dopant MR is shown for

three different temperatures in Fig. 4.47a. There is a
striking change from a region of high slope at MR <

2 � 10�3, to a much lower slope at higher MR. This
inflection appears to be relatively temperature inde-
pendent. The transition also corresponds to an abrupt
transition from a large dependence of the work func-
tion and HOMO energy on MR to a much slower
dependence as MR is increased beyond this apparent
threshold value. The explanation for this transition is
the compensation of native traps in the disordered C60

film at low MR. The Fermi energy moves toward the
conduction level with doping until those traps are
filled. This has the combined effects of neutralizing
charged traps while increasing the mean energy of
conducting charges. Once compensated, additional
dopants simply contribute more electrons. These fill
the tail states in the Gaussian DOS, thereby resulting
in hopping from higher energy, and hence higher
mobility states. This is also supported by the slower
approach of the Fermi energy toward the LUMO at
the rate of ~60 meV/decade in MR, consistent with
the theoretical behavior of conventional inorganic
semiconductors. However, at these higher doping
levels, the mobility no longer shows a significant in-
crease in mobility with doping; indeed it begins to
decrease at MR > 0.05 due to increased disorder from
impurities disrupting the C60 lattice.
These conclusions are supported by fits to the data

shown by the solid lines in the figure using the GDM
in the effective medium approximation (Fishchuk
et al., 2007). Here, a Gaussian DOS is assumed for
the conduction level states, and an exponential for
the band tail state. The Gaussian and exponential
distributions fit the data assuming widths of 64 meV
and 128 meV, respectively, and the ratio of the total
number of exponential to Gaussian states is 0.007
(Olthof et al., 2012). Note that the low temperature
mobility does not saturate, even at high MR. This
results since traps near to the conduction level are
not thermalized as temperature is reduced.
A plot of the conductivity activation energy, �Ea,

is shown in Fig. 4.47b. The line follows σ ¼
σ0 exp ��Ea=kBTð Þ, where σ0 is a constant. Since the
activation energy is a function of the donor energy
relative to EF, it moves rapidly toward the LUMO
energy at lowdoping, until it saturates at approximate-
ly 39meV atMR ~ 0.07. The fit to the EMAmodel used
in Fig. 4.47a is shown by the line in Fig. 4.47b.
In the very high doping regime, the host material

can no longer be simply considered to be doped, but
rather it is a blend of two organics (host and dopant).
Thus, conductivity can occur on either species. In
some cases the introduction of a dopant can form an
intermediate neutral CT complex rather than releas-
ing a free polaron into the host. Often, an ion pair is
never formed, and doping does not result in free
charge. In cases when free charge is released, the CT
state levels are split above and below the transport
energy level. For p-type doping for example, the EA
of the CT state lies above, and its IP lies below that of
the host (Salzmann et al., 2016).
Finally, note that thermally activated diffusion of

small dopant molecules can lead to their migration
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from their intended location (e.g. in a highly doped
charge transport layer or in the emission zone of an
OLED) over time; a process whose rate is increased at
high temperature. While atomic dopants such as Li
and Cs are particularly prone to rapid diffusion along
the interstices between molecules, even small molecu-
lar dopant species can rapidly migrate at even modest
temperatures. Similarly, the spatial distribution of
binary mixtures of molecules can change over time,
and junctions between layers of different compos-
itions can also intermix, changing the electronic prop-
erties of the original structure.

Simple, single species diffusion as a function of time,
t, in three dimensions is described by Fick’s second law:

∂c r; tð Þ
∂t

¼ Dc∇2c r; tð Þ; ð4:120Þ

where we have assumed that the diffusion constant,
Dc, is independent of concentration, c(r, t) of the dif-
fusing species. Furthermore, this expression assumes
that Dc is a scalar, independent of direction within the
sample. This is not the case for molecular crystals
where there is usually substantial anisotropy along
the various crystal axes.

Lateral diffusion of F4TCNQ doped into P3HT has
been followed as a function of both time and tempera-
ture using fluorescence microscopy to determine the
diffusion constant and themechanisms leading to dop-
ant migration. The sample preparation steps are illus-
trated in Fig. 4.48a. The 50 nm thick P3HT host film is
spun onto the surface of a glass substrate, followed by
deposition of a 2.2 nm thick layer of the dopant through
a fine Cu shadow mask with square holes, 38 μm on a
side on a 66 μm pitch. The dopant is prevented from
escaping from its location by depositing an encapsulat-
ing layer of 50 nm MoO3/100 nm Ag. The MoO3 pre-
vents theAg layer fromdiffusing into the sample. Then
the entire unit is encapsulated using a glass lid epoxied
around its periphery to form a moisture and oxygen-
proof seal. The thin F4TCNQ provides a finite amount
of dopant, thus establishing well-defined boundary
conditions that simplify diffusion analysis.

Since the dopant quenches the luminescence of the
P3HT film, the spatial distribution of F4TCNQ is
monitored over time using fluorescence microscopy.
The sample was excited at 488 nm wavelength and
imaged through a microscope objective focused onto
the P3HT film via the glass substrate. The fluores-
cence intensity around the periphery of the original
F4TCNQ deposit provides a relative measurement of
the amount of dopant that is within that region, pro-
viding a spatial-temporal map of the diffusion front.
The image on the left shows the initial conditions (at

t = 0) with the dopant confined to the regions where it
was deposited. After 50 min at 348 K, the dopant
molecules have diffused far from their point of origin,
almost contacting in the 26 μmwide regions that were
masked during deposition.
The diffusion profile is found to deviate from pre-

dictions made using Eq. 4.120. To provide an im-
proved fit, it was assumed that both the neutral
F4TCNQ and the anionic F4TCNQ� acceptor molecule
compete in the diffusion process. Since only one mol-
ecule can occupy a site at a given time, the neutral
F4TCNQ has to “jump” over the anions, thus resulting
in an increased diffusion constant of the neutral com-
pared to the ionic species. At room temperature, fits to
the diffusion profiles yield the anion diffusion con-
stant for F4TCNQ� of DF4TCNQ� ¼ 1.5 � 10�11 cm2/s,
and for the neutral species,DF4TCNQ¼ 3� 10�10 cm2/s.
Measurement of the diffusion constants at several
different temperatures yields activation energies via

Dc ¼ Dc0 exp ��Eac=kBTð Þ: ð4:121Þ

Measurements of F4TCNQ in P3HT yield �Eac ¼ 74.2
kJ/mol and 55.9 kJ/mol for the neutral and anionic
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1. Cast film by spin
coating.

2. Dope the film selectively
by evaporation through a
shadow mask, e.g. TEM grid. 
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3. Encapsulate the sample
by depositing inert materials
and then epoxying.

Figure 4.48 (a) Fabrication sequence for creating grid patterns useful in
visualizing diffusion in an organic film by a dopant. (b) Relative F4TCNQ
density distribution in P3HT before (left image) and after (right) 50 min
diffusion at 348 K. The distribution maps are obtained from analysis of
P3HT fluorescence. The color key and scale bars are provided at the
bottom of the images (Li et al., 2017).

Adapted with permission from Li, J., Koshnick, C., Diallo, S. O., Ackling, S.,
Huang, D. M., Jacobs, I. E., Harrelson, T. F., Hong, K., Zhang, G., Beckett, J.,
Mascal, M. & Moulé, A. J. 2017. Quantitative Measurements of the
Temperature-Dependent Microscopic and Macroscopic Dynamics of a
Molecular Dopant in a Conjugated Polymer. Macromolecules, 50, 5476-5489.
Copyright 2017 American Chemical Society.
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F4TCNQ species, respectively. We note that the acti-
vation energies and diffusion constants are not separ-
ately measured, but are taken from fits to the
diffusion front using a two species, two dimensional
diffusion analysis of the concentration profiles (i.e. the
fluorescence intensity maps) as functions of time and
temperature.
The diffusion constants and activation energies

found for F4TCNQ are similar to those of PC61BM in
P3HT which can be fit using only a single species,
one-dimensional model as Eq. 4.120 (Treat et al.,
2013). The diffusion constants in both cases are suffi-
ciently large that dopants can lead to significant, tem-
perature dependent changes in morphology, and
ultimately the optical and electronic properties of ma-
terials over time.
We will show in Chapters 6 and 7 that molecular

doping can lead to very small internal resistances in
OLEDs and OPVs. However, from the foregoing
discussion it should be clear that interstitial doping
of organics leads to complex and as yet not fully
understood dependencies of the number of free
charges (and hence conductivity) on such factors
as temperature, dopant and host molecular species,
dopant concentration, and film morphology. We
will find that the stability of organic electronic de-
vices is thermally activated, that is, their operation-
al lifetime is reduced as temperature is increased.
Diffusion of species across interfaces, and within
the layers themselves is one of the primary mech-
anisms for device failure, as implied from the fore-
going discussion.

4.4.2 Space charge limited conduction

At relatively low currents, the doping and the back-
ground free charge concentration in organics allow
for Ohmic conduction. However, as the current
density is increased, a deficiency in bulk charge
leads to injection from the contacts, leading to the
space charge limited (SCL) transport regime. Two situ-
ations are considered in this section: SCL current
in the absence or presence of traps. While space
charge conduction can be supported by injection of
a single carrier type (i.e. an electron or hole), double
carrier injection is also possible. For simplicity we
consider only single carrier injection. The analysis of
the current density vs. voltage (j–V) characteristics of
a semiconductor in the presence of bipolar conduc-
tion is quite complex since it requires consideration
of charge recombination in the material bulk
(Lampert, 1962, Kao and Hwang, 1981). Interested
readers can find references that treat this topic in
Further reading at the end of the chapter.

4.4.2.1 Trap-free SCL conduction

The origins of SCL current can be understood from the
illustration inFig. 4.49. The appliedvoltage is sufficient-
ly high to inject electrons from the cathode. Since field
lines terminate on individual charges, the electric field
near the cathode is higher than elsewhere in the bulk. In
Fig. 4.49b, we illustrate the differences in the field dis-
tribution for Ohmic and SCL currents in a sample of
thickness, d. Ohmic conduction is characterized by a
uniform field, whereas SCL conduction results in a
high field near the injecting contact, falling rapidly
into the bulk.
In the following derivation, we make several sim-

plifying assumptions, each of which can be removed
to consider more general circumstances. (i) Only a
single carrier type (holes) is injected, (ii) the hole
mobility (μp) is independent of field, F, (iii) the free
carrier distribution is governed by Boltzmann statis-
tics, (iv) F is sufficiently small that there is no field
emission from the contacts, (v) carrier diffusion from
contacts is small and therefore ignored, and (vi) only
one-dimensional transport along the x̂ -direction is
considered. Then from Gauss’ law:

dFðxÞ
dx
¼ qpðxÞ

εrε0
¼ qðpinjðxÞ þ p0Þ

εrε0
� qpinjðxÞ

εrε0
; ð4:122Þ

where the total free hole polaron density, p, consists of
the sum of injected hole density, pinj, and the back-
ground charge density, p0. In the SCL regime,
pinj ≫ p0. Now, the current is given by

jðxÞ ¼ qμppinjðxÞFðxÞ: ð4:123Þ

Using Eq. 4.123, we can rewrite Eq. 4.122 as follows:

dF2ðxÞ
dx

¼ 2FðxÞ dFðxÞ
dx
¼ 2qpinjðxÞFðxÞ

ε0εr
¼ 2jðxÞ

ε0εrμp
:

ð4:124Þ

– +

SCL

Ohmic

ρ(
x)

x d0

Figure 4.49 (a) Distribution of charge and field lines for a
semiconductor dominated by space charge injection from a contact. (b)
Charge distribution for Ohmic and SCL currents.
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Then,

F2ðxÞ ¼ 2jSCLx
ε0εrμp

: ð4:125Þ

Current continuity requires that j(x) ¼ jSCL, a constant
that is independent of position. In this regime, the
field is no longer constant across the sample, but
according to Eq. 4.125 increases quadratically. Thus
F2(x) ~ x until it reaches a peak value at x ¼ d. Also,
Eqs. 4.123 and 4.125 give:

pinj xð Þ ¼ εrε0jSCL

2q2μp

 !1=2
1ffiffiffi
x
p : ð4:126Þ

The charge density is, therefore, also quadratic in
current (vs. linear for Ohmic conduction) and is in-
versely proportional to

ffiffiffi
x
p

. These various relation-
ships are illustrated in Fig. 4.50.

Now, the potential is simply FðxÞ ¼ �dV
dx

, and inte-

grating between x ¼ 0 where V is the applied voltage,
and x ¼ d where V ¼ 0, we obtain for SCL current in
the absence of traps:

jSCL ¼ 9
8
μpε0εr

V2

d3
: ð4:127Þ

This is known as the Mott–Gurney relationship, which
is analogous to Child’s law used to describe space
charge currents in vacuum tubes. Equation 4.127 is
independent of the injected carrier density, pinj, with
the mobility and dielectric constant the only
materials-dependent properties. It differs from
Ohmic conduction due to its quadratic (versus linear)
dependence on voltage and inverse cubic (again ver-
sus linear) dependence on sample thickness. Hence,
the charge mobility in the space charge region can be
extracted directly from the slope of j vs. V2, only
requiring knowledge of the film thickness and dielec-
tric constant (the latter can be obtained from the sam-
ple capacitance).

Thus, at low voltages, the current is carried by the
background charge with density, p0, and at higher
voltages by injected space charge. The point at

which these two current densities are equal is the
cross-over current, jX ¼ jΩ ¼ jSCL. From Eqs. 4.34 and
4.127 we obtain

VX ¼ 8
9
qp0
ε0εr

d2; ð4:128Þ

where VX is the cross-over voltage. These relation-
ships are shown in Fig. 4.51 for a 200 nm thick film
of PTCDA sandwiched between a Ti Ohmic contact
and a rectifying Au contact (Forrest et al., 1984a). The
asymmetry in current depends on whether the Ti
contact is positive (corresponding to forward bias)
or negative (reverse bias) relative to the Au. The
Au/PTCDA contact has an energy barrier of (0.61 ±
0.05) eV as determined from the temperature depend-
ence of the current in Au/PTCDA/Au devices. Ac-
curate analysis of the j-V characteristics requires that
the built-in voltage (Vbi) of the contacts be subtracted
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d
x

0

F, p

Figure 4.50 Electric field and charge density vs. distance in the SCL
current regime.
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Figure 4.51 Current regimes of a 200 nm thick PTCDA film sandwiched
between Ti and Au contacts. The device area is A = 2.5 � 10�4 cm2.
Films with the Ti electrode positive relative to Au are forward biased,
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Gurney relationship. Inset: Energy level diagrams at different biases
(Forrest et al., 1984a).
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from the applied voltage. In Eq. 4.127 we should,
therefore, replace V with V – Vbi.
The cross-over from the Ohmic to the SCL regime is

at VX ¼ 0.1 V. Fits to the data, shown by the lines in
Fig. 4.51, yield a mobility of μp ¼ 3.5 � 10�3 cm2/V s
and a free hole concentration of p0 ¼ 5 � 1014 cm�3.
The fits extend over four decades, suggesting that
the assumption of little or no electric field dependence
of the mobility is justified up to fields as high as
~4 V/200 nm ¼ 2 � 105 V/cm.
SCL conduction has been observed in semicon-

ducting polymers as well as small molecule organ-
ics (Blom et al., 1997b, Tanase et al., 2004, Reid
et al., 2008, Nicolai et al., 2010). In Fig. 4.52 we
show the j–V characteristics of PFO films of three
different thicknesses sandwiched between Ohmic
electrodes. The data are consistent with the Mott-
Gurney relation, following ðV � VbiÞ2=d3 over the
entire range of voltages and currents measured
(Nicolai et al., 2010). The hole mobility is relatively
constant at μp ¼ 1.3 � 10�5 cm2/V s, a value that
is characteristic of many amorphous semiconduct-
ing polymers.
As discussed in Section 4.3.2, static disorder leads

to a deviation from a constant mobility with electric
field. Indeed, the mobility is generally found to de-
pend not only on F, but also on charge density due to
trap filling. It is difficult to separate the contributions
of these two variables, since an increase in field also
leads to increased charge injection. The increase in
current at high voltage in Fig. 4.51 is an indication of

changes in mobility at high field. These mobility-
dependent effects have been studied for the hole con-
ducting polymer NRS-PPV, sandwiched between ITO
and Au contacts (Pasveer et al., 2005). The dotted line
in Fig. 4.53 corresponds to the simple V2 dependence
of the Mott-Gurney relationship. The dashed lines are
fits to Eq. 4.127 assuming that the mobility depends
on hole concentration, and hole transport is via per-
colation in a Gaussian DOS at the HOMO energy
edge. Percolation occurs by charge hopping from con-
ducting polymer cluster to cluster. At a critical density
of conducting clusters (which in this case consists of
neighboring empty sites into which holes can hop), all
clusters are connected and the charge can move from
one end of a sample to the other. Within the GDM, the
mobility can be approximated by μpðT; pÞ � expðpδÞ
where δ is a parameter depending on the width of the
site distribution, σGDM (cf. Table 4.2). The fits are rea-
sonable at the highest temperatures, but the theoret-
ical dependence of j vs. V deviates from a simple
charge density dependence at lower temperatures.
This difference is attributed to the field dependence
of the mobility discussed in Section 4.3.2. The solid
lines correct for both the field and charge dependence
of the mobility (Pasveer et al., 2005).
We caution that while the fits are accurate over a

limited range of temperature and voltage, they
employ numerous assumptions and fitting param-
eters. Hence, it is unclear how generally this fitting
procedure can be applied to other materials, and
what interdependence one variable has on the
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Figure 4.52 Space charge limited current for three different thicknesses
of PFO sandwiched between Ohmic electrodes of PEDOT:PSS and MoO3.
Lines are fits to the Mott–Gurney relation, Eq. 4.127, after accounting for
the contact built-in voltage, Vbi (Nicolai et al., 2010).
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permission of AIP Publishing.
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others. This ultimately limits the depth of under-
standing such a parametric model can provide in
revealing the origins of the transport processes in
organic semiconductors.

4.4.2.2 SCL conduction in the presence of traps

Disorder in organics leads to deep levels or trap
states that exist in the energy gap between the
HOMO and LUMO. Hence, it is rare indeed when
we can apply the Mott–Gurney relation to these
materials systems without considering the effects of
traps. Inclusion of traps in our analysis, however, is
accompanied by assumptions whose validities are
often difficult to verify. We must always bear in
mind that the measured current is actually the sum
over all charge generating mechanisms, making it
challenging or impossible to separate out the indi-
vidual contributions. The strongest leverage for
isolating these mechanisms is to determine the de-
pendence of j on voltage (and hence electric field),
and temperature. Even then, ambiguity can arise as
we have seen in the analysis of data in Fig. 4.53,
necessitating further experiments to access the de-
pendence of current on illumination and frequency
to help sort out the origins of the background cur-
rent. In analyzing the data, therefore, it is useful to
use the rule of Occam’s razor whereby “Among com-
peting hypotheses, the one with the fewest assumptions
should be selected.”

In this section, we expand our understanding of
space charge conduction to include the more general
case of conduction in an organic semiconductor in the
presence of traps, which may be of either intrinsic (i.e.
dynamic and static disorder) or extrinsic (e.g. impur-
ities) origin.

We first consider the simplest, albeit somewhat
unrealistic case of a single, discrete defect, or trap
state located at energy ET within the HOMO–LUMO
gap. Assuming that the traps are uniformly spatially
distributed across the sample, then

hT Eð Þ ¼ HTδ E� ETð Þ ð4:129Þ

is their DOS, HT is the total trap density, and the
Kronecker delta is δ(E). Then the number of trapped
holes (assuming hole-only conduction, with simple
substitutions used for electron-only situations) is

pT ¼
ðELUMO

EHOMO

hTðEÞfpðEÞdE ¼
ðELUMO

EHOMO

HTδðE� ETÞ
1þ gp exp ½ðEFp � EÞ=kBT	 dE;

ð4:130Þ
where

fpðEÞ ¼ 1
1þ gpexp½ðEFp � EÞ=kBT	 ð4:131Þ

is the Fermi–Dirac distribution for the number of
filled hole states, EFp is the hole Fermi energy above
the HOMO energy EHOMO, and gp is the degeneracy of
the state. Typically gp ¼ 2 due to the two spin states
allowed in each level. Evaluating the integral leads to

pT ¼ HT

1þ gp
NHOMO

p
exp½ðEHOMO � ETÞ=kBT	

ð4:132Þ

where

p ¼ NHOMOexp½�ðEFp � EHOMOÞ=kBT	 ð4:133Þ
is the total free hole density which is the sum of
the equilibrium (p0) and injected (pinj) densities,
and NHOMO is the DOS at the HOMO level. It
is convenient to use the free charge factor,

θf ¼
gpNHOMO

HT
� exp½ðEHOMO � ETÞ=kBT	 such that

Eq. 4.132 becomes

pT ¼ HT

1þHTθf =p
: ð4:134Þ

Now, returning to Eq. 4.122 but including trapped
charge, we have

dFðxÞ
dx
¼ qðpinjðxÞ þ p0 þ pTÞ

εrε0

� q
εrε0

pinjðxÞ þ HT

1þHTθf =pinjðxÞ
� �

; ð4:135Þ

where the small background carrier density is ignored
in the space charge limit. To solve this analytically, we
make the further assumption that the trapped charge
density is significantly larger than that of free charges,
that is, HT θf > pinj (x). Then,

dFðxÞ
dx
¼ q

εrε0θf
pinjðxÞðθf þ 1Þ: ð4:136Þ

Following the same treatment used to calculate the
trap-free SCL current, we arrive at the modifiedMott–
Gurney relation in the presence of a discrete, high
density of traps:

jSCL ¼ 9
8

θf
θf þ 1
� 
" #

μpε0εr
V2

d3
: ð4:137Þ

But Eq. 4.135 implies that when pT > pinj, then the
ratio of free to trapped charge is θf � pinj=pT < 1,
yielding (Rose, 1955)

jSCL ¼ 9
8
θfμpε0εr

V2

d3
: ð4:138Þ
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Thus, the mobility is decreased to μeff ¼ θfμp < μp as
the trap density increases. As expected, the reduced
mobility also increases the voltage at which Ohmic
gives way to SCL conduction. Similar to Eq. 4.128,

VX ¼ 8
9

q
θf εrε0

p0d2: ð4:139Þ

A more physically realistic model assumes that an
exponential trap distribution continuously extends
from the conduction (frontier) orbital level into the
energy gap. We use an exponential DOS in place of a
nearly equivalent Gaussian (cf. Fig. 4.28) since the
former leads to simple analytical solutions. Then, for
the hole trap density (again, assuming a uniform dis-
tribution of traps throughout the sample bulk):

hT Eð Þ ¼ HT

kBT0
exp � E� EHOMOð Þ=kBT0½ 	 ð4:140Þ

where T0 is the characteristic trap temperature that sets
the position of the distribution relative to the HOMO
energy. This trap distribution is illustrated in
Fig. 4.54. States between EFp and EHOMO are filled
with holes, and those above EFp are empty. The
maximum trap state density of HT/kBT0 is found at
EHOMO. An analogous expression can be employed
to describe electron traps extending into the energy
gap from the LUMO.
For simplicitywe take fp � 1 at E> EFp, and fp � 0 at

E < EFp. This gives the number of trapped holes:

pT ¼
ð∞
EFp

hT Eð ÞdE ¼ HT

kBT0

ð∞
EFp

exp � E� EHOMOð Þ=kBT0½ 	dE

¼HT exp � EFp � EHOMO
� 

=kBT0
� �

ð4:141Þ

We can now write this in terms of the hole density in
Eq. 4.133 to obtain

pT ¼ HT
p

NHOMO

	 
T=T0

¼ HT
p

NHOMO

	 
1=m

; ð4:142Þ

where

m ¼ T0=T ¼ ET=kBT; ð4:143Þ
with ET ¼ kBT0 equal to the characteristic trap energy.
Multiplying both sides of Gauss’ law, Eq. 4.122, by
½ðmþ 1Þ=m	FðxÞ1=m, we get

mþ 1
m

	 

FðxÞ1=m dF xð Þ

dx
¼ dF xð Þ1=mþ1

dx

¼ q
εrε0

mþ 1
m

	 

pFðxÞð Þ1=m p1�1=m þHTN

�1=m
HOMO

� �
ð4:144Þ

or

F xð Þ1=mþ1 ¼ q
εrε0

mþ 1
m

	 

jSCL

qμp

 !1=m

� p1�1=m þHTN
�1=m
HOMO

� �
x

¼ qHT

εrε0

mþ 1
m

	 

jSCL

qμpNHOMO

 !1=m

� p1�1=mN1=m
HOMO

HT
þ 1

 !
x ð4:145Þ

In the high trap density limit:

p1�1=mN1=m
HOMO

HT
¼ p

p�1=mN1=m
HOMO

HT
¼ p

pT
� 0; ð4:146Þ

which leaves the simplified expression for the
electric field:

F xð Þ ¼ qHT

εrε0

mþ 1
m

	 
 m
mþ1 jSCL

qμpNHOMO

 ! 1
mþ1

xm=ðmþ1Þ:

ð4:147Þ
Integrating this to obtain the voltage, and solving for
current, we finally arrive at

jSCL ¼ qμpNHOMO
2mþ 1
mþ 1

	 
mþ1 m
mþ 1

εrε0
qHT

	 
m Vmþ1

d2mþ1
:

ð4:148Þ
By equating this to Ohm’s law, we can again calculate
the cross-over voltage:

VX ¼ qHT

εrε0

mþ 1
m

mþ 1
2mþ 1

	 
mþ1
m p0

NHOMO

	 
1
m

d2; ð4:149Þ

which, as in the case of SCL current, scales as d2.

EHOMO

EFp

E

Density of States

kBT0

HT/kBT0

Figure 4.54 Density of trap states from the HOMO level (EHOMO)
extending into the energy gap. The maximum density is HT/kBT0, and the
Fermi level for holes is EFp. Also, T0 is the characteristic trap temperature.
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For our treatment of SCL currents, it was assumed
that the material is spatially homogeneous (i.e. the
traps are uniformly distributed throughout the bulk
of the sample), and the mobility is field-independent.
In fact, given the several parameters in Eqs. 4.148 and
4.149, it is not possible to unambiguously determine μp
without a priori knowledge ofNHOMO,HT, andm. Thus,
mobility should be obtained from an independent time
of flight or alternative measurement technique dis-
cussed in Section 4.4.3. One further assumption is that
there are no injection barriers. This is particularly im-
portant since such barriers themselves can also lead to
a power-law dependence of jSCL on V. Effects of in-
jection can be separated from SCL-like behavior by
measuring the dependence of jSCL on d: SCL currents
have a thickness dependence � 1=d2mþ1, whereas in-
jection, in principle, should be layer thickness inde-
pendent. More often, however, both phenomena
exist in the same sample and it is not always possible
to distinguish between the limiting sources of the
dark current. The topic of injection from contacts is
treated in more detail in Section 4.6.

It follows from Eq. 4.148 that the current for the
special case of m ¼ 1 reverts to the Mott-Gurney
relation in the presence of a discrete trap, with
θf ¼ p=pT ! NHOMO=HT . Also, in the limit of a uni-
form distribution of traps within the HOMO-LUMO
gap, T0 ! ∞ in which case m! 0. Then pT ¼ HT

(Eq. 4.142) and the cross-over voltage becomes
VX ¼ qHTd2= 2εrε0ð Þ.

For completeness, we consider the slightly different
case of a Gaussian density of trap states with a distri-
bution of width σT and a maximum at energy ETm.
Then we have:

hT Eð Þ ¼ HTffiffiffiffiffi
2π
p

σT
exp � E� ETmð Þ2=2σ2T

h i
: ð4:150Þ

Following the previous approach for a distribution of
traps that lies deeper than the Fermi energy, that is,
for ETm > EFp, the density of trapped holes is found by
integrating the product hT(E)fp(E) over energy:

pT ¼ HTffiffiffiffiffi
2π
p

σT

ð exp � E� ETmð Þ2=2σ2T
h i

1þ gp exp EFp � E
� 

=kBT
� �dE

¼ HG
T

p
NHOMO

	 
1=m
; ð4:151Þ

where

HG
T ¼

HT

2gp

	 

exp ETm=mkBTð Þ ð4:152Þ

and

m ¼ 1þ 2πσ2T=16k
2
BT

2� 1=2
: ð4:153Þ

Here, gp is the degeneracy of the hole trap state. It is
then straightforward to show that the current in the
presence of a Gaussian density of trap states is given
by Eq. 4.135 using the substitution of HT ! HG

T (see
Prob. 4.6).
Interestingly, if the Gaussian distribution is shal-

low, then the Fermi–Dirac distribution fp(E) can be
replaced by the Boltzmann approximation, to yield

pT ¼
ð
hT Eð Þg�1p exp E� EFp

� 
=kBT

� �
dE

¼ HTg�1p exp ETm � EFp
� 

=kBT
� �

exp � σT=
ffiffiffi
2
p

kBT
� �2� �

¼ p=θG; ð4:154Þ

which in the limit of a large trap density is an expres-
sion similar to Eq. 4.134 for a single, discrete trap level.
For a Gaussian distribution of shallow traps, we can
use the jSCL vs. V2 expression for a discrete trap distri-
bution in Eq. 4.138 by replacing θf with θG. Thus, a
Gaussian distribution cannot be distinguished from
an exponential or discrete trap distribution without
further independent determination such as via optical
excitation or bleaching of trapped charge.
SCL currents for an exponential distribution of

traps within the energy gap have been routinely ob-
served in organic semiconductors such as in α-CuPc
(Hamann, 1968) and anthracene (Schadt and
Williams, 1969). SCL conduction has also been iden-
tified in both small molecule and polymer materials
that are commonly used in OLEDs. For example, SCL
electron transport in the presence of an exponential
trap distribution in Mq3 small molecule materials,
where M = Al, Ga or In and q ¼ 8-hydroxyquinoline,
has been studied, with the j–V characteristics for Alq3
at several temperatures shown in Fig. 4.55 (Burrows
et al., 1996). The devices comprise a bilayer of the hole
conducting TPD and a 55 nm thick the electron con-
ducting Alq3 layer sandwiched between an ITO
anode and Mg–Ag cathode. The 27 nm thick TPD
layer has very low resistance and hence its contribu-
tion to the total applied voltage drop is ignored. In
the inset, the temperature exponent, m is plotted vs.
1/T (Eq. 4.143). The slope of the data yields a charac-
teristic trap temperature of T0 ¼ 1780 K, correspond-
ing to an energy of 0.15 eV below the LUMO of Alq3.
Several key parameters are obtained from the fit that
characterize the amorphous Alq3 film. Thus, HT ¼
(3.1 ± 0.1) � 1018 cm�3, and the DOS in the LUMO
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is NLUMO ¼ (1.0 ± 0.5) � 1019 cm�3, which are deter-
mined using the mobility measured from time of
flight data of μn ¼ (5 ± 2) � 10�5 cm2/V s. From VX,
the background free electron concentration is n0 <

1011 cm�3. SinceHT is near toNLUMO, it was proposed
that HT is an intrinsic property of the disordered film,
that is, HT is the result of static disorder rather than
arising from extrinsic sources such as impurities.
An essential test for the existence of SCL current is

its dependence on sample thickness. This is shown for
a series of Alq3 samples in Fig. 4.56. In Eq. 4.148 we
see that at a constant current, Vm+1 ~ d2m+1, which for
large m, V ~ d2. The fit to this behavior is apparent in
the data obtained for d between 10 nm to 60 nm at
20 μA. Due to the pronounced dependence of jSCL on
d2m+1, small errors in determining film thickness can
lead to large errors in measurements of the thickness
dependence of j on V.
Similar analysis of the electroluminescent polymer,

PPV, has also shown SCL conduction limited by an
exponential distribution of traps (Campbell et al.,
1997). The data in Fig. 4.57 are fit (solid lines) to
Eq. 4.148 by varying m from 6 at 290 K to 17 at 11
K. The fit of m vs. 1/T follows a linear relationship
from 300 K to approximately 120 K, with T0 nearly
the same as for Alq3, although at lower temperatures
T0 begins to fall off rapidly. This dependence of trap
energy (given by ET = kBT0) arises from assuming that
the mobility is independent of both temperature and
electric field. We have seen that neither of these ap-
proximations is valid over large variations in either

parameter. For example, as temperature is lowered,
we expect thatmobility changes fromhopping-limited,
consistent with dynamic disorder, to a tunneling-
limited regime. Hence, the decrease in trap energy
observed for PPV at low temperature is most likely
due to the failure of the constant mobility assumption.
The dependence of current on thickness of the PPV

layers is shown in Fig. 4.59a. The data are plots of
K/d2m+1 vs. m obtained from the j–V characteristics
which from Eq. 4.148 is written as jSCL ¼ KVmþ1=
d2mþ1. The data are for PPV thicknesses of 94 nm
and 125 nm, and m is taken from the high voltage
range of the j–V characteristics in the range 11 K< T<

290 K. These data conform to the thickness depend-
ence of the trap-limited SCL current in Eq. 4.148.
This is supported by replotting these data in
Fig. 4.58b after multiplying by d2m+1 to remove the
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thickness dependence. All data fit on the same
line corresponding to a trap density of approximately
HT¼ 5� 1017 cm�3, inferred from their position among
the theoretically calculated lines.

Parametric fits to polymer data similar to those in
Fig. 4.57 have used a Gaussian vs. an exponential trap
distribution (Nicolai et al., 2011). While those fits are
also convincing, as noted above they cannot be clearly
distinguished from the exponential model although
additional parameters (ETm and σT) are required. Un-
less there are compelling physical reasons for choos-
ing the more complex Gaussian trap model, this may
indeed be a case where Ockham’s razor can justifiably
be applied.

4.4.3 Measuring conductivity and mobility

Time of flight of charges in an electric field, and
analysis of the j–V characteristics discussed in the
foregoing sections are two of several means used

for measuring charge mobility and conductivity in
organic semiconductors. Keep in mind that differ-
ent techniques go about the measurement of a
quantity using different approaches, and hence
there can be differences in the values inferred for
μ and σ. For example, time of flight (TOF) measure-
ments are based on analysis of transient currents
induced by pulsing the sample either with an ex-
ternal voltage or illumination. On the other hand, j–
V measurements discussed in the previous sections
are obtained in the steady state. In the SCL region,
μ is obtained directly from the slope of the charac-
teristics once the dielectric constant (obtained from
capacitance-voltage measurements) and film thick-
ness are known. In the Ohmic regime, only the
product, nμ, is measured, from which a separate
measurement of the charge density is required to
obtain μ.
Traps that are almost always present in organics

can have different occupancies in the steady or
transient states, thus altering the internal electric
field experienced by a charge as it moves between
contacts. Hence, the mobilities obtained from TOF
and SCL currents measure mobilities under very
different conditions of trap occupancy, and hence
these methods will not necessarily return the same
value. To complicate matters even more, several
methods measure the charge conductivity along a
surface or interface where, again, the presence of
traps or structural defects can influence conductive
properties. Particularly, thin film transistor charac-
teristics measure currents along the organic/insula-
tor interface to yield a field effect mobility (μFE) that
should not be confused with a bulk property of the
material.
The inherent differences between measurement

methods have led to many ambiguities and contradict-
ory values for mobilities (and conductivities) of organ-
ics. Indeed, some materials have exhibited mobilities
that differ by several orders of magnitude, depending
on themeasurement technique used. In this section, we
discuss several means for measuring bulk mobilities,
pointing out, wherever possible, the limitations and
advantages of a particular method. In particular, we
will discuss TOF mobility, dark injection space charge
limited current, charge extraction by linearly increas-
ing voltage (CELIV), and Hall effect mobility. Field
effect mobilities, which are applicable to organic thin
film transistors but not necessarily for determining an
intrinsic materials property, will be discussed in
Chapter 8. For reference, the most common methods
for measuring bulk charge mobilities are listed in
Table 4.3.
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4.4.3.1 Time of flight mobility

TOF measurements have been extensively used to
determine the mobilities of both inorganic and inor-
ganic semiconductors. The method introduced by
Haynes and Shockley is based on application of a
voltage between contacts positioned at the opposite
ends of a slab of a semiconductor (Haynes and
Shockley, 1949, Shockley et al., 1949). A light pulse
whose energy E ¼ hν>EG illuminates the sample of

length, L, near one of the electrodes. In an inorganic
semiconductor, this generates a free electron–hole
pair. Charges of the polarity opposite to that of the
nearby electrode are rapidly collected, and the coun-
ter charges drift under the applied electric field to the
opposite electrode (see Fig. 4.59).
If the field is sufficiently small to avoid space

charge injection, the conduction is Ohmic, giving an
electron transit time of ttr ¼ L=μnF ¼ L2=μnV. Hence,

Table 4.3 Methods of mobility measurement

Technique Sample Geometry Typical Data

1. TOF

2. DISLC

3. J-V Analysis

4. CELIV

5. Hall Effect

6. OTFT

(Time-of-flight)

(Dark-injection
space-charge-limited
current)

(current-voltage
characteristics)

(Charge extraction
by linearly
increasing voltage)

(Organic Thin Film
Transistor)
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laser
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by measuring the arrival time of the charge pulse at
the electrode farthest from the pump location, we
extract the electron mobility as a function of the ap-
plied voltage, V. This treatment assumes that there is
a single well-defined mobility, and that charge trap-
ping and detrapping (which would affect both the
width and the shape of the arriving current pulse)
are negligible. It further requires that the illumination
area be well-defined and whose extent is small rela-
tive to L. That is, the point of generation must be well
separated from the counter electrode such that the
charge packet can develop and be allowed to transit
the semiconductor without uncertainty about their
point of origin.

Organics seldom have sufficient conductivity to use
this lateral thin film geometry. Thus, it is common to
employ a vertical, or sandwich structure such as that in
Fig. 4.60. The sample of thickness, d, is biased between
two electrodes, at least one of which must be Ohmic
(i.e. non-blocking). Light is incident on one semi-
transparent or transparent (e.g. ITO) electrode, and
the current response is measured vs. time. The sample

must be sufficiently thick to avoid substantial gener-
ation far into the film bulk. If this is not the case, then
the transit distance will not be the same for all charges,
leading to a range of charge arrival times at the oppos-
ite electrode. Near-surface generation at the transpar-
ent electrode/film interface is accomplished by
illumination with a short wavelength pulse that is
very strongly absorbed by the organic. To increase
exciton dissociation and hence photocurrent, the
semi-transparent contact can be photoemitting. Alter-
natively, an exciton dissociating HJ can be placed im-
mediately beneath the contact (see Section 4.7). In this
vertical Haynes–Shockley configuration, the transit
time becomes

ttr ¼ d2

μV
: ð4:155Þ

In Fig. 4.59, we show that the charge packet broad-
ens with time due to diffusion. The one-dimensional
electron diffusion equation in the absence of recom-
bination is

∂n x; tð Þ
∂t

¼ Dn
∂2n x; tð Þ

∂x2
; ð4:156Þ

with a similar equation for holes. Assuming that
the Einstein relation obtains, then qDn ¼ μnkBT. The
boundary conditions for a sample of width w are
n 0; 0ð Þ ¼ n0=w and n L; 0ð Þ ¼ n L;∞ð Þ ¼ 0. Then Eq.4.156
has solutions:

n x; tð Þ ¼ n0

2
ffiffiffiffiffiffiffiffiffiffi
πDnt
p exp �x2=4Dnt

� 
: ð4:157Þ

The time of arrival at L of the full width at 1/e of
the maximum current is, from Eq. 4.157: �t ¼
4
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dnt3tr=L2

p
. The current peak amplitude is propor-

tional to npeak ¼ n0=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4πDnttr
p

. The peak magnitude, its
arrival time, and width give the charge diffusion con-
stant, and hence the mobility.
As noted in Chapter 3, illumination of organics

does not result in the direct generation of free charge,
but rather in excitons that must be separated into
electrons and holes. Charge separation can occur at
the metal contact/organic interface, albeit with low
efficiency. To increase the charge generation effi-
ciency, it is convenient to insert a thin organic zone
near the contact that comprises a donor–acceptor
HJ. Charge generation at donor–acceptor junctions
found in photovoltaic cells or photodetectors can ap-
proach 100% efficiency, as will be discussed in
Chapter 7.
Figure 4.61 shows the electron and hole current

transients due to optical excitation of an ultrapurified
naphthalene crystal (Warta and Karl, 1985). The initial
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Figure 4.60 Device geometry commonly used in measuring mobility in
organic thin films of thickness, d.
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Figure 4.59 Haynes–Shockley time of flight measurement of charge
mobility. (a) Experimental setup for a sample of length L, under electric
field F = V/L. The current density induced by the light pulse is j. (b) left:
A square light pulse of power,�P, is incident on the sample at position x
= 0 and time t = 0. right: Time evolution of the charge distribution as it
traverses the sample from x = 0 to L.
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peak is the displacement current due to the capaci-
tance of the organic layer, followed by a plateau due
to conduction through the film. Initially the internal
field is high, resulting in the injection of a sheet of
charge into the sample. The displacement current is
then constant as the charge propagates through the
sample until it reaches the counter electrode. After
this, the charge density decreases, producing the dif-
fusive edge of the transient indicated by the arrows in
Fig. 4.61. The mobility is in fact not a scalar, but rather
is a tensor that describes the transport properties

along different crystalline directions. Hence, when
measuring μ on single-crystalline samples such as in
Fig. 4.62, care must be taken to apply the field along a
known crystalline axis to obtain an accurate value.
In the presence of energetic disorder with Gaussian

width, σGDM, the arrival times undergo dispersive
spreading. That is, the mean charge velocity decreases
with time since the initially hot carriers injected into the
sample thermalize in a time longer than their transit
times. Dispersive transport is due to the arrival of
charges with a distribution of mobilities, as opposed
to non-dispersive transport where only a single mobil-
ity is present. Mobilities measured for dispersive sam-
ples depend on the applied voltage, sample length and
temperature.
The transition from dispersive to non-dispersive

hole transport as a function of temperature has been
studied in 5.6 μm long samples of DEH, with results
shown in Fig. 4.62 (Borsenberger et al., 1992). The sam-
ples were sandwiched between an α-Se photoemitting
anode and an Au cathode, and illuminated by 440 nm
wavelength, 3 ns duration pulsed radiation. The trans-
port becomes dispersive at T < 243 K for samples
whose Gaussian width is σ̂ ¼ σGDM=kBT ¼ 4:4. Even
at higher temperatures, there is some droop in the
plateau similar to that seen in Fig. 4.61 due to the
presence of on-diagonal energetic disorder. The transi-
tion from non-dispersive to dispersive transport is par-
ticularly apparent in the double logarithmic plots of
the current transients in Fig. 4.62b. The plateau corres-
ponding to non-dispersive transport yields to a con-
tinually increasing slope for transients at lower

(a)

(b)
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Figure 4.61 (a) Current transient due to hole transport in an
ultrapurified naphthalene crystal of length L = 1.01 mm at T = 4.2 K.
(b) Current transient due to electron transport at T = 30 K for the sample
in (a) but with the electric field direction reversed. An 8 ns optical pulse at
a wavelength of 249 nm generated the charges. The vertical scale
divisions are 40 μA/cm2. The arrows mark the time of arrival of the peak
current, from which μn and μp are extracted (Warta and Karl, 1985).
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Figure 4.62 TOF hole current transients for a 5.6 μm long sample of DEH vs. temperature. (a) Double linear plots and (b) double logarithmic plots along
with fits (dashed lines) assuming normalized Gaussian disorder widths ð̂σÞ shown in the lower left. Disorder widths in the upper right are extracted from fits
to the data. The electric field in these measurements is F = 6 � 105 V/cm, and at room temperature, μ ~ 5 � 10�5 cm2/V s (Borsenberger et al., 1992).
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temperatures. The long, exponential tail at low tem-
perature is due to slow hopping of holes from the edge
of the density of HOMO states that extends deep into
the HOMO–LUMO energy gap.

We emphasize that a single value of charge mobil-
ity cannot be extracted from samples that exhibit
dispersive transport. An important advantage, there-
fore, is that it can be used to distinguish between non-
dispersive and dispersive transport regimes. This dif-
fers from measurements based on j-V analysis, tran-
sistor characteristics, or CELIV that only obtain an
effective mobility without revealing details of the
transport dynamics.

4.4.3.2 Dark injection space charge limited current

The transient response to a voltage pulse is an alter-
native means to determine mobility. This process is
known as dark injection space charge limited current
(DISCL). The accuracy and applicability of DISCL is
essentially the same as for optically induced TOF
measurements, and is equally susceptible to errors
arising from charge trapping and uncertainties in the
field distribution across the sample. Its inherent sim-
plicity, however, makes this an attractive method for
measuring mobilities.

In DISCL, charge of one carrier type is injected from
an Ohmic contact on one side of the sample using a
short voltage pulse. The resulting charge packet tran-
sits the semiconductor under a uniform electric field.
The collecting electrode should block injection to
avoid simultaneous double carrier injection from
both contacts. Measurement of the current response,
therefore, provides the charge transit time, from
which the mobility is extracted.

The time-dependent current due to an applied elec-
tric field in a hole-only device in one dimension is
given by

jðtÞ ¼ jcðx; tÞ þ jdðx; tÞ ¼ qpðx; tÞμpFðx; tÞ þ εrε0
∂Fðx; tÞ

∂t
;

ð4:158Þ
with obvious modifications for electron-only de-
vices. Here, jc(x, t) is the conduction current and
jd(x, t) is the displacement current. From Poisson’s
equation,

∂Fðx; tÞ
∂x

¼ qpðx; tÞ
εrε0

¼ Qðx; tÞ
εrε0

: ð4:159Þ

Equation. 4.158 thus becomes

jðtÞ ¼ εrε0
μp

2
∂F2ðx; tÞ

∂x
þ ∂Fðx; tÞ

∂t

	 

: ð4:160Þ

This can be solved with the boundary condition that
the field at the anode, Fa(0,t) ¼ 0, due to the high
density of injected holes in the space charge limit.
A constant drop in voltage from cathode to anode at
the moment the charge sheet is injected into a sample
of thickness, d, results in a uniform field: F(x,0) ¼ V/d.
Then, Eq. 4.160 reduces to

jðtÞ ¼ εrε0μp

2d

	 

F2
c ðtÞ: ð4:161Þ

Let t1 be the time at which the leading edge of charge
reaches the cathode. Prior to t1, the current is due
solely to displacement, whence Eq. 4.158 yields

∂Fc

∂t
¼ μp

2d

� �
F2
c ðtÞ ð4:162Þ

In the absence of traps, the charge per area at the
anode is Qa ¼ εrε0V=d. Then integrating Eq. 4.161,
we obtain

FcðtÞ ¼ QaðtÞ
εrε0½1� t=2ttr	 ; ð4:163Þ

where ttr is the hole transit time. From Eq. 4.161,

jðtÞ ¼ εrε0μp

2½1� t=2ttr	2
V2

d3
¼ j0=½1� t=2ttr	2; ð4:164Þ

where j0 ¼ j 0ð Þ ¼ 4
9 jSCL. Here, jSCL is the steady state

SCL current given by Eq. 4.127. The final step is to
determine the arrival time of charge at the cathode.
This is done by calculating the integral of the velocity
over the time it takes the charge to transit the length of
the sample, yielding

L ¼ μp

ðt1
0

FcðtÞdt ¼
2μpttrV

d
lnð1� t1=ttrÞ�1 ð4:165Þ

or

t1 ¼ 2ttrð1� e�1=2Þ ¼ 0:786ttr: ð4:166Þ
That is, the leading edge of the charge front reaches
the cathode approximately 21% earlier than the tran-
sit time of the center of the charge distribution.
The current at t1 relative to its value at t ¼ 0 is

jðt1Þ=j0 ¼ e ¼ 2:72, whereas compared to the current
in steady state, jðt1Þ=jSCL ¼ 4e=9 ¼ 1:21. Hence, the
current has a peak at t1, at which point the sample
contains the maximum amount of charge. As
time progresses, the charge density decreases by col-
lection at the cathode. The decrease continues until it
reaches its steady state value for SCL conduction
where the amount injected is equal to that extracted.
A measurement of the time, t1 of the current peak
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therefore yields ttr from Eq. 4.166, from which we
calculate the mobility from Eq. 4.155.
The full time dependent solutions to the drift-

diffusion equation in the absence or presence of
traps is more complex and beyond the scope of our
discussion. For a detailed treatment the reader is re-
ferred to the work of Many and Rakavy (1962). The
current transient solutions for space charge injection
from a voltage step function that turns on at t ¼ 0 are
shown in Fig. 4.63. The several curves correspond to
solutions in the presence or absence of traps, defined
by the ratio, R ¼ tp=ttr, where tp is the mean free time
for hole recombination in the presence of traps. That
is, as the trap density increases, tp decreases accord-
ingly. Here, R¼∞ corresponds to the case of trap-free
SCL current. The peak current is at t1, and then falls
immediately thereafter until steady state is reached.
The small dip following the peak arises from the
decreased electric field at the anode due to the non-
equilibrium oversupply of injected charge. As this
excess charge is depleted, the current relaxes to its
equilibrium value. A decreased recombination time
results in a decrease in the steady state and peak
currents. Except for the most extreme cases, t1 is easily
identified at all R, from which μ can be accurately
determined.
An example DISCL measurement and fits to the

data at several different pulse voltages is shown in
Fig. 4.64 for a 300 nm thick film of the first gener-
ation hexabutyl triarylamine dendrimer (hexabutyl-
MTDATA, Louie et al., 1997) sandwiched between
Au contacts. There are several complicating effects
that need to be considered to achieve the fits to the
data that extend from t ¼ 0 to steady state. The best
fits, are obtained for μ ¼ 6.1 � 10�6 cm2/V s,
including the small falling transient at low current
at the onset of the transient. This feature results

from trap filling. The parameters used in the best
fits are a contact barrier height of 0.28 eV, a Gauss-
ian distribution of states at the contact/semicon-
ductor interface of width, 75 meV, a bulk trap
density of 7.37 � 1015 cm�3, and charge trapping
and detrapping times of 3.39 � 10�12 cm3/s and
2820 s�1, respectively. Including a Gaussian DOS
within the bulk of the semiconductor does not no-
ticeably improve the fits (Szymanski et al., 2012).
While the fits require several independent variables,
the mobility extracted from the peak is insensitive
to the choice of the other parameters, as inferred
from the alternative fit to 8.5 � 106 cm2/V s.
We note that current transient for a Ti/PTCDA/Au

device in Fig. 4.52 has been used to obtain an electron
mobility of μn ¼ 0.018 cm2/V s. This is approximately
five times higher than obtained from analysis of the
SCL currents (Forrest et al., 1984a). This difference is
to be expected, since the transient response is ob-
tained before deep levels can be filled, reducing Cou-
lomb trapping effects, hence resulting in a higher
transient than steady state mobility.

4.4.3.3 Charge extraction by linearly
increasing voltage

A variation of the DISCL current method that elimin-
ates displacement current transients is the CELIV
technique first introduced to measure mobility in
microcrystalline Si (Juška et al., 2000). The method
was later applied to polymers and other materials
employed in organic solar cells (Lorrmann et al.,
2010), and extended to include photoexcitation of
charges in addition to electrical injection (Bange
et al., 2010).
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Figure 4.63 Current transient in units of the steady state trap-free SCL
current (jSCL) vs. time in units of the charge transit time, ttr. Here,R ¼ tp=ttr
is the ratio of the mean free time for recombination of the mobile hole in
the presence of traps to the transit time. From Many and Rakavy (1962).
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Figure 4.64 Current transients (points) and theoretical fits (lines) for a
300 nm thick triarylamine dendrimer film at several different pulse
voltages from 1.0 � 2.5 V. The pulse is turned on at t = 0. The fits
correspond to two different hole mobilities shown in legend, with the best
fit obtained at 6.1 � 10�6 cm2/V s (Szymanski et al., 2012).
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The method is shown schematically in Fig. 4.65. It
employs the same vertical sample geometry used in
TOF and DISLC, where the semiconductor is sand-
wiched between two charge-blocking metal elec-
trodes. A linearly increasing voltage, V ¼ At is
applied to the sample that sweeps charge from a
region of thickness, l(t). This is called the charge
extraction length, which corresponds to the charge de-
pletion region width. The response is thus a combin-
ation of the displacement current, which is a square
wave in response to a sawtooth voltage transient plus
the charge extracted from the edge of the depletion
region. This superposed charge on the square back-
ground creates a pulse with a maximum at time tmax.
From Gauss’ law we solve for the charge density, n:

Fð0; tÞ � Fðd; tÞ ¼ qnlðtÞ
εrε0

: ð4:167Þ

As voltage is ramped, the current response is

j tð Þ ¼ σF d; tð Þ ¼ qn
dl tð Þ
dt

; ð4:168Þ

where the total charge per area from Gauss’ law is
Q tð Þ ¼ qnl tð Þ ¼ εrε0 F 0; tð Þ � F d; tð Þð Þ. Now, Poisson’s
equation gives

V tð Þ ¼ At ¼ �
ðd
0

F x; tð Þdx ¼ F d; tð Þd� F d; tð Þ � F 0; tð Þ
2

lðtÞ;

ð4:169Þ
where the electric field in an undoped semiconductor
decreases linearly within the depletion region in the

range 0 < x < l(t). Then combining Eqs. 4.167–4.169,
we obtain the quadratic Ricatti equation:

dl tð Þ
dt
¼ μAt

d
� l2 tð Þ
2τσd

; ð4:170Þ

where the dielectric response time is given by

τσ ¼ εrε0=σ ¼ εrε0=nqμ: ð4:171Þ
The current can be written in terms of the conduction
and displacement components as in Eq. 4.158 to give
the time-dependent solution:

j tð Þ ¼ εrε0A
d
þ σ

d

ðd
l tð Þ

F d; tð Þdx ¼ εrε0A
d
þ σF d; tð Þ

d
d� l tð Þð Þ;

ð4:172Þ
where the first term is the displacement current
(εrε0∂F=∂t) which is constant for a linearly increasing
voltage transient. This eliminates the spike at the
onset of the square voltage pulse in DISCL. Then, it
follows using Eq. 4.168 and 4.170 that the current
transient is described by (Juška et al., 2000)

j tð Þ ¼ εrε0A
d
þ σ

μd
d� l tð Þð Þ �At

d
� l2 tð Þ
2τσd

	 

ð4:173Þ

From the initial slope at t¼ 0, when l(0)¼ 0, we obtain

the film permittivity using j 0ð Þ ¼ εrε0A
d

, and the

conductivity,

σ ¼ εrε0
1

jð0Þ
djðtÞ
dt
jt¼0: ð4:174Þ

To extract further information from the transients
in Fig. 4.65c, we must make a few approximations.
For low conductivity, which is generally (although
not always) the case for organics, then τσ ttr. Then the
electric field is unchanged by the extraction of charge
during the transient, such that in Eq. 4.170, the l2(t)
term can be neglected. At t > tr, the displacement
current is significantly larger than the conduction cur-

rent such that j t> ttrð Þ ¼ j 0ð Þ ¼ εrε0A
d

(see Fig. 4.66c).

From this assumption, l tð Þ � μAt=d, then at t 
 ttr:

jðtÞ ¼ A
0

d
εrε0 þ σt 1þ μA

0
t2

2d2

	 
� �
: ð4:175Þ

At the peak of the transient, the derivative of
Eq. 4.175 gives

tmax ¼ ttrffiffiffi
3
p ¼ d

ffiffiffiffiffiffiffiffiffi
2

3μA

s
; ð4:176Þ

from which we extract the mobility. For the less com-
mon case of high conductivity, then ttr ≫ τσ, and

V = At
Vp
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Figure 4.65 (a) Charge distribution and sample geometry used in
CELIV. (b) Sawtooth voltage waveform with slope A used to excite the
sample. (c) Current response to the linear voltage transient (Lorrmann
et al., 2010).
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tmax ¼ τσd2

μA

	 
1=3

: ð4:177Þ

Finally, in many conductive organic samples, the di-
electric relaxation time is comparable to the transit
time, in which case the full Ricatti equation must be
solved (Lorrmann et al., 2010). This leads to more
complicated analysis of CELIV data that makes it
less attractive for determining the mobility and other
film properties compared to TOF and DISCL. Other
complicating factors not considered here are bimol-
ecular recombination (see Section 4.5), space charge
effects, and bipolar charge injection.
The carrier lifetime can be determined using a vari-

ation of CELIV whereby an optical pulse is temporally
offset from the electrical pulse by varying delay times.
By measuring the decay rate of the CELIV peak in this
so-called photo-CELIV method, both the charge recom-
bination time and the mobility are obtained (Mozer
et al., 2005, Bange et al., 2010). In photo-CELIV, a re-
verse bias pulse is applied, followed by a short optical
pulse, as shown in Fig. 4.67. Under reverse bias, the
only response is the square displacement current tran-
sient since no conduction charge is extracted. After
a short delay following a nanosecond laser pulse, the
voltage ramp is applied. The current following electric-
al and photoexcitation is the sum of the displacement
plus the photocurrent. By varying the delay to the
application of the forward bias voltage, the recombin-
ation time can be determined, and the mobility is cal-
culated from the position of the current peak using
Eq. 4.177. A voltage offset is used to counter the built-
in potential from the contacts.
A set of photo-CELIV data for a 1:4 blend of the

donor, MDMO-PPV, and the acceptor, PC61BM, are
shown in Fig. 4.67 (Mozer et al., 2005). In Fig. 4.67a,

the offset voltage is set at �0.75V which is close to the
built-in potential, as determined by the near absence
of a peak in conduction current in the dark. When the
sample is illuminated by a 3 ns, 532 nm wavelength
laser pulse, excitons are generated in the blend. The
excitons dissociate at the donor–acceptor junction,
and are subsequently extracted, giving rise to the
peak after ~2 μs. The slight shift to longer times as
the voltage delay is increased is due to the field-
dependent mobility that decreases as the amount of
charge (and hence field) is reduced. In Fig. 4.67b, the
delay is fixed but the laser intensity is increased. The
current saturates at a beam energy>1.3 μJ/cm2 due to
bimolecular recombination (see Section 3.10). Finally,
Fig. 4.67c shows the dependence on the extraction
voltage, Vmax. The peak position moves to shorter
times with Vmax, also due to the field dependence of
the mobility.
The data in Fig. 4.67a are fit by assuming that the

electrons and holes recombine via a Langevin process
(see Section 4.5.4). In this process, the hole density
returns to equilibrium via ∂p=∂t ¼ �γp2, where γ is
the bimolecular recombination coefficient. The fits
yield a recombination time of trec ¼ 1.7 μs and γ ¼
6 � 10�11 cm3/s. From the peak position, the mobility
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Figure 4.67 Photo-CELIV data for a 1:4 MDMO-PPV:PC61BM
sandwiched between a ITO/PEDOT:PSS anode and an Al cathode. (a) The
voltage delay time is varied from 2 μs to 40 μs. (b) The light intensity is
varied at a constant delay of 5 μs. (c) The extraction voltage Vmax is
applied after a 15 μs delay (Mozer et al., 2005).

226 CHARGE TRANSPORT IN ORGANIC SEMICONDUCTORS



is approximately μp ¼ 2 � 10�4 cm2/V s. Clearly, a
rich set of materials data, including the dielectric con-
stant, conductivity, mobility and bimolecular recom-
bination time can all be extracted from CELIV and
photo-CELIV, albeit after making several assump-
tions whose validity should be confirmed by other,
independent measurements.

4.4.3.4 Hall effect mobility

The final technique we consider, and that is reliable
yet rarely applied to organics due to their large con-
tact and internal resistances, is the Hall effect. This
method has the distinct advantage in that it provides
both the charge density and mobility, as well as the
carrier type (i.e. hole vs. electron). It employs samples
in the lateral geometry, as shown in Fig. 4.68. If the
series resistance of the material is high, the Hall cur-
rent (jx) is small, and is difficult or even impossible to
accurately measure.

The measurement entails placing the sample of
length, L, width, w, and thickness d, in a magnetic
field, Bz, oriented perpendicular to the sample plane
and the direction of the current, jx (see Fig. 4.68). Due
to the Lorentz force, electrons or holes traversing the
sample in the x̂-direction are driven toward the edges
of the sample in the ŷ-direction, creating a voltage
drop along ŷ known as the Hall voltage, VH. Both
electrons and holes are driven in the same direction
since they have opposite signs, but their current flow
is also in opposite directions.

The Lorentz force on an electron is given by

F ¼ qFþ qv� B: ð4:178Þ

In the ŷ-direction, the net forces on holes and
electrons are

F py ¼ qFy � qvpxBz ð4:179aÞ

and

F ny ¼ �qFy � qvnxBz; ð4:179bÞ

respectively. Since the drift velocity for holes is
vpy ¼ μpFy ¼ μpF py=q, with an analogous expression
for electrons, we can substitute this into Eq. 4.179 to
obtain

vpy

μp
¼ Fy � μpFxBz ð4:180aÞ

and

vny

μn
¼ Fy þ μnFxBz: ð4:180bÞ

Now the net current in the ŷ-direction must be zero:

jy ¼ jey þ jhy ¼ qðnvey þ pvhyÞ ¼ 0; ð4:181Þ

which leads to nvny ¼ �pvpy. Finally, for the current in
the x̂-direction we write

jx ¼ jnx þ jpx ¼ ðnμn þ pμpÞqFx: ð4:182Þ

Substituting Eq. 4.182 and the solution of Eqs. 4.181
into Eq. 4.179 then gives

ðnμn þ pμpÞ2qFy ¼ ðpμ2p � nμ2nÞjxBz: ð4:183Þ

Now the Hall coefficient is defined as

RH ¼
ðpμ2p � nμ2nÞ
qðpμp þ nμnÞ2

¼ Fy

jxBz
¼ � VH

wjxBz
: ð4:184Þ

Measurement of the Hall coefficient provides the mo-
bilities and densities of each of the carriers. Also, RH

can be positive or negative, depending on the sign of
the dominant charge carrier. The mobility or density
of one charge should dominate to obtain clear results
from Hall measurements. Thus, for example, if we

take pμ2p > nμ2n, then RH � 1
qp

> 0. A measurement of

the current, the magnetic field, and sign and magni-
tude of the Hall voltage therefore gives the hole dens-
ity. Then, from jx we can obtain the Hall effect
mobility, μp.
We caution that the Hall mobility can be different

from that measured using drift techniques such as
TOF, DISCL, and CELIV, since carrier scattering dy-
namics in a magnetic field are different than in an
electric field. Indeed, when charge transport is via
hopping, or there is a high density of traps, the treat-
ment based on the classical Lorentz force is no longer
applicable, leading to anomalous results for the Hall
coefficient. Finally, while the treatment described is
for an isotropic conductive medium, asymmetries in
crystal structure make the Hall measurement, and
indeed all mobility measurements, sensitive to
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Figure 4.68 Hall effect measurement setup and sample geometry.
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crystalline direction. Nevertheless, provided that suf-
ficiently large currents can be obtained, the simplicity
and accuracy of the Hall measurement makes it a
powerful technique for measuring charge concentra-
tions and mobilities.
Due to their high thin film resistance, there are only

a handful of reports of Hall measurements of organic
semiconductors (Heilmeier and Harrison, 1963,
Imaeda et al., 1992, Podzorov et al., 2005). In Fig. 4.69
we show the Hall voltage vs. B for a single crystal of
rubrene in an organic thin film field effect transistor
(OTFT), where the gate insulator is a 1 μm vacuum
gap between the crystal and the gate electrode. As
predicted in Eq. 4.184, VH is proportional to B (for a
constant RH), and it changes sign with the field. The
negative slope indicates the majority carriers are
holes, consistent with the OTFT measurements. The
Hall effect mobility and the hole concentration were
both extracted as functions of temperature, and com-
pared with data obtained from OTFT characteristics.
The results of these measurements are provided in
Fig. 4.70a. The mobility extracted from OTFT data
(corresponding to the field effect mobility, μFE) is
due to conduction of charges at the semiconductor/
vacuum interface, and hence cannot be directly
compared to the bulk mobility. Note that the Hall
mobility at low temperature exceeds μFE by over a
factor of two.
The surface hole concentration determined from the

OTFT characteristics is

p ¼ CGS

q
VGS � VTH Tð Þ� 

; ð4:185Þ

where CGS is the gate-source capacitance, VGS is the
gate-source voltage, and VTH(T) is the temperature
dependent gate-source threshold voltage (see
Chapter 8). The charge concentration obtained from

Hall measurements differs from OTFT analysis
(Fig. 4.70a), which is attributed to charge trapping
that decreases the number of free charges at low
temperatures (Podzorov et al., 2005). From the differ-
ence between pH and p, the density of surface traps is
found to be ~1010 cm�2. This also results in a higher
Hall mobility at low temperature than that derived
from the conductivity (σ ¼ qpμp) using Eq. 4.185, also
due to trap filling inferred from Fig. 4.70a.

4.5 Charge recombination

In discussing charge transport, we noted that the
mobility, and ultimately the current is strongly
influenced by traps that can promote charge re-
combination. Traps can originate from many di-
verse sources, including static and/or dynamic
disorder, impurities, crystalline imperfections,
grain boundaries, or a myriad of other defects. In
Chapter 3 we considered the various processes
leading to exciton recombination, for example,
triplet–triplet, singlet–polaron, singlet–triplet anni-
hilation, etc. Exciton recombination is commonly
referred to as geminate recombination, in that it in-
volves a bound electron–hole pair (i.e. between
oppositely charged “twins” with a common ori-
gin). In this section we consider the processes
leading to recombination of electrons and holes
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Figure 4.69 Hall voltage vs. magnetic field for a rubrene single crystal in
a thin film transistor structure. Inset: Molecular formula of rubrene. After
Podzorov et al. (2005).
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whose origins are from independent sources such
as injection from contacts. This is known as bimol-
ecular recombination, and can have either intrinsic
(e.g. Langevin and Auger recombination) or extrinsic
(e.g. Shockley–Read–Hall, or SRH, recombination via
defects) origins.

To determine the probability for bimolecular re-
combination, we calculate the recombination rates
for electrons or holes, Rn or Rp, respectively. The
diffusion equations for the change in electron concen-
tration in the absence of an electric field are given by

∂n
∂t
¼ 1

q
∇·jn � Rn þ Gn; ð4:186Þ

and for holes by

∂p
∂t
¼ � 1

q
∇·jp � Rp þ Gp: ð4:187Þ

Here, the total current density is equal to the sum of
the hole and electron currents, viz. j ¼ jn þ jp, and
Gp (Gn) is the hole (electron) generation rate. As
shown below, there are conditions for which these
variables are not independent, resulting in coupling
of Eqs. 4.186 and 4.187.

From Fick’s law of diffusion, the divergence of j in
terms of the diffusion current is:

jn ¼ qDn∇n ð4:188Þ

and

jp ¼ �qDp∇p; ð4:189Þ

where Dn and Dp are the electron and hole diffusion
coefficients, respectively. Hence, Eqs. 4.186 and 4.188
now give the familiar charge diffusion equations:

∂n
∂t
¼ Dn∇2n� Rn þ Gn ð4:190Þ

and

∂p
∂t
¼ Dp∇2p� Rp þ Gp: ð4:191Þ

4.5.1 Direct LUMO–HOMO recombination

Recombination is the mechanism that returns a semi-
conductor to equilibrium after it has been excited by
electrical injection, illumination or a thermal transient.
The non-equilibrium density of electrons is n1, or
holes, p1, will therefore relax to their values at thermal
equilibrium values, n0 and p0, respectively. Then the

total electron density is δn ¼ n1 þ n0, and Eq. 4.177
becomes

∂δn
∂t
¼ De∇2δn� Re þ Ge; ð4:192Þ

with a similar expression for excess holes (δp) follow-
ing Eq. 4.191. For direct electron–hole recombination
in thermal equilibrium, the net recombination rate is
Re � Ge.
Band-to-band recombination in inorganic semicon-

ductors occurs when minority carrier in loses energy
to a distribution of majority carriers. Then, in the
absence of diffusion currents (i.e. from injection or
the presence of a junction), Eq. 4.192 yields the net
recombination rate (assuming electrons are theminor-
ity carrier):

Rtot ¼ Rn � Gn ¼ kn np � n0
� 

; ð4:193Þ
where kn ¼ 1=τn is the electron recombination rate
and τn is its lifetime. This expression gives the rate
that the electron density in p-type material, np, returns
to its equilibrium value, n0. In thermal equilibrium,
Rn = Ge, and from the law of mass action (Sze, 1981),
which relates the electron and hole densities to the
intrinsic carrier density (see Eq. 4.113),

n0p0 ¼ n2
i : ð4:194Þ

Organic semiconductors lack broad energy bands.
Hence, the minority carrier (e.g. an electron) must
directly recombine with its complementary charge
(e.g. a hole). This can occur via one-step direct (radia-
tive) recombination by an electron in the LUMO
with a hole in the HOMO, as illustrated in Fig. 4.71.
Alternatively, a multiphonon cascade is shown in
Fig. 4.71b involves recombination from the LUMO to
the HOMO via the non-radiative emission of several
phonons through a distribution of defect state ener-
gies within EG. We have seen that the phonon energy

LUMO

HOMO

t1 t2 t3

t1 t2 t3

LUMO

HOMO

(a)

(b)

Figure 4.71 Direct electron recombination. (a) Single step LUMO–
HOMO recombination, and (b) LUMO–HOMO recombination via a multi-
step cascade. The times t1 < t2 < t3 for each step are shown.
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is approximately 0.15 eV or less in organic molecules.
Thus, the cascade can dissipate the full gap energy in
only a few steps.
Since direct recombination requires that the elec-

tron and hole occupy the same molecule, the rate is
proportional to the product of their densities, that is,
Rn ¼ kncnp for an electron capture rate, knc. Note that
knc is a bimolecular recombination constant, and
hence differs from kn. This is reflected in their units
([cm3/s] vs. [s�1], respectively). For direct recombin-
ation, therefore, the net recombination rate is

Rdir
n ¼ knc np� n2

i

� 
: ð4:195Þ

An identical expression is obtained for holes. As
noted in Chapter 3, direct recombination in organics
is via an intermediate, bound exciton. Hence, the
photon energy must equal that of the relaxed molecu-
lar state rather than that of the LUMO-HOMO gap,
which would be analogous to band-to-band recom-
bination in inorganics.

4.5.2 Recombination via mid-gap states

In Fig. 4.72 we show two additional sources of recom-
bination that result in a loss of an electron polaron
from the LUMO of an anionic molecule back to the
HOMO. In Fig. 4.72a we show the process of sequen-
tial recombination and generation that occurs via a
single defect state (or distribution of states) that lies
approximately in the center of the energy gap. For this
illustration, we assume that themid-gap state is a hole
trap occupied at t ¼ t1. At t2, an electron in the LUMO
is captured by the trap, that is, the electron and hole
recombine, leaving the state unoccupied. At t3, the
trap captures a hole. The hole repopulates the state
via transfer from the HOMO, returning the state to its

original condition at t4. The sequence can be repeated
indefinitely. Recombination and generation processes
are often thermally activated and may arise from
optical generation or injection from contacts. This
process is governed by Shockley–Read–Hall (SRH)
statistics (Hall, 1951, Shockley and Read, 1952).
SRH recombination is a special case of the cascade

process in Fig. 4.71b, where multiple steps have been
replaced by a single step, although the most efficient
recombination occurs via traps located at or near the
center of the energy gap. In a cascade, the slowest tran-
sitions for either electrons or holes create rate-limiting
bottlenecks that determine the overall rate (and hence
the efficiency) of the recombination event.
Another non-radiative process is Auger recombin-

ation in Fig. 4.72b. Two electrons in the LUMO at t1
undergo a collision at t2, resulting in the recombin-
ation of one electron with a hole in the HOMO, while
delivering the excess electron energy to a second elec-
tron that is promoted into a higher excited state (i.e. to
LUMO + i, i > 0). This “hot” electron polaron rapidly
thermalizes, returning back to the LUMO at t3 via
non-radiative emission of one or several phonons.
Hence, while we started with two excess electrons,
Auger recombination is complete when only a single
excited electron remains at t4. Auger recombination
can also occur by the promotion of a hole deep into
the bound (HOMO - i, i > 0) orbitals in a symmetric
reaction to that in Fig. 4.72b. This will be discussed
further in Section 4.5.3.
We now calculate the rates of generation and re-

combination via a single mid-gap state in Fig. 4.72a.
First, consider the electron capture in the presence of a
total trap density:

NT ¼ N0
T þN�T ; ð4:196Þ

whereN0
T is the number of empty (or neutral) traps and

N�T is the number of filled (or anionic) traps. Then, for
an electronDOS in the LUMO, gLUMO(E), we obtain the
incremental capture rate by the trap at energy, E:

dknc ¼ knc Eð ÞN0
Tfe Eð ÞgLUMO Eð ÞdE: ð4:197Þ

Here, fe(E) is the Fermi–Dirac distribution. Similarly,
for hole capture into the same trap:

dkpc ¼ kpc Eð ÞN�T fh Eð ÞgHOMO Eð ÞdE; ð4:198Þ
where gHOMO(E) is the HOMO DOS. Since generation
results in emission from traps, we can write analo-
gous expressions for these processes, viz.

dkng ¼ kng Eð ÞN�T 1� fe Eð Þð ÞgLUMO Eð ÞdE ð4:199Þ
and

dkpg ¼ kpg Eð ÞN0
T 1� fh Eð Þð ÞgHOMO Eð ÞdE; ð4:200Þ

t1 t2 t3 t4

t1 t2 t3 t4

(a)

(b)

LUMO

HOMO

LUMO

HOMO

LUMO+i

Figure 4.72 Two possible routes to non-radiative electron
recombination. (a) Recombination-generation via a mid-energy gap
state and (b) Auger recombination. The time sequence for each process,
t1 < t2 < t3 < t4 is indicated.
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where the subscripts ng and pg denote electron and
hole generation, respectively, and 1 � f(E) is the prob-
ability that a state at E will be unoccupied.

From this analysis, we obtain a net incremental
recombination rate for electrons of:

dRSRH
n ¼ dRn � dGn ¼ dknc � dkng
¼ knc Eð ÞN0

Tfe Eð Þ � kng Eð ÞN�T 1� fe Eð Þð Þ� �
�gLUMO Eð ÞdE: ð4:201Þ

Now we can write the fraction of occupied and un-
occupied traps as fT ¼ N�T =NT; and 1� fT ¼ N0

T=NT ,
respectively, where fT is

fTðETÞ ¼ 1
1þ expððET � EFÞ=kBTÞ ; ð4:202Þ

where ET is the trap energy. In equilibrium, dkng =
dknc. Then from Eqs. 4.197 and 4.199 we find that

kng Eð Þ
knc Eð Þ ¼

1� fT
fT

fe Eð Þ
1� fe Eð Þ : ð4:203Þ

Now,

feðEÞ
1� feðEÞ ¼ expð�ðE� EFÞ=kBTÞ ð4:204Þ

such that Eq. 4.203 becomes

kng Eð Þ
knc Eð Þ ¼ exp � ET � Eð Þ=kBTð Þ: ð4:205Þ

Substituting this back into Eq. 4.201 leads, after some
algebra, to

dRSRH
n ¼ 1� exp � ET � EFð Þ=kBTð Þ½ 	

� 1� fTð Þfe Eð Þknc Eð ÞgLUMO Eð ÞNTdE: ð4:206Þ
To find the net recombination rate, RSRH

n , Eq. 4.206 is
integrated over energies greater than ELUMO. Except
at very high n, or low temperatures, fe(E) can be
replaced by the Maxwell–Boltzmann approximation.
Also, the capture rate can be expressed in terms of the
electron capture cross section by the trap, σe(E), and
the thermal velocity of the electron, ve, viz.

knc Eð Þ ¼ σe Eð Þve; ð4:207Þ
where ve ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3kBT=m�

p
. Then we can write for the

product of the electron density, n, and the weighted
cross section, �σe:

n�σe ¼
ð∞

ELUMO

fe Eð Þσe Eð ÞgLUMO Eð ÞdE

�
ð∞

ELUMO

exp � E� EFð Þ=kBTð Þσe Eð ÞgLUMO Eð ÞdE:

ð4:208Þ

Now, the electron density can be expressed in terms
of the LUMO DOS, NLUMO, as:

n ¼ NLUMOexpð�ðELUMO � EFÞ=kBTÞ; ð4:209Þ
from which we finally obtain for the electron
recombination rate:

RSRH
n ¼ n 1� fTð Þ �NLUMO exp � ELUMO � ETð Þ=kBTð ÞfT½ 	NTve�σe

¼ n 1� fTð Þ � n1fT½ 	NTve�σe; ð4:210Þ
where

n1 ¼ NLUMO expð�ðELUMO � ETÞ=kBTÞ: ð4:211Þ
By a similar procedure we obtain the hole recombin-
ation rate:

RSRH
p ¼ pfT � p1 1� fTð Þ½ 	NTvh�σh; ð4:212Þ

with

p1 ¼ NHOMO expððEHOMO � ETÞ=kBTÞ: ð4:213Þ
In steady state, there must be detailed balance, that is,
the rate of electron recombinationmust be equal that of
hole recombination: RSRH ¼ RSRH

n ¼ RSRH
p . Further, we

can use Eqs. 4.210 and 4.212 to obtain fT in terms of the
energy weighted rates, �knc ¼ ve�σe and �kpc ¼ vh�σh:

fT ¼
�kncnþ �kpcp1

�knc nþ n1ð Þ þ �kpc pþ p1ð Þ : ð4:214Þ

It is convenient to write the trap lifetimes in terms of
their respective rates as follows: τn ¼ 1=NT

�knc ¼
1=NT�σeve and τp ¼ 1=NT

�kpc ¼ 1=NT�σhvh. Using these
relationships, and Eq. 4.214 in Eq. 4.210 or 4.212, we
finally arrive at the SRH recombination rate (Hall,
1951, Shockley and Read, 1952):

RSRH ¼ np� n1p1
τeðpþ p1Þ þ τhðnþ n1Þ : ð4:215Þ

Now, if the trap exists far from the center of the
energy gap, for example if it lies near to the LUMO,
we have n1 ≫ p1, and vice versa for traps near to the
HOMO. In the former case, n1 ! n ≫ p, and the trap
behaves as an electron donor rather than a recombin-
ation center. Also, we would expect that in this situ-
ation, τp ≫ τn, such that the rate limiting step is
recombination at the state farther from its respective
transport energy level. All of these factors lead to
RSRH ! 0. Hence, effective recombination centers are
mid-energy gap states where ET � EG=2. With these
approximations and Eqs. 4.211 and 4.213, we find

n1p1 ¼ NLUMONHOMO expð�EG=kBTÞ ¼ n2
i ; ð4:216Þ

in which case the SRH recombination rate simplifies to

RSRH ¼ np� n2
i

τeðpþ p1Þ þ τhðnþ n1Þ : ð4:217Þ
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The recombination rate has an exponential depend-
ence on temperature arising from the charge densities,
p1, n1, and n2

i . Indeed, one of the signatures of SRH
recombination is the dark current that varies expo-
nentially with T for large trap densities.
Disordered organic semiconductors are charac-

terized by a distribution of traps whose density
distribution is gT(ET) rather than a single, discrete
mid-gap trap. For this situation, we integrate over
the trap distribution to obtain the modified
expression:

RSRH ¼
ðELUMO

EHOMO

np� n2
i

τeðpþ p1Þ þ τhðnþ n1Þ gTðETÞdET:

ð4:218Þ

4.5.3 Auger recombination

Auger recombination involves the recombination of an
electron and a hole as in Fig. 4.72b. The energy gained
in recombination is transferred to a second electron
that is elevated to a higher energy than the LUMO.
The hot electron subsequently “cools,” that is, it loses
its excess energy by returning to the LUMO level, and
subsequently relaxes. The initial condition is the exist-
ence of two electrons and a hole, and the final condi-
tion is only a single electron (with an analogous
argument made for Auger recombination of holes).
Thus, the probability for Auger recombination requires
a three particle interaction proportional to n2p (or p2n
for holes). Following the procedure used to calculate
SRH recombination, we define the electron and hole
capture rates as knc ¼ Cncn2p and kpc ¼ Cpcnp2, where
Cnc and Cpc are the Auger recombination capture coef-
ficients for electrons and holes, respectively. This pro-
cess must conserve both energy and momentum: that
is the energy transferred to the secondary electron
must be equal to that lost by the initial electron during
recombination, and the momentum (k) must also be
equal in the initial and final states.
Auger recombination is the opposite of the ava-

lanche multiplication process, where a high energy
(hot) electron accelerated in an electric field suffers
an ionizing collision with a molecule, generating a
secondary electron–hole pair. In that case, the initial
condition is a single electron, and the final state is two
electrons plus a hole.
Electron and hole generation rates are defined as

kng ¼ Cngn and kpg ¼ Cpgp. In thermal equilibrium the
emission and capture rates are equal. From the law of
mass action, we obtain Cng ¼ Cncn2

i and Cpg ¼ Cpcn2
i .

The net Auger recombination rate is given by:
RAuger ¼ knc � kng

� þ kpc � kpg
� 

. Hence,

RAuger ¼ Cncnþ Cpcp
� 

np� n2
i

� 
: ð4:219Þ

Due to its dependence on n2 and p2, Auger recom-
bination is important at very high charge density,
which is in contrast to RSRH that is present even as
n; p! 0.

4.5.4 Langevin recombination

Finally, we consider bimolecular Langevin recombin-
ationwhere a free electron polaron is captured by ahole
polaron, followed by non-radiative recombination, as
illustrated inFig. 4.73.When the carriersapproachwith-
in a capture radius, rc, their Coulomb attraction exceeds
the thermal energy, preventing escape. Thus, rc is the
distance at which the Coulomb energy is equal to kBT:

rc ¼ q2

4πεrε0kBT
: ð4:220Þ

For a relative dielectric constant of εr ¼ 3 typical of
many organic materials, the capture radius at
room temperature is rc � 15 nm. In organics, the
mean free paths are λ ~ 0.4 nm, which is on the
order of the molecular separation (Helfrich and
Schneider, 1965). Thus, rc ≫ λ. This meets the
condition for Langevin recombination where the
charges are fully thermalized and hence do not
follow ballistic trajectories (Langevin, 1903).
The classical treatment of Langevin recombination

assumes the material is isotropic, and that the charge
motion is three dimensional. As we showed in
Chapter 2, organic materials are rarely isotropic, and
the presence of an electric field imposes a direction on
the current. Nevertheless, these approximations can
lead to simple expressions for the Langevin recombin-
ation rate, RL.
The hole current due to the field, F, from a nearby

electron is given by

rc
+

+

–

Figure 4.73 Langevin recombination of a hole within the capture
radius, rc, of an electron. If the hole is a distance greater than rc, there is
insufficient Coulomb attraction to overcome thermal energy, and no
recombination occurs.
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jh ¼ qp1vrel ¼ qp1ðμe þ μhÞF ¼
q2p1ðμe þ μhÞ

4πεrε0r2c
r̂;

ð4:221Þ
where the relative approach velocity of the electron
and hole is proportional to the sum of their individual
mobilities: vrel ¼ ðμe þ μhÞF. The thermalized hole cur-
rent flowing toward the electron is along the radial
direction, r̂. The sphere of radius rc has a surface area
4πr2c , resulting in a current flux of

ϕh ¼
q2p1ðμe þ μhÞ

εrε0
¼ γLðqp1Þ; ð4:222Þ

where the Langevin recombination rate constant is

γL ¼
q

εrε0
ðμe þ μhÞ ¼

q
εrε0

μT: ð4:223Þ

Here, μT is sum of the mobilities of electrons and
holes. The total rate of recombination is equal to the
product of the hole current flux and the electron dens-
ity, ϕnn, giving

RL ¼ γLðp1n1Þ ¼ γLðpn� n2
i Þ: ð4:224Þ

As for other recombination processes, RL is important
when p and n are large, in which case Eq. 4.224 sim-
plifies to RL � γLpn.

The dominant role of Langevin recombination in
both small molecule and polymer systems has been
verified by several experiments spanning at least five
decades. An investigation of bipolar conduction in
anthracene was perhaps the first direct substanti-
ation of this recombination mechanism (Kepler and
Coppage, 1966). In that work, anthracene crystals
were irradiated with ~0.25 MeV X-rays to create a
high density of secondary electrons and holes that
were subsequently collected in an external circuit.
The total charge generated by each 0.1 μs X-ray
pulse gives the non-equilibrium electron and hole
densities. In the absence of recombination, the rela-
tionship between charge collected and X-ray inten-
sity should be linear. Deviations from linearity
therefore provide the number of electrons and
holes that recombine prior to collection. That is,
since n ¼ p in optically pumped materials, Eq. 4.224

gives
∂n
∂t

≅� γLn
2.

Figure 4.74 shows the charge collected vs. total
x-ray energy deposited (which is proportional to n),
at different applied voltages. The straight line cor-
responds to no recombination (i.e. the charge collect-
ed is proportional to the number generated),
whereas the curved lines are fits to Eq. 4.224 assum-
ing γL ¼ 3 � 10�6 cm3/s. The density of charge

decreases with increasing voltage as a result of
their higher velocities.
Langevin recombination has also been identified

by comparing the j–V characteristics of hole-only
and double injection devices comprising a PPV ac-
tive region. Charge injection is controlled by the
contact barriers. The ITO/PPV/Au devices permit
only hole injection, whereas ITO/PPV/Ca devices
inject holes from ITO and electrons from the Ca
cathode. From the diffusion equations Eqs. 4.186
and 4.187, we model the one-dimensional j–V char-
acteristics under double injection using (Blom et al.,
1997a)

j ¼ qμpFðxÞpðxÞ þ qμnFðxÞnðxÞ; ð4:225Þ

∂FðxÞ
∂x
¼ q

εrε0
½pðxÞ � nðxÞ � nTðxÞ	; ð4:226Þ

and

∂n
∂t
¼ � ∂p

∂t
¼ γLpðxÞnðxÞ: ð4:227Þ

Here, nT(x) is the trap density at distance x from the

Au or Ca cathode given by nT xð Þ ¼ NT
n xð Þ

NLUMO

	 
T=T0

(cf. Eq. 4.142). The hole mobility is assumed to be
thermally activated, viz.

μp Fð Þ ¼ μ0 exp ��Ea=kBTð Þ exp β

kB

1
T
� 1

T1

	 
 ffiffiffi
F
p� �

;

ð4:228Þ

0
0

2.5

C
ol

le
ct

ed
 C

ha
rg

e 
(1

011
 C

)

5.0

7.5

10.0

0.5
Energy Deposited (rads)

1.0 1.5

1400 V
1200 V
1000 V
800 V
600 V

Figure 4.74 Charge collected vs. X-ray energy deposited in a single
crystal of anthracene grown by the Bridgeman process (see Section 5.4.1).
The data (points) are taken for several different applied voltages. The
curved lines are fits to Langevin recombination theory assuming a voltage-
independent recombination rate of γL¼ 3� 10�6 cm3/s. The straight line
corresponds to γL ¼ 0 (Kepler and Coppage, 1966).
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with a similar expression for electrons (see
Section 4.3.2). It is assumed μn = μp. Here, �Ea is the
activation energy and μ0, β, and T1 are constants. In
Fig. 4.75a we show fits to a numerical solution to
Eqs. 4.225–4.227 for the hole only (n(x) ¼ 0), and
double injection devices using �Ea ¼ 0.59 eV, μ0 ¼
1.7 � 10�5 cm2/V s, β ¼ 3.13 � 10�4 eV(cm/V)1/2,
T1 ¼ 540 K, NT ¼ 5 � 1017 cm�3, and T0 ¼ 1500 K. The
difference between the two sets of data is attributed to
Langevin recombination in the double injection de-
vice which is absent when the current is due only to
holes in the ITO/PPV/Au device.
From the double injection fits, the Langevin coef-

ficient is found and plotted vs. 1000/T in Fig. 4.75b.
At room temperature, γL ¼ 2 � 10�12 cm3/s, with
thermal activation arising from the electron and hole
mobilities. The theoretical fit (solid line) gives the
same trends but with a value slightly below those
observed. This difference is due to the asymmetry
between the electron and hole mobilities, where the
“faster” charge reaches a grain boundary within the
film, and then “waits” for the slower charge to ar-
rive and recombine (Groves and Greenham, 2008).
Although there is a minor quantitative difference in
γL between theory and experiment, the trends are
similar, indicating the importance of Langevin re-
combination and its dependence on mobility in
polymers.

4.5.5 Long range charge diffusion in organic
thin films

We have seen that numerous recombination pro-
cesses can conspire in organics to decrease the
charge lifetime, and hence its diffusion length
LD ¼

ffiffiffiffiffiffi
Dτ
p

. The origins range from intrinsic disorder,
to both structural and impurity-related defects with-
in the films or crystals. Yet, if the structures are
sufficiently free of defects, the charge carrier diffu-
sion lengths in organics can be as long as those found
in the highest quality inorganic semiconductors. In-
deed, electron diffusion lengths (LDe) exceeding sev-
eral centimeters have been reported for fullerene
channels that have nearly defect-free interfaces
with energy barriers that confine the charges within
the conducting material (Burlingame et al., 2018).
Devices with the structure shown in Fig. 4.76a were

used to quantify electron transport over long distances
in a fullerene (C60 and C70) channel. The device active
region beneath aAg cathode comprises a DTDCTB:C70

(1:1) donor/acceptor junction abutting a neat fullerene
electron transport channel. A wide energy gap Bphen
layer forms the second channel surface. From the en-
ergy level diagram in Fig. 4.76b, the conduction
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Reprinted from Burlingame, Q., Coburn, C., Che, X., Panda, A., Qu, Y. &
Forrest, S. R. 2018. Centimetre-scale electron diffusion in photoactive organic
heterostructures. Nature, 10.1038/nature25148 with permission from Springer
Nature. Copyright 2018.
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(LUMO) level of the channel is well below the barriers
presented by the Bphen and mixed HJ.

Electrons are injected into the channel by locally
illuminating the active region with a focused op-
tical beam of 500 μs pulses at 405 nm wavelength
that is primarily absorbed by the donor. The gen-
erated excitons are dissociated at the donor–
acceptor junction. The resulting hole is swept out
at the anode while the electron enters the channel.
By varying the distance, L, of the excitation illumin-
ation from the collecting cathode, the time of flight
of electrons, as well as the attenuation of the signal
due to recombination losses, can be determined.

As L increases from 1 to 10 mm, the amplitude and
arrival time of the current in the C60 channel varies by
nearly two orders of magnitude, although the total
integrated charge collected for each transient is the
same, independent of distance to the excitation
source. This indicates that the electron diffusion
length, LDn, is considerably greater than 1 cm. In
contrast, the integrated signal decreased by 50%
over a distance of 5 mm in C70 channels, suggesting
that LD is small compared with C60.

The temperature dependence of the current transi-
ents in C60 and C70 devices was also obtained, with
results shown in Figs. 4.77a and b at L ¼ 2 mm and
L¼ 1 mm, respectively. The current transients were fit
using the electron diffusion model in Eq. 4.186 as
shown by solid lines in Figs. 4.77c and d.
The lifetime of electrons in the channel is deter-

mined by the rates of trapping at defects and thermal
emission into the HJ where recombination can occur.
A sufficiently high HJ energy barrier and low defect
densities are therefore required to enable transport
over macroscopic distances. In devices with a
DTDCTB donor, the energy levels of C70 undergo a
polarization shift due to the large dipole moment
(14.5 D) of this asymmetric molecule (Ting et al.,
2014, Griffith et al., 2015). This shift forms the re-
quired energy barrier at the C60 channel/HJ interface
(0.42 ± 0.1 eV for DTDCPB) that confines electrons
within the channel. Materials presenting smaller bar-
riers result in electron emission from the channel and
subsequent recombination with holes in the under-
lying HJ. The centimeter-scale LDn observed suggests
that in addition to the large EB, the channel and its
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Figure 4.77 Temperature dependent transient photocurrent data at 20 K intervals from 300 K to 120 K in response to 2 ms pulses of 637 nm wavelength
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interfaces have a remarkably low density of deep
electron traps and recombination centers. This is
surprising for fullerenes, which, despite their high
mobility and diffusivity among molecular solids,
form disordered and phase-separated amorphous
and crystalline domains (Liu et al., 2016b).
Drift-dominated lateral spreading of charges over

long time periods has also been observed in unipolar
devices at organic/insulator interfaces due to the lack
of recombination (Bürgi et al., 2003). In this case, elec-
tron transport is entirely diffusive through the bulk,
and is observed despite the presence of optically gen-
erated holes.
Replacing the C60 channel with C70 reduces Dn

from 0.67 cm2/s to 0.16 cm2/s at room temperature.
Using the Einstein relation, the room temperature
mobilities of μn ¼ 26 cm2/V s for C60 and 6 cm2/V s
for C70 are inferred. In general, mobilities in bulk
semiconductors are larger than those at interfaces
due to interfacial traps, while mobilities and diffusiv-
ities in disordered semiconductors typically increase
with charge density due to filling of shallow traps and
low-energy states in the conduction band tail, as dis-
cussed in Section 4.3. The devices in Fig. 4.76 are
nearly ideal for achieving high mobility, as charge
transport occurs in the bulk of the channel with elec-
tron densities >1017 cm�3.

4.6 Injection from contacts

The most simple rectifying junction is the
semiconductor–metal contact, or Schottky barrier
diode. Schottky barrier devices were used in the earli-
est demonstrations of organic solar cells (Simon and
André, 1985). In contrast to the Schottky barrier, some
metals and process conditions lead to very small or
non-existent energy barriers. The barriers are thus
easily surmounted by charge under low injection con-
ditions. The resulting Ohmic contacts are formed by
doping the surface of the organic with a charge

donating impurity, or by damage to the organic dur-
ing metal contact deposition. We will show in
Section 4.6.3, that molecular disorder near the
metal–organic interface can also result in efficient
charge injection. Before one can develop the contact
chemistry and properties suited to a particular appli-
cation, it is necessary to understand the factors that
determine the energy barrier at the organic surface. In
the following section we consider many of the most
important properties of contacts, and means for their
analysis and ultimately, their control.

4.6.1 The ideal Schottky barrier

The metal–semiconductor contact is an essential
element in every electronic device. Up until this
point, we have considered current limited by the
properties of the thin film itself, whether that limita-
tion arises from intrinsic properties such as disorder,
or from extrinsic characteristics such as traps, dop-
ants, or impurities. However, in many cases, the
conduction is limited by injection from contacts due
to an energy barrier at the interface between the
electrode and the semiconductor.
The fundamental origin and treatment of charge

injection from contacts was developed by Schottky
and Mott for the case of a trap-free metal–
semiconductor junction (Mott, 1938, Schottky, 1938).
The formation of this ideal Schottky barrier diode is
illustrated in Fig. 4.78. A metal with a work function,
ϕm is brought into contact with a semiconductor with
electron affinity, EA (Fig. 4.78a). We will assume for
this example that the material is n-type, and that EA<

ϕm. As the gap, δ, between the metal and semicon-
ductor is reduced, alignment of EF with qϕm results in
the formation of a surface dipole that repels electrons
from the interface that terminates further transfer of
electrons (Fig. 4.78b) once the Fermi energies of the
metal and semiconductor are completely aligned
(Fig. 4.78c). The energy (or Schottky) barrier is then
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qϕm qϕm

qϕB0 = qϕm-EA

qVbi
qϕn qϕBn

δ
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ELUMO

ELUMO ELUMO

EHOM EHOMO

EHOMO

(a) (b) (c)

Figure 4.78 Schottky barrier formation defining energies and dimensions used in text.
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simply equal to the difference between the work func-
tion and electron affinity:

qϕB0 ¼ qϕm � EA: ð4:229Þ

The band bending required to maintain an equilib-
rium charge distribution extends over the depletion
region width, W. The junction built-in potential
is then

qVbi ¼ qϕB0 � EF: ð4:230Þ

According to Eq. 4.229, the barrier height varies lin-
early with ϕm. A compilation of work functions for
elemental metals is shown in Fig. 4.79. In practice,
the surface of the semiconductor is never completely
free of defect states. Hence, qϕm measured at the
metal surface (using, for example, UPS) is not the
same as the bulk EA of that same metal (Michaelson,
1978). Furthermore, in organics, the deposition of the
metal induces defect states due to the loss of kinetic
energy of the metal atom as it is adsorbed onto the
organic surface. Most metals are evaporated at tem-
peratures >1000°C. The latent heat of condensation
as the metal atoms are adsorbed can be sufficient to
break molecular bonds, resulting in a defect at the
initial point of contact. The resulting traps typically
reside within the HOMO–LUMO gap, reducing the

energy barrier to below the ideal value calculated
using Eq. 4.229 (Ioannidis et al., 1998, Parthasarathy
et al., 1998).
Trap formation during electrode deposition is

found to be an effective means for forming Ohmic
contacts, that are defined by qϕBn ≲ kBT. Here, qϕBn is
the barrier height including image charge effects
(Section 4.6.2). An Ohmic contact is one whose j–V
characteristics follow Ohm’s law, that is, there is no
inflection of the current about V¼ 0. To ensure Ohmic
contact formation, a low work function metal (e.g.
Mg, Ca, Cs) is preferred for injection into an electron
transporting layer, or a high work function metal (e.g.
Al, Ag, Pd, Au) for hole injection. We will return to
the effects of interface traps and interface dipole
layers that result in deviations in barrier height from
Eq. 4.229 in subsequent sections.
To calculate the current across a metal–

semiconductor barrier, we consider all potential
sources illustrated in Fig. 4.80. Process 1 is due to
electron thermionic emission over the barrier, 2 is
thermionic emission-assisted tunneling, 3 is via re-
combination of electrons and holes, 4 is electron dif-
fusion, and 5 is minority carrier hole diffusion.
Schottky barrier injection is typically unipolar, and
hence we can ignore process 5 due to the very low
minority carrier concentration.
Most treatments of transport in inorganic semi-

conductors focus on thermionic emission. To sur-
mount the barrier, the charges must have a
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minimum kinetic energy, E�kin ¼ 1
2mv2x > qVbi for

charges traveling with velocity �vx toward the
junction. That is, Eþkin > qϕBn for charges with vel-
ocity +vx. Then, to calculate the total current, we
add the contributions from each direction,
j ¼ j þvxð Þ þ j �vxð Þ, by integrating over a Maxwell–
Boltzmann distribution of energies (and hence vel-
ocities) multiplied by the DOS. From the kinetic
theory of gasses, the probability of finding a par-
ticle with velocity between vx and vx + dx is

f vxð Þdvx ¼ m�

2π

	 
1=2
exp �1

2
m�v2x=kBT

� �
dvx; ð4:231Þ

where only velocities in one dimension are used to
model electrons incident on the interface. The prob-
ability distribution function at different thermal
energies is plotted in Fig. 4.81. As temperature in-
creases, the distribution broadens and the peak
decreases.
The classical picture for inorganic semiconduct-

ors depicted in Fig. 4.80 must be modified for or-
ganics that lack broad, parabolic conduction and
valence bands. As we have shown previously, the
DOS of the conduction level (for electrons, the
LUMO) is more accurately represented by a Gauss-
ian distribution whose origin lies in the inherent
disorder of the solid. The Gaussian width may be
sufficiently broad that it overlaps into higher lying
conduction levels (e.g. LUMO+1) that are also
broadened. Thus, as previously, the total number
of conduction electrons incident on the barrier with
velocities, �vx, is

n �vxð Þ ¼ NLUMO

ð
gLUMO Ekinð Þf Ekinð ÞdEkin: ð4:232Þ

In forward bias, V measured relative to the metal
contact is positive. Then E�kin >Eþkin and the current
increases exponentially with voltage; that is,
j �vxð Þ � exp qV=kBTð Þ. In reverse bias, V < 0, such
that j! j vxð Þ � exp �qϕBn=kBTð Þ. Thus, it is limited
by thermionic emission over the Schottky barrier.
Summing these contributions yields the familiar ex-
pression for the current across an ideal (i.e. trap-free)
metal–inorganic semiconductor junction (Sze, 1981):

j ¼ j0ðexpðqV=kBTÞ � 1Þ; ð4:233Þ
where for the specific case of thermionic emission of a
Maxwell–Boltzmann distribution of electron kinetic
energies, the saturation current is

j0 ¼ A�T2exp �qϕBn=kBTð Þ: ð4:234Þ
The constant A� ¼ 4πqm�k2B=h

3 for a conventional
semiconductor is known as the effective Richardson
constant for thermionic emission. Hence, thermionic
emission-limited current decreases exponentially
with increasing barrier height and decreasing tem-
perature. The Richardson constant is derived by
assuming a parabolic DOS at the semiconductor
band edge. It is left to Problem 4.9 to derive the
constant for a Gaussian DOS more relevant to organic
semiconductors.
Wewill show in Section 4.7 that, independent of the

physical origins of the current (i.e. diffusion vs.
thermionic emission, etc.) or the nature of the junction
(e.g. metal–semiconductor, p-n junction, or HJ) the
ideal diode current always has the form in Eq. 4.233
since the underlying process leading to the dark cur-
rent is charge recombination. This can occur at con-
tacts, within the semiconductor bulk, or at junctions
between dissimilar semiconductors.
In the presence of illumination at wavelength,

λ, carriers generated introduce an additional
photocurrent:

jphðλÞ ¼ ηEQEðλÞ
qλPoptðλÞ

hc
; ð4:235Þ

where Popt(λ) is the optical power, and ηEQE(λ) is the
external quantum efficiency of the diode, equal to the
ratio of photogenerated charges detected in an exter-
nal circuit to the total number of incident photons. If
the incident light comprises more than a single wave-
length, then jph is obtained by a suitable integration
over λ. The photocurrent flows in the direction of the
leakage, j0, and is therefore subtracted from the ex-
pression, Eq. 4.233.
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Equation 4.233 is generalized to include the effects
of charge trapping (see Section 4.7) and photocurrent
to give

j ¼ j0ðexpðqV=nkBTÞ � 1Þ � jph; ð4:236Þ

where n is the ideality factor. For an ideal diode
without recombination, n ¼ 1 as in Eq. 4.233. How-
ever, in the presence of recombination, 1 < n < 2,
where n ¼ 2 corresponds to recombination via
mid-gap states. The dark current characteristics of
diodes with n ¼ 1 and 2 and under illumination
are shown in Fig. 4.82.

Although Eq. 4.234 has frequently been used to
model metal/organic junction characteristics
(Singh and Prakash, 2012, Liu et al., 2014), it is
almost certainly incorrect (Arkhipov et al., 1998).
Indeed, it has been found that A

�
obtained for

conventional semiconductors can be ten orders of
magnitude larger than observed in organic thin
films (see Problem 4.9) (Campbell et al., 1999,
Wolf et al., 1999). We have shown previously that
charge transport is primarily dominated by inco-
herent hopping, where the charge mean free path
is on the order of the intermolecular separation.
Even in ultrapure or ordered organic semiconduct-
or crystals, coherent band-like transport can only
occur over a few lattice constants due to their large
effective masses and narrow energy BWs. Hence,
“hot” carriers arriving at the barrier from the semi-
conductor side of the junction never gain sufficient
kinetic energy to allow for thermionic emission. It
is, therefore, more reasonable to consider majority
carrier diffusion (process 4 in Fig. 4.80) as the

dominant transport mechanism. The electron cur-
rent then found from the drift-diffusion equation:

j ¼ qn$μFþ qD∇n: ð4:237Þ

Considering that the current in one dimension is dom-
inated by electrons, then

j ¼ q nðxÞμnFðxÞ þDn
∂nðxÞ
∂x

	 


¼ qDn
nðxÞ
kBT

∂ELUMOðxÞ
∂x

þ ∂nðxÞ
∂x

	 

: ð4:238Þ

Here, we use FðxÞ ¼ 1
q
∂ELUMOðxÞ

∂x
along with the Ein-

stein relation in Eq. 4.36. Equation 4.238 is solved by
multiplying both sides by expðELUMOðxÞ=kBTÞ:

j expðELUMOðxÞ=kBTÞ
¼ qDn

nðxÞ
kBT

∂ELUMOðxÞ
∂x

þ ∂nðxÞ
∂x

	 

expðELUMOðxÞ=kBTÞ

¼ qDn
∂

∂x
nðxÞexpðELUMOðxÞ=kBT½ 	: ð4:239Þ

Integrating both sides from x ¼ 0 (i.e. the location of
the metal/organic contact) to the edge of the deple-
tion region at x ¼W yields

j ¼ qDn nðxÞ expðELUMOðxÞ=kBTÞf gjW0ðW
0

expðELUMOðxÞ=kBTÞdx
: ð4:240Þ

Using the relationships between various energies in
Fig. 4.80 and listed in Table 4.4, it follows that

j ¼ NLUMOμnkBTðexpðqV=kBTÞÞðW
0

expðELUMOðxÞ=kBTÞdx
: ð4:241Þ

Our final task is to determine W, and evaluate the
integral in Eq. 4.240. From a solution to Poisson’s
equation for a one-sided abrupt junction, which is
indeed the case for a metal–semiconductor junction,
the depletion region width is (Streetman and
Banerjee, 2006)
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Figure 4.82 Diode characteristics in the dark (solid lines) and under
illumination (dashed line) following Eq. 4.236 with ideality factors, n = 1
and 2, and photocurrent, jph.

Table 4.4 Variables used in Fig. 4.80.

x n(x) ELUMO(x)

0 N LUMO expð�qϕBn=k BT Þ qϕBn

W NLUMO expð�qϕn=k BT Þ qðϕn þ V Þ
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W ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2εrε0
qND

ðVbi � VÞ
s

W< d

d otherwise

8><
>: ð4:242Þ

and the maximum field at the contact at x ¼ 0 is

Fmð0Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2qND

εrε0
ðVbi � VÞ

s
¼ 2ðVbi � VÞ

W
; ð4:243Þ

whereND is the donor concentration (again, assuming
an n-type semiconductor) andV< 0 in reverse bias. In
many cases there are few if any free carriers in these
typically wide energy gap organic semiconductors.
Then, ND � 0, and W ¼ d, the total film thickness at
all voltages. Solving Gauss’ law we obtain

FðxÞ ¼ Fm � qND

εrε0
x; ð4:244Þ

from which it follows that

ELUMOðxÞ ¼ qϕB0 �
q2ND

εrε0
Wx� 1

2
x2

	 

: ð4:245Þ

Substituting this into Eq. 4.241, we arrive at the cur-
rent density across a metal–organic contact of the
general form of Eq. 4.233 with a saturation current of

j0D ¼ qμnNLUMOFmexpð�qϕB0=kBTÞ
¼ 2qμnNLUMO

ðVbi � VÞ
W

expð�qϕB0=kBTÞ ð4:246Þ

forW< d. When the organic thin film is undoped, and
for W > d, then Fm ¼ ðVbi � VÞ=d.
Note that the diffusion-limited current is similar to

that for thermionic emission, although the former is
dependent on the applied voltage-mobility product,
whereas the latter has a T2 dependence. Their ratio is
given by

j0D
j0TE
¼ 2qμnNLUMOðVbi � VÞ

WA�T2 : ð4:247Þ

Hence, by measuring the forward biased current, the
distinction between these mechanisms should be re-
solved. The assumption is that both the mobility and
the DOS are temperature and voltage independent.
While that is generally true of NLUMO which is propor-
tional to the molecular density, we have shown in
Section 4.4 that μn is a function of both of these variables.
Distinguishing these differences under reverse bias is
possible if the only leakage source is the saturation
current. However, j0 tends to be small, and is therefore
easily overwhelmed by other sources such as surface
current around the periphery of the contact, shunt re-
sistance, or recombination (process 3 in Fig. 4.80).

4.6.2 Barrier lowering and tunneling at
metal–organic junctions

As charge diffuses toward the barrier, it can be trans-
ported from the semiconductor into the metal (or vice
versa) via tunneling if the barrier is sufficiently low or
narrow, corresponding process 2 in Fig. 4.80. Due to
image-force and barrier lowering in an electric field,
tunneling can substantially increase the current be-
yond that predicted in Eq. 4.233 for either thermionic
emission or diffusion.
Image force lowering, known as the Schottky effect,

is a result of classical electrostatics: a charge in the
semiconductor is attracted to its image in the metal.
This attraction results in an effective barrier height
lowering of q�ϕ. From Coulomb’s law the attractive
force of the image charge at a distance x from the
interface is

FðxÞ ¼ � q2

16πεrε0x2
: ð4:248Þ

In the presence of an electric field, an additional force
of �qF is added, such that the total potential energy
(equal to the integral of F over x) is

q�ϕðxÞ ¼ � q2

16πεrε0x2
� qFx: ð4:249Þ

Setting the first derivative of Eq. 4.249 to zero, the
energy is maximum at

xm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

q
16πεrε0Fm

r
; ð4:250Þ

resulting in an energy barrier lowering of

q�ϕ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
q3Fm

4πεrε0

s
: ð4:251Þ

Substituting Eq. 4.243 for Fm then gives

q�ϕðVÞ ¼ q
q3NDjϕB0 � ϕBnj

8π3ðεrε0Þ3
" #1=4

¼ q
q3NDjϕB0 � Vbi � Vj

8π3ðεrε0Þ3
" #1=4

;

ð4:252Þ
and for a fully depleted sample of thickness d:

q�ϕðVÞ � q3jϕB0 � Vbi � Vj
2πεrε0d

� �1=2
: ð4:253Þ

An illustration of the energy levels in the presence of
barrier lowering as a function of applied voltage is
shown in Fig. 4.83. The total barrier height is therefore
voltage dependent, and is reduced from ϕB0 by
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qϕBn ¼ qϕB0ðVÞ � q�ϕðVÞ: ð4:254Þ
When the sample is forward biased, the barrier lower-
ing is reduced (qϕF < qϕð0Þ), whereas under reverse
bias it is increased (qϕF > qϕð0Þ); see Fig. 4.83.

Accounting for image force lowering, the diffusion
saturation current for an undoped semiconductor be-
comes (cf. Eq. 4.246):

j0D ¼ qμnNLUMO
Vbi � V

d
exp � qϕB0 � q�ϕ Vð Þð Þ=kBT½ 	:

ð4:255Þ
In Fig. 4.84 we show evidence for the Schottky effect in
0.73 μm thick dialkoxy-substituted PPV (OPPV) with a
low work function Ca cathode (Rikken et al., 1994).
Using internal photoemission spectroscopy, the energy
barrier was determined by measuring the quantum
yield (QY) of electrons excited from theCaas a function
of applied voltage. The QY is the ratio of the charge
detected vs. the number of incident photons, andhence
is proportional to jph. Only photons with sufficient
energy to surmount the barrier result in photocurrent
(block arrows, Fig. 4.84, inset). By varying the bias
across the illuminated sample, a plot of QY vs. the
difference between the barrier energy and the photon
energy should follow (Fowler, 1931)

QY ¼ jph∝ Eph � qϕBn

� 2
: ð4:256Þ

This expression implies that when QY ¼ 0, then
qϕBnðVÞ ¼ Eph.

The data in Fig. 4.84 vs. reverse bias show the de-
crease in barrier height is consistent with Eqs. 4.253

and 4.254. The results of this experiment, including
fits to Eqs. 4.252 and 4.253, are shown in Fig. 4.85. At
low applied bias, the barrier maximum is far from the
interface at xm ¼ 30 nm, implying that this region is
nearly completely depleted. Hence, Eq. 4.253 applies
and the data lie along a line where qϕBn ~ V1/2. As the
bias is increased to (V � Vbi)1/2 ¼ 1.2V1/2, the max-
imum moves towards the contact such that xm ¼ 6.5
nm, and the quartic dependence (i.e. qϕBn ~ V1/4) of

ELUMO(V=0)

ELUMO(V<0)

ELUMO(V>0)

EF

EF

EF

EF

qΔϕ(0) qΔϕF

qϕBn

Xm(V=0)

qϕB0

qΔϕR

Metal

W
Vbi

Organic

Figure 4.83 A Schottky barrier contact at equilibrium (V = 0), forward
bias (V > 0), and reverse bias (V < 0). The equilibrium barrier height is
qϕBn ¼ qϕB0 � qΔϕ(0). The curved dashed line shows the limit of the
depletion region under the condition of W< d, the sample thickness. Also
shown is the position of the barrier maximum at equilibrium, xm(V = 0).
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Eq. 4.252 is observed. A fit to the data is shown by the
dotted line in Fig. 4.85.
Since the width of the barrier decreases as energy is

increased from the Fermi energy of the metal towards
ϕBn, it becomes increasingly transparent to charge
conduction, giving rise to tunneling (process 2,
Fig. 4.80). In effect, this is equivalent to an additional
lowering of the barrier beyond that due to image
charges and the external electric field. The tunneling
process can be calculated for these approximately
triangular barriers using the Fowler–Nordheim
model (Fowler and Nordheim, 1928). We briefly de-
scribe the approach to this derivation, leaving a de-
tailed treatment to Problem 4.10.
As previously, we assume that the current in the

x̂ -direction is equal to the difference of the currents
injected from the metal to the semiconductor (m! s)
and vice versa (s! m):

jtun ¼ jm!s � js!m: ð4:257Þ
In terms of the densities of states, g(kx), Fermi–Dirac
functions, f(E), velocities, barrier transmission coeffi-
cients, T(kx), and the wavevector along x̂, kx, the in-
cremental current densities are given by

djm!s ¼ qTðkxÞvxgmðkxÞfmðEÞð1� fsðEÞÞdkx ð4:257aÞ
and

djs!m ¼ qTðkxÞvxgsðkxÞfsðEÞð1� fmðEÞÞdkx: ð4:257bÞ
Since g(k) ¼ 1/4 π3 and

gðkxÞ ¼
ð∞
0

ð∞
∞

gðkÞdkydkz; ð4:259Þ

then, using Ex ¼ h� 2k2x=2m� and vx ¼ 1
h�
∂E
∂kx
, Eq. 4.258

becomes

djm!s ¼ q
4π3h� TðExÞdEx

ð∞
0

ð∞
0

fmðEÞð1� fsðEÞÞdkydkz

ð4:260aÞ
and

djs!m ¼ q
4π3h� TðExÞdEx

ð∞
0

ð∞
0

fsðEÞð1� fmðEÞÞdkydkz:

ð4:260bÞ
In polar coordinates, we substitute Er ¼
h� 2ðk2y þ k2z Þ=2m� into Eq. 4.260. Subtracting the two
currents gives

jtun ¼ qm�

2π2h� 3
ðEmax

Emin

TðExÞdEx

ð∞
0

ð∞
0

ðfmðEÞ � fsðEÞÞdEr:

ð4:261Þ

To substantially simplify the solution, we assume that
the Fermi functions can be replaced by step functions,
that is, fm(E) =1 for E < EFm and fm(E) ¼ 0 for E > EFm,
with a similar relationship for fs(E). For an n-type
semiconductor, Eq. 4.261 thus becomes

jtun ¼ qm�

2π2h� 3
ðEFn

�∞
TðExÞðEFm � EFnÞdEx

0
@

þ
ðEFm

EFn

TðExÞðEFm � ExÞdEx

1
CA: ð4:262Þ

Here, we have assumed that EFm > EFn. Since tunnel-
ing is between isoenergetic initial and final states.
Since states below EFn are in the energy gap, the first
integral vanishes.
To determine the tunneling probability, T(Ex), we

assume an approximately triangular barrier (Fig. 4.86).
Using the WKB approximation, we assume that the
electrons are plane waves (Merzbacher, 1961). Thus,

TðExÞ ¼ exp �2
ðxT

0

kxdx

0
@

1
A

¼ exp � 2
h�
ðxT
0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m�ðELUMOðxÞ � ExÞ

p
dx

0
@

1
A;

ð4:263Þ
where the factor of 2 comes from the relationship of
T ~ |ψe|2 (ψe is the electron wavefunction), and the
integral is between the classical turning points of x¼ 0
and xT in Fig. 4.86. Also, ELUMOðxÞ ¼ qϕBn � qFx,
where we have arbitrarily chosen EFm to be the refer-
ence energy. One classical turning point is at
xT ¼ ðqϕBn � ExÞ=qF. Substituting these expressions
into 4.263 and integrating gives a transmission
coefficient:

TðExÞ ¼ exp � 4
ffiffiffiffiffiffiffiffiffi
2m�
p

3h�qF ðqϕBn � ExÞ3=2
 !

ð4:264Þ

The argument in this expression approximates the
barrier height “experienced” by a tunneling charge,
which is less than qϕBn.
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qV

EFn

ELUMO

-qFx

x
0 xT

ϕBn

Figure 4.86 Tunneling of an electron of energy Ez through a triangular
barrier of slope, -qF. The classical turning points are at x = 0 and xT.
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The transmission coefficient used with Eq. 4.262 re-
sults in an integral that cannot be solved analytically
unless we expand the term qϕBn � Exð Þ3=2 � qϕBnð Þ3=2þ
3
2Ex qϕBnð Þ1=2 þ… Then we arrive at

jtun ¼ q2

ð4πÞ2h�
F2

ϕBn
exp � 4

ffiffiffiffiffiffiffiffiffi
2m�
p

3h�qF ðqϕBnÞ3=2
 !

: ð4:265Þ

This expression is similar to tunneling in a p-n junc-
tion, where the Schottky barrier height is replaced by
the energy gap, EG (Sze, 1981). The tunneling current
is an exponential function of the barrier height and the
effective mass. The tunneling probability increases
exponentially with 1/F, and hence 1/V, for fully de-
pleted films. Thus, for organics where m� ~ m0, the
tunneling current is generally negligible except for
large electric fields or small barrier heights. Unlike
currents originating entirely from recombination, tun-
neling is not thermally activated. In fact the only
component with a weak temperature dependence is
ϕBn, which increases with decreasing temperature due
to lattice contraction, as inferred from tight binding in
Section 4.1.

Tunneling currents have been numerically calcu-
lated based on an analytical theory of charges hopping
among localized states. The distribution of tunneling
states is assumed to be Gaussian with width σ ¼ 0.08
eV, and the intermolecular distance is a ¼ 0.6 nm.
Results of these calculations, shown in Fig. 4.87, illus-
trate both the weak temperature and strong barrier
height dependence predicted by Eq. 4.265, where the
temperature dependence primarily arises from the

thermally activated hops between an energetic distri-
bution of sites. Fits of the model to the j–V characteris-
tics for several archetype polymers suggest that
tunneling can play an important role for organics
with contact barriers ϕBn ~ 0.5 eV or larger (Arkhipov
et al., 1998).

4.6.3 Metal–organic junctions in the presence
of traps

Traps arising either from the properties of the organic
itself, from purposely functionalizing the organic
surface prior to contact deposition, or from process
conditions (whether intended or not) employed in fab-
ricating the contact (Liu et al., 2014) can affect themag-
nitude of the injection barrier. The role of traps in
determining the Schottky barrier height is well
known in inorganic semiconductors such as Si, GaAs,
and InP, where a high density of defect levels arising
from dangling atomic bonds at the surface can “pin”
the Fermi level at the defect energy. This results in a
barrier height that is independent of applied voltage.
The role of interface defects in determining the

barrier height is illustrated in Fig. 4.88. The quantita-
tive relationship between the interfacial layer of thick-
ness, δ, the density of interface charge states, DIT, and
qϕBn, is determined by the net surface charge on the
organic, QSO. Defining the neutral energy or charge
neutrality level, qϕ0 as the energy above which the
states are acceptor-like (i.e. they are neutral when
empty and negative when charged), and below
which they are donor-like (neutral when charged,

300K
250K
200K
150K
100K

105 106 105 106

Electric Field (V/cm) Electric Field (V/cm)

(a) (b)

10–18

10–17
10–16
10–15
10–14
10–13

In
je

ct
io

n 
C

ur
re

nt
 (a

.u
.)

10–12
10–11
10–10
10–9
10–8
10–7
10–6
10–5

10–16

10–15

10–14

10–13In
je

ct
io

n 
C

ur
re

nt
 (a

.u
.)

10–12

10–11

10–10

10–9

10–8

10–7

10–6

10–5

0.2
0.3
0.4
0.5
0.6
0.7
0.8

qϕBn(eV)

Figure 4.87 Calculated tunneling current as a function of electric field vs. (a) barrier height and (b) temperature at metal–organic semiconductor
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and positive when empty), then at equilibrium,
we have

QS0 ¼ �qDlTðEG � qϕ0 � ϕBnÞ: ð4:266Þ
Adding in the space charge within the semicon-

ductor, QSC ¼ qNDW, the total charge on the
metal surface required to achieve neutrality is
QM ¼ �ðQS0 þQSCÞ. The interface dipole energy, �,
is obtained from Gauss’ law and Fig. 4.88,

� ¼ qδQM

εrε0
¼ qϕm � EA� qϕBn: ð4:267Þ

From the preceding discussion and Eq. 4.242 for
W, such that QSC ¼ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2qεrε0NDðϕBn � ϕnÞ

p
where

qϕn ¼ EFn, we obtain for the energy barrier height in
the presence of an interfacial layer:

qϕBn ¼�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2q2εrNDδ

2

ε2δεo
qϕBn�qϕnð Þ

s

þ q2δDlT

εδεo
EG � qϕBn � qϕ0ð Þ � EAþ qϕm:

ð4:268Þ
Here, εδ is the dielectric constant of the interface layer.
As the density of surface states, or the width of the

interfacial layer increases, so does the barrier height.
Indeed, for DIT ! ∞, then qϕBn ¼ EG � qϕ0. That is,
the barrier height is independent of the metal work
function and is pinned at the neutral point, qϕ0. In the
opposite limit of δ and DIT ! 0, Eq. 4.268 simplifies to
qϕBn ¼ qϕm � EA, which is the barrier height for the
ideal Schottky junction (cf. Eq. 4.229).

Clearly, the energy barrier at the metal–organic
interface is controlled by the interface charge, giving
rise to a charge dipole. For example, an Ohmic contact
on the surface of an n-type or preferentially electron-
conducting organic layer can be realized by introdu-
cing negative space charge (i.e. acceptors) in a thin
layer at its surface. This drives the neutral energy
toward the LUMO, and qϕBn ! 0 as required.
Methods for intentional surface modification to

lower the metal contact barrier with efficient charge
injection properties have included chemical treatment
of the electrode, insertion of reactive layers between
the contact and the organic (Piromreun et al., 2000),
and insertion of barrier-lowering organic monolayers
between the metal and the organic. Both cathode and
anode treatments of these types have proven success-
ful in creating Ohmic contacts with good injection
properties (Shen et al., 2004, Liu et al., 2014). Uninten-
tional extrinsic effects such as cathode-metal interdif-
fusion (Probst and Haight, 1997, Rajagopal and Kahn,
1998) of damage induced at the organic surface dur-
ing contact deposition are other sources of barrier
pinning.
Interface dipoles can also have intrinsic origins. The

j–V characteristics limited by injection over barriers
induced by dipole layers can result in characteristics
similar to those dominated by traps in the bulk. Di-
pole layers have been found to significantly shift the
metal organic barrier by energies exceeding 1 eV (Hill
et al., 1998, Ishii et al., 1999, Hill et al., 2000b, Crispin
et al., 2002). Values of � measured for several differ-
ent metal contacts to Alq3 are provided in Table 4.5.
The dipoles are a product of polarization of molecular
orbitals in the region adjacent to the electron-rich
metal surface. Then, the disorder in the local inter-
facial dipole field broadens the energy distribution of
organic transport states. For a sufficiently small qϕBn,
charges can be injected directly from the metal into
the interfacial states, and then subsequently hop to
adjacent molecular layers at higher energies until the
transport level (i.e. the LUMO) is reached. This pro-
cess is illustrated in Fig. 4.89a for the Mg:Ag/Alq3
interface. The density of interface states narrows as
its mean value moves toward ELUMO with increasing
distance from the metal/organic junction (Baldo and
Forrest, 2001).
Within each near-interface layer, the dipoles of indi-

vidual molecules suffer orientational randomness in-
fluenced by dipoles in the surrounding layers. To
quantitatively analyze transport across the layers, the
dipoles are assumed to have the usual Gaussian angu-
lar distribution centered perpendicular to the contact
(θ ¼ 0), and with an angular half width of σθ
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Figure 4.88 A metal–semiconductor junction in the presence of an
interface density of trap states, DIT. The light shaded area indicates filled
acceptor traps, and the dark shaded area are filled donor traps. � =
dipole energy across the interface barrier of thickness δ, QSO is the density
of surface charge in the organic, QM is the surface charge in the metal,
and qϕ0 is the charge neutrality energy.
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(Fig. 4.89b). It is also assumed that these dipoles have
a strength of p ¼ 30 D, corresponding to charges sep-
arated by ~ 6 Å, which is on the order of the expected
metal–organic molecular separation at the interface.

With these parameters, the mean energy of the
distribution is calculated to be �0.7 eV below the
LUMO (see Fig. 4.89c), consistent with the � ~ 1 eV
in Table 4.5. With increasing distance from the inter-
face, the center of the distribution approaches the
reference ELUMO = 0 eV, and its width (σB ¼ 0.13
eV) also approaches that of the bulk. For a dipole
angular distribution of σθ ¼ 1:5 rad, the energetic
distribution in the first organic layer is broadened
to σI ¼ 0:35 eV.

To describe the effects of the interfacial sites on
charge injection and the j-V characteristics, the charge
density per unit energy near the metal is determined

by Fermi–Dirac statistics, weighted by the energy
distribution of dipole states. Thus,

nI EI; qϕnð Þ ¼
NI=

ffiffiffiffiffiffiffiffiffiffi
2πσ2I

q
1þ exp EI � qϕnð Þ=kBT½ 	 exp �

1
2

EI

σI

	 
2
" #

;

ð4:269Þ
where NI and EI are the density and energy of inter-
facial sites, respectively. Assuming that hopping out
of these sites limits the current density, the distribu-
tion of transport bulk sites are initially assumed to be
unoccupied. Then the current density is given by
(Baldo and Forrest, 2001)

j qϕnð Þ ¼ aqffiffiffiffiffiffiffiffiffiffiffi
2πσ 2

B

q ð∞
�∞

ð∞
�∞

nI EI; qϕnð ÞkET

� EB � EI � aqFð Þ exp � 1
2

EB

σB

	 
2
" #

dEIdEB;

ð4:270Þ
where EB is the energy of the charge in the bulk, and
a is the average intermolecular spacing. The hopping
rate is kET Eð Þ, where E is the energy difference be-
tween adjacent hopping sites. To simplify calcula-
tions, the hopping occurs from one monolayer to
the next, until the bulk is reached at a distance of
δ ¼ 150 Å. The charge at the interface determines the

electric field, F, and voltage V ¼ qnTdδ
εrε0

, where nT is

obtained by integrating Eq. 4.269 over all EI. As ex-
pected for injection-limited transport, the bias volt-
age is directly proportional to the film thickness,
d ≫ δ.
The injection model is completed by describing the

dependence of the hopping rate, kET, on electric field
and temperature. We assume the small polaron
model of intermolecular hopping in disordered sys-
tems (Section 4.3.2). Then the low temperature hop-
ping regime follows (Emin, 1975)
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interface dipole energy is due to a collection of molecular dipoles oriented
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Table 4.5 Energies characteristic of several metal/Alq3 interfaces

Metal
contact

Dipole
energy
(�, eV)

Reference

Al/LiF 1.7 (Lee et al., 1998, Ishii et al., 1999)

1.4 (Schlaf et al., 1998)

Al 1 (Ishii et al., 1999)

Ag 1.1 (Ishii et al., 1999, Hill et al., 2000b)

Au 1.1 (Lee et al., 1998, Rajagopal and Kahn,
1998, Ishii et al., 1999)
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kET Eð Þ∝ exp �Eþ jEj
2kBT

	 

2Eb=h�ω0ð ÞjEj=h� ω0

jEj=h�ω0ð Þ! ; ð4:271Þ

and at higher temperatures,

kET Eð Þ∝ EbkBTð Þ�1=2 exp � Eb

2kBT
1þ E

2Eb

	 
2
 !

:

ð4:272Þ
This latter expression is fromMarcus electron transfer
over an energy barrier, Eb ¼ λreorg=2, and E¼�G0, the
change in Gibbs free energy (cf. Eq. 4.89).
Thus, there are two processes that affect the tem-

perature dependence of injection: energetic disorder
that determines the width of the DOS and the likeli-
hood of resonant, temperature-independent hops,
and the temperature dependence of the phonon dis-
tribution. For a charge carrier that hops from initial
energy Ei to final energy Ef, Eqs. 4.270–4.272 give

j ¼ CJ0

ð∞
�∞

exp
2Eb þ Ef � Ei
� 2

8EbkBT

" #

� exp � 1
2

Ef

σB

	 
2
" #

dEi ∝ exp � 2Eb � Eið Þ2
8EbkBT þ 2σ2B

" #
;

ð4:273Þ

where C is a constant, and J0 is the intermolecular
overlap integral.
A significant complication in distinguishing be-

tween bulk- and interface-limited transport arises
from the field and temperature dependence of the
mobility. Because of the low density of free charge,
the injected space charge determines the electric
field in the bulk transport limit. The thickness depend-
ence of the current allows for discrimination between
injection and bulk limits, assuming an approximately
field-independent mobility (Brütting et al., 2001). In
injection-limited transport, the voltage at a given cur-
rent density is proportional to the film thickness, that
is, V∝ d, whereas for bulk-limited transport,
Vmþ1 ¼ Kd2mþ1 (cf. Eq. 4.148) where m � 1 and K is a
constant. For m ≫ 1 as is often the case, then V ¼ Kd2.
The predictions of the interface disorder model

have been tested using thin-film electron-injection-
only amorphous Alq3 devices. The device structure
comprised an injecting cathode, various thicknesses
of Alq3, and a 100 nm-thick 25:1 Mg:Ag anode that
prevents hole injection. Cathodes consisted of either
Al, 25:1 Mg:Ag, and a 0.5 nm thick LiF layer followed
by Al. The Alq3 thickness dependence for each cath-
ode is given in Fig. 4.90 vs. applied voltage at j = 10
mA/cm2. The three cathodes show that V∝ d,

consistent with injection-limited transport, although
similar devices have also exhibited V∝ d2 consistent
with SCL transport (Burrows et al., 1996, Campbell
et al., 1997, Brütting et al., 2001). At T = 30 K the plot
of V versus d at j = 0.1 mA/cm2 remains linear.
Fits to the j–V–T data are shown in Fig. 4.91a using

Eq. 4.273 for the Mg:Ag/Alq3, consistent with injec-
tion limited conduction. Similar fits are obtained for
the Al and LiF/Al contacts. The parameters used in
the fits are listed in Table 4.6. The temperature de-
pendence of the voltage power law, m, may provide
a clue as to the origin of the dark current. Recall for
SCL current, we expect m ¼ T0=T for a characteristic
trap temperature, T0. In contrast, the prediction for
injection-limited transport in Eq. 4.273 provides a
more complicated temperature behavior. Both func-
tional forms are plotted in Fig. 4.91b. Unfortunately,
there is no clear distinction or obvious contradiction
with eithermodel that would allowus to claim that the
current is limited by either injection or bulk processes.
At very low temperatures (T < 30 K), all the cath-

odes possess nearly identical j–V characteristics. This
unambiguously breaks the link between the cathode
work function and its injection efficiency, demonstrat-
ing that the initial hop from the metal Fermi level into
the organic is not the most energetically costly event in
current injection. Since the injection characteristics are
determined by the interface energy distribution, the
similarity between contacts at T ~ 30 K suggests that
the organic interfacial site distributions are similar in
all cases.
Of the various models competing to explain the

unipolar transport characteristics of amorphous
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Figure 4.90 Drive voltage at j = 10 mA/cm2 vs. Alq3 thickness using LiF/
Al, Mg:Ag and Al cathodes. All three cathodes exhibit a linear thickness
dependence in the range 200 nm� d > 40 nm (Baldo and Forrest, 2001).

Reprinted figure with permission from Baldo, M. A. & Forrest, S. R. 2001.
Interface-limited injection in amorphous organic semiconductors. Phys. Rev. B,
64, 085201. Copyright 2001 by American Physical Society.
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semiconductor materials, we have seen two ap-
proaches have proved attractive: starting from the
observed shape and temperature dependence of
transport, the trapped charge models in Section 4.4
can accurately describe characteristics at T > 100 K;
whereas starting from a fundamental understanding
of charge transport in amorphous materials, disorder
models in Section 4.3 have successfully described the
field and temperature dependence of charge mobility.

In some respects, the interfacial model is a synthesis
of these approaches. The broad DOS at the interface
and the narrower bulk distribution is qualitatively
similar to trapped charge limited models, and it can
generate the correct power law dependencies. The
interfacial model involves limited energetic disorder
in the bulk and larger dipole-induced disorder at the
interface to explain these distributions. In doing so, it
seeks to provide a microscopic model of charge hop-
ping in amorphous semiconductors.
So where does all of this leave us? How do we

unambiguously determine whether the current is due
to bulk or interface limited conduction? We have seen
in this and previous sections that themodels often lead
to similar results, both providing reasonable fits to the
data often over large ranges of temperature and electric
field. As noted above, the effects of transport across
interfaces often have similar origins to those in the
bulk: intermolecular hopping that is well described
by small polaron theory. In spite of these ambiguities,
careful experimental procedures and analysis can be
helpful in eliminating uncertainties in interpretation.
Below are a few methods one can use to distinguish
between the sources of conduction:

1. The thickness dependence of the voltage at con-
stant current provides perhaps the most reliable
means to discriminate between bulk and interface
limited transport. Particularly as d is increased,
the effects of injection are decreased, and those of
the bulk are increased.

2. Samples and contacts that support only single car-
rier injection eliminate ambiguities that arise from
double injection.

3. Ohmic contacts can be assured in samples that
exhibit a linear j–V characteristic (i.e. one without
inflections or asymmetries independent of the volt-
age polarity) over a wide range of temperature
and applied voltage. Indeed, symmetric j–V

Table 4.6 Parameters the interface dipole model (Baldo and Forrest, 2001)

Fixed parameters Fit parameters

Device
structure

Polaron transition
temperature

Width of bulk
distribution

Width of interface
distribution

Polaron
binding
energy

Interface site
density

Intermolecular
overlap integral

T P ¼ ℏω0

3k B
σB (eV) σI (eV) Eb (eV) NIdI (cm�2) J0 (meV)

Mg:Ag/
Alq3

60 0.13 0.34 0.16 50 � 1012 6

LiF/Al/Alq3 60 0.13 0.34 0.16 43 � 1012 10

Al/Alq3 60 0.13 0.40 0.10 30 � 1012 2
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Figure 4.91 (a) Temperature dependence of the j–V characteristics
(solid lines) of Mg:Ag/Alq3 devices compared to the interface hopping
theory (points). The parameters used in the fits are given in Table 4.6.
(b) Temperature dependence of the power law slope, m, where j∝Vm.
Circles denote the experimental data between j= 0.1 and 10 mA/cm2. The
solid line is a calculation based on injection limited current. The straight
dashed line is a fit to bulk limited SCL transport theory. After Baldo and
Forrest (2001).
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characteristics may be the single most important
indicator that Ohmic conduction is dominant.

4. Independent measurement of μ(F, T) is important
for use in the several expressions describing bulk
and interface limited injection. The most reliable
means to determine this most important quantity is
via TOF measurements described in Section 4.4.3.

4.7 Organic semiconductor junctions

When two semiconductors are brought into contact,
they forma junction. If prior to contact, the Fermi levels
of the twomaterials are at different energies relative to
the vacuum level, they must equalize to achieve equi-
librium. This introduces energy level bending and a
built-in potential,Vbi, due to thedifferences in chemical
potentials of the materials. When the materials have
the same composition, but their background free car-
rier concentrations differ, the contact and subsequent
energy level bending results in an energy barrier. This
is known as a homojunction. More commonly, the con-
tacting organic materials are different, resulting in a
heterojunction (HJ) whose built-in potential is the sum
of the difference in chemical potentials and energy
level (e.g. HOMO or LUMO) offsets of the two mater-
ials.When themajority carrier type is the same on both
sides of the junction (i.e. both n-type or p-type), it is
knownas an isotypeHJ, whereas if they are different the
contact is called an anisotype HJ.
In the previous section we discussed the special

case of a metal/organic HJ. In this section we consider
the fundamental governing principles of both organic
homo- and heterojunctions. Indeed, HJs are found in
nearly all organic optoelectronic devices, sometimes
in electronic devices such as OTFTs.
Homojunctions are the simplest junctions that can

be formed between organic materials, and are dis-
cussed along with the fundamental theory of p-n
junction operation in Section 4.7.1. The concepts of
inorganic semiconductors have often been borrowed
to describe the j–V–T characteristics of organic HJs.
However, the principles governing charge conduction
in materials systems as different as organic and inor-
ganic semiconductors must reflect those striking dis-
similarities. A theory developed specifically for the
transport across organic junctions is the subject of
Section 4.7.2. The theory has also been adapted to
the increasingly important class of hybrid HJs consist-
ing of contacts between organic and inorganic semi-
conductors, a topic left for Section 4.7.3.
One final note: while our purpose here is to derive

“ideal diode equations” describing charge transport
across p-n junctions, excitonic junctions and hybrid

organic–inorganic HJs (or OI-HJs), it is very rare indeed
that a diode exhibits purely ideal characteristics. That
is, just because you can derive an ideal diode equa-
tion, does not mean you have an ideal diode. Indeed,
since Shockley developed the first theory of the ideal
diode (for Ge) in 1949, the literature has overflowed
with examples of devices that do not follow the pre-
dicted fundamental behavior. While it might be puz-
zling, then, that we spend effort deriving such
formalisms, it is essential to remember that under-
standing the fundamental nature of the ideal p-n junc-
tion serves as a trustworthy and extremely powerful
foundation on which all of our subsequent under-
standing of junction diode behavior can be built.

4.7.1 Organic homojunctions

The treatment of inorganic p-n junctions was devel-
oped by Shockley in a classic paper that presents the
derivation of what is known as the ideal diode, or Shock-
ley equation (Shockley, 1949). In the following, we give
the derivation, allowing us to determine the physics
that underlies transport across homojunctions, and ul-
timately to understand how it fails to adequately de-
scribe the properties of excitonic junctions.
The energy band diagram of a p-n junction is

shown in Fig. 4.92. The current is derived using the
drift-diffusion model (Eq. 4.237) for both electrons
and holes. At equilibrium, or close to it (i.e. so-called
quasi-equilibrium), the current is given by:

j ¼ q n xð ÞμnF xð Þ þDn
∂n xð Þ
∂x

	 

� 0 ð4:274aÞ

for electrons and

j ¼ q p xð ÞμpF xð Þ þDp
∂p xð Þ
∂x

	 

� 0 ð4:274bÞ

-

+

EFn EFp

EF

Ev

Ev

Ec

Ec

qV

-xn xp

qVbi

qVbi-qV

(a)

(b)

Figure 4.92 Energy bands for a p-n junction diode (a) in equilibrium and
(b) under forward bias, V.
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for holes. The total current is the sum of these two
currents, that is, j ¼ jn þ jp. Without loss of generality,
we assume that the current is dominated by electrons.
Then solving for F(x) and the applied voltage, V,

F xð Þ ¼ �Dn

μn

1
n
dn xð Þ
dx
¼ � kBT

q
1
n
dn xð Þ
dx

; ð4:275Þ

yielding a junction voltage of

VJ ¼ Vbi � V ¼ �
ðxp
�xn

F xð Þdx ¼ kBT
q

lnn xð Þ
����
n xpð Þ
n �xnð Þ

:

ð4:276Þ
This results in an expression for the free electron
concentration at the two edges of the depletion re-
gion, �xn and xp:

n �xnð Þ ¼ n xp
� 

exp q V � Vbið Þ=kBTð Þ: ð4:277Þ

Here, the total depletion region width is W ¼ xn þ xp.
Equation 4.277 can be simply rewritten as

nn ¼ np exp q V � Vbið Þ=kBTð Þ, where np ¼ nðxpÞ is the
minority electron concentration on the p-side of the
junction, and nn ¼ n �xnð Þ is the majority carrier con-
centration on the n-side. Now,

nn0pp0 ¼ NcNv exp �EG=kBTð Þ exp qVbi=kBTð Þ
¼ n2

i exp qVbi=kBTð Þ; ð4:278Þ

where qVbi ¼ EFp � EFn is the difference in the quasi-
Fermi levels on the two sides of the junction, and
nn0ðpp0Þ is the equilibrium electron (hole) concentra-
tion on the n-(p-)side of the junction. Using the law of
mass action, that is, np0pp0 ¼ nn0pn0 ¼ n2

i (Eq. 4.194),
we obtain for the excess minority carrier density on
each side of the junction, that is, �pn ¼ pn0 � pn and
�np ¼ np0 � np at voltage, V,

�np ¼ np0 exp qV=kBTð Þ � 1ð Þ ð4:279aÞ

and

�pn ¼ pn0 exp qV=kBTð Þ � 1ð Þ: ð4:279bÞ
These expressions are now used in the diffusion equa-
tion at je, jh � 0 (and therefore in the absence of drift),
Eqs. 4.188 and 4.189, to obtain

�np xð Þ ¼ np0 exp qV=kBTð Þ � 1ð Þ exp �x=Lnð Þ; ð4:280aÞ

�pn xð Þ ¼ pno exp qV=kBTð Þ � 1ð Þ exp �x=Lp
� 

: ð4:280bÞ

Here, L2
n ¼ Dnτn and L2

p ¼ Dpτp are the electron and
hole diffusion lengths, respectively. Finally, the elec-
tron current is

jn xð Þ ¼ �qDn
d�n xð Þ

dx

¼ qDnnp0

Ln
exp qV=kBTð Þ � 1ð Þ exp �x=Lnð Þ: ð4:281Þ

But current is constant throughout the sample, such
that jn xð Þ ¼ jn 0ð Þ. Using a similar relationship for jp,
the two components are summed to obtain the total
current:

j ¼ q
n2
i

NA

ffiffiffiffiffiffi
Dn

τn

r
þ n2

i

ND

ffiffiffiffiffiffi
Dp

τp

s" #
exp qV=kBTð Þ � 1ð Þ � jph:

ð4:282Þ
Here, as in Eq. 4.236, we have added the contribution
from the photocurrent, jph. In this expression, we have
once more used the law of mass action, for example,
np0NA ¼ n2

i whereNA is the number of ionized accept-
ors (and hence the number of majority carrier holes at
the p-side of the junction) and ND is the number of
ionized donors.
Equation 4.282 is in the same form as Eq. 4.236 for

the Schottky barrier diode. We note that the current is
determined by the minority carrier diffusion constant
and lifetime, as well as the doping concentrations on
each side of the junction. This equation is based on
current generation processes that are substantially
different from those relevant to organic HJs, where
exciton generation and the formation of tightly bound
and oppositely charged polaron pairs at the hetero-
interface are the sources of dark and photocurrent.
This deficiency will be addressed in the following
section.
To complete our analysis, we calculate the ideality

factor, n, in the presence of recombination. For SRH
recombination in Section 4.5.2 to be effective, the trap
state must be near the middle of the energy gap. Then
the hole and electron recombination rates are approxi-
mately equal, that is, the effective recombination time
is τeff ¼ τe � τh� . Under forward bias, there is an excess
of space charge. Thus, both n and p are much larger
than charges released from traps residing at mid-gap,
and n ¼ p≫ n1 ¼ p1 � ni. Since recombination is only
efficient when the number of holes and electrons are
approximately equal, then Eq. 4.217 is simplified
under forward bias:

RSRH ¼ np� n2
i

τeðpþ p1Þ þ τh� ðnþ n1Þ �
n

2τeff
: ð4:283Þ

Recombination is most probable in the depletion re-
gion due to the coexistence of a high density of both
electrons and holes. Multiplying Eq. 4.283 by the vol-
ume and the total number of charges in the depletion
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region yields the forward-biased recombination
current of

jrec ¼ qWn
2τeff

¼ qWni

2τeff
exp qV=2kBTð Þ; ð4:284Þ

where, in the center of the forward-biased space
charge region, n ¼ p ¼ ni exp qV=2kBTð Þ.
Under reverse bias, n2

i ≫ np since there is very little
charge in the depletion region. Also, again for mid-
gap states, n1 ¼ p1 � ni such that

jrec ¼ �j0 ¼ � qWni

2τeff
: ð4:285Þ

Combining Eqs. 4.284 and 4.285 gives the expression
for the total recombination current:

jrec ¼ qWni

2τeff
exp qV=2kBTð Þ � 1ð Þ: ð4:286Þ

This differs from the ideal diode equation based on
diffusion since the reverse current (at V < 0) is no
longer voltage independent. That is, j0 ∝W ∝

ffiffiffiffi
V
p

for uniformly doped semiconductors, with a some-
what different dependence of W on V depending
on the doping profile in the junction region. In any
case, this voltage dependence results in a small
slope in the reverse-biased characteristics that can
be useful in distinguishing between current sources.
Note that if the sample is completely depleted at V ¼
0, or becomes depleted by an applied voltage, then
W ¼ d and recombination currents, too, are voltage
independent.
The total current is generally a combination of both

recombination and diffusion, and may also be limited
by other processes such as series and shunt resist-
ances. To account for contributions from the several
non-ideal current sources, the ideality factor, n, is
introduced in the exponential argument, where 1 <

n < 2. For n ¼ 1, diffusion is the dominant source of
current, and as n! 2, recombination becomes in-
creasingly important. It is frequently observed in or-
ganic (and inorganic) junctions that n > 2. There is no
analytical interpretation of such high n-values, which
are typically due to a combination of series and/or
shunt resistances, space charge effects, etc. Including
the photocurrent, we can thus rewrite the Shockley
equation as

jrec ¼ j0 exp qV=nkBTð Þ � 1ð Þ � jph; ð4:287Þ

which is identical to Eq. 4.236 for Schottky diodes.
The ideality factor is found from the forward biased
slope of the j–V characteristics, that is,

n ¼ q
kBT

j
∂V
∂j

: ð4:288Þ

The theory thus far presented does not consider the
key physical phenomena that govern organics.
Hence, it is not surprising that the Shockley equation
does not often accurately model the j–V characteris-
tics of organic homojunction p-n diodes (Harada
et al., 2005, Tsuji et al., 2009, Cai et al., 2011,
Tripathia and Mohapatra, 2012, Kubo et al., 2013).
An example of the characteristics of a p-i-n diode (i¼
intrinsic or undoped region separating the p and n
zones) and a Schottky-type metal-i-n (M-i-n) diode is
shown in Fig. 4.93. The p-i-n homojunction diode
comprises a 30 nm thick ZnPc i-layer sandwiched
between a 15 nm thick ZnPc layer doped p-type
with F4-TCNQ, and a third, 40 nm thick n-type
ZnPc doped with Ru(terpy)2. The n-layer is contact-
ed with a metal cathode (Al or Au), and the anode
was ITO. TheM-i-n device eliminates the p-layer and
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Figure 4.93 (a) Dark current vs. voltage characteristics as a function of
temperature of a metal (M)-i-layer-n organic Schottky junction, and an all-
organic p-i-n diode. (b) Ideality factor vs. 1/kBT for diodes in (a) (Harada
et al., 2005).
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uses ITO to form the Schottky barrier to the i-region
(Harada et al., 2005).

The forward biased current shows an inflection at
0.5 V, above which an exponential increase with volt-
age is observed until it rolls off due to series resistance
atV> 1.0 V. Further, there is no apparent dependence
on the i-layer thickness in the p-i-n diodes. Thus,
space charge effects are ruled out as limiting the cur-
rent. Under reverse bias, the voltage dependence is
much more pronounced than predicted for recombin-
ation in Eq. 4.286.

The Shockley equation for both p-i-n and M-i-n
devices implies that the ideality factor is tempera-
ture independent. According to Eq. 4.288, the for-
ward biased slope of the j–V characteristics for a
constant n-factor decreases with increasing tem-
perature. However, the data in Fig. 4.93 do not
show this behavior: the slopes are nearly constant
over the range 307 K > T > 168 K. Furthermore,
the current should increase rapidly with voltage
under both forward and reverse bias if it is ther-
mally activated with an energy approaching half
the energy gap of ZnPc. Again, this does not ap-
pear to be the case.

The discrepancies with the ideal diode theory,
that is, the temperature independence of n
and the inflection in the forward characteristics at
V < 1 V are eliminated if we modify the conven-
tional semiconductor equations to account for re-
combination governed by an effective medium
with a Gaussian density of transport states of
width, σ (Section 4.3.2). The junction region of the
M-i-p device can be understood using the energy
level diagram in Fig. 4.94, with only minor adjust-
ments needed to describe a p-i-n homojunction. For
purposes of this discussion, the p- and i-regions

comprise MTDATA, and the p-type dopant is,
once again, F4TCNQ.
Recombination occurs via tunneling at the junction

over a very short distance between filled, nearly de-
generate hole states from the p-region into only par-
tially filled states within the i-region. That is, as
voltage is increased under forward bias, the density
of available, unoccupied states in the i-region in-
creases, thereby resulting in an exponentially increas-
ing current. At V < Vth (where Vth is the threshold
voltage), the current is small due to an overlap of the
filled tail of the i-region with that of the p-region. This
accounts for the low current “shelf” at low voltages in
Fig. 4.93a. The current under forward bias is, there-
fore, equal to the integral of the product of the DOS
from the both sides of the junction. Thus, the current
is given by

j ¼ j0

ð
exp � E Vð Þ � E0ð Þ2=2σ2

h i
exp �E2

0=2σ
2� �
fp 1� fið ÞdE;

ð4:289Þ
where E(V) is the energy offset between the peaks of
the Gaussian DOS which is a function of applied
voltage, and E0 is the energy of the peak in the
p-region which, due to the near degeneracy of the
organic, is independent of voltage. Also, fp and fi
are the occupancies of states on the p- and i-sides of
the junction, respectively, and we have assumed that
the Gaussian widths are the same on both sides of the
junction. This latter assumption may not be strictly
valid, given that a large concentration of dopants in
the semiconductor may increase the degree of
disorder.
Setting E0 = qV0, and q�V ¼ E Vð Þ � E0, and elim-

inating all but linear terms in �V/V0 yields (Tripathia
and Mohapatra, 2012)
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Figure 4.94 (a) Energy level diagram of an M-i-p diode defining the voltages and densities of states in the junction region. (b) A detail of the Gaussian
density of states at the junction. Shaded areas denote states filled with holes (Tripathia and Mohapatra, 2012).
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j ¼ j0 exp � q2V0

2σ2
V0

2
��V

	 
	 

for V>Vth:

ð4:290Þ
Here, we assume that V > Vth corresponds to the con-
dition that fp 1� fið Þ � 1, that is, there are empty states
in the i-region that are at the same energy asfilled states
in the p-region, allowing for tunneling to occur. A key
feature of this expression is that the slope of the
lnj��V characteristics is temperature independent,
and is equal to ζ ¼ q2V0=2σ2. That is, the slope gives
the Gaussian width of the DOS, and is independent of
thickness of the i-region, as shown in Fig. 4.95a. Note at
high voltages, the slope of the j-V characteristics in both
Figs. 4.93 and 4.95 is reduced. The dependence on layer
thickness, temperature and voltage in this regime are
signatures of space charge limited transport.
The last step in the derivation is to determine Vth

which is obtained by fitting the exponential region of
the j–V characteristics to Eq. 4.290. Figure 4.95 shows
that the threshold voltage increases linearly as tem-
perature is decreased. This can be found from the
relationship between voltage and charge density:

pj ¼ p0 exp qVth=kBTð Þ; ð4:291Þ
where pj is the hole concentration at the edge of the
depleted i-region, and from Boltzmann statistics:

p0 ¼ NHOMO exp � EFi � EHOMOð Þ=kBTð Þ ð4:292Þ
(see Fig. 4.94). Using these two expressions and solv-
ing for Vth gives

qVth ¼ kBTlog
pj

NHOMO

	 

þ EFi � EHOMOð Þ: ð4:293Þ

This yields a linear dependence on temperature con-
sistent with the data in Fig. 4.95b. The slope of the
data give pj/NHOMO, and the intercept yields the pos-
ition of the Fermi energy of the intrinsic region, EFi.
For the p-i MTDATA devices in Fig. 4.95, the value of
pj is vanishingly small within the depletion region.
Also, the Fermi energy is only slightly thickness
dependent between 25 nm and 75 nm, possibly due
to depletion of the entire i-region to the cathode. It is
found that EFi � EHOMO≃1:4 eV.
As a final note, the tunneling model is supported by

the rapid rise of current in the reverse direction (see
Fig. 4.93a). This dependence has been fit by Fowler–
Nordheim tunneling, viz.

j ¼ AF2 exp �8π
ffiffiffiffiffiffiffiffiffi
2m�
p

ϕ3=2=3qhF
� �

; ð4:294Þ

where ϕ is the tunneling barrier height. Indeed, the
reverse characteristics of similar M-i-p devices are
reasonably consistent with this dependence over a
temperature range of 200–300 K and over six decades
of current using ϕ ~ 0. 5–0.7 eV, weakly depending on
the i-layer thickness (Kumar et al., 2017).

4.7.2 Excitonic heterojunctions

Nearly every high performance organic electronic de-
vice comprises a combination of layers of different
composition. This allows each individual material to
be optimized to perform a function: electron and hole
transport materials are selected for their correspond-
ingly high electron or hole mobilities, light emission
layers use materials that are optimized for emission
efficiency at a particular wavelength, and materials
used for solar cells and photodetectors are selected
based on their exciton transport and optical absorp-
tion properties. The contact between two dissimilar
semiconductors is known as a HJ. A feature of HJs is
that an energy barrier forms at the interface (the het-
erointerface) between the semiconductors. The barrier
controls charge and energy transport, as well as
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exciton dissociation into free charges (in the case of
organic photovoltaics). In this section we consider
both the origin of the rectifying energy barrier, and its
energy and transport properties. Our theoretical treat-
ment will also be briefly adapted to understanding the
dynamics of charge and exciton transport in organic
p–n homojunctions, clearing up some of the mysteries
encountered in their analysis in Section 4.7.1.

4.7.2.1 Excitonic HJ fundamentals

In Fig. 4.96 we show the relevant energies of two
contacting semiconductors with electron affinities,
EA1 and EA2. In the absence of traps or other non-
ideal HJ properties, the difference in conduction band
energies following their contact is

�ELUMO ¼ jEA1 � EA2j; ð4:295Þ
and the difference in the HOMO energies is equal to
the difference in IPs:

�EHOMO ¼ jIP1 � IP2j ¼ jEA1 � EA2 þ EG1 � EG2j
¼ �EG ��ELUMO:

ð4:296Þ

Equation 4.295 is known as the Anderson rule
(Anderson, 1960) and for many years was accepted
as the means for determining HJ energy band offsets
in inorganic semiconductor systems. While the An-
derson rule provides a useful conceptual framework
for understanding HJ energy level offsets, its predic-
tions are inaccurate for several fundamental reasons.
(i) It ignores the importance of charge redistribution
and the subsequent formation of dipoles at the inter-
face required to establish equilibrium between the
semiconductors. (ii) The electron affinity, and in prac-
tice the IPs of the semiconductors are measured using
surface sensitive probes such as UPS. These probes
can measure the surface energies to within only a
few monolayers with reasonable accuracy (typically
~50–100 meV), but the HJ lies deep within the bulk of
the material whose Fermi energy may differ consid-
erably from its value at the surface. (iii) UPS and
similar surface probes are very sensitive to surface
charge, surface lattice reconstruction and other prop-
erties unique to a free surface. These may not be
characteristic of the bulk, but can significantly impact
the energies measured. The effects of surface defects
and traps can also strongly distort the surface poten-
tial from the bulk. Hence, the Anderson model is not
considered to be an accurate method for determining
energy level offsets at HJs buried within the bulk.
Additional complications arise at organic semicon-
ductor junctions that further influence the measured
energy level offsets.
As shown in Fig. 4.96, redistribution of charge at

equilibrium due to matching of the Fermi energies of
the contacting semiconductors results in depletion
(the energy “spike”) on one side of the junction, and
accumulation of an equal amount of charge on the
opposite side (resulting in an energy “notch”). The HJ
shown consists of a p-N junction (and hence is an
anisotype HJ) with EA1 > EA2. The semiconductor
convention is that the small letter (p) refers to the
small band gap, and the capital letter (N) refers to
the large band gap constituent. The spike and notch
are reversed if the relative magnitudes of the electron
affinities are likewise inverted. The total built-in po-
tential is equal to the sum of the built-in potentials on
each side of the HJ (i.e. Vbi ¼ Vbi1 + Vbi2). In organics
where there may be very little free charge, and in the
absence of interface dipoles, the band bending at the
HJ is small, resulting in flat bands that extend up to
the interface, with Vbi ¼ 0.
In Fig. 4.97 we show an isotype, n-N HJ. As for the

anisotype junction, a spike and notch form at the
heterointerface, and the junction offsets result in rec-
tification, although the total barrier height is reduced
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electronically doped organics. Undoped organics often have little or no
energy level bending near the HJ.
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to only the energy level offsets of �ELUMO and
�EHOMO.
The energy level alignments in Figs. 4.96 and 4.97

show that the conduction and valence levels of the
narrow energy gap semiconductor are nested within
the gap of the wide energy gap constituent. This
is known as a Type I heterojunction. Different align-
ments are possible, and indeed are required for dif-
ferent device purposes. Possible alignments are
classified in Fig. 4.98. The Type I HJ, known as a nested
or straddling gap, is useful for confining charges in
luminescent devices such as OLEDs and lasers. The
staggered gap (Type II heterojunction) is essential for the
dissociation of excitons into free charge employed in
photodetectors and solar cells. And finally, the less
common broken gap (Type III heterojunction) is found in
some thin film organic transistor applications. In this
offset arrangement, electrons in the semiconductor
with the large electron affinity recombine with holes
from the contacting semiconductor since the LUMO
of the first material is below the HOMO of the second.
The HJs depicted have been constructed to describe

inorganic semiconductors with their broad energy
bands, small effective masses, and a significant

density of background free carriers. Earlier in this
chapter, we have found that this picture is not directly
applicable to organic semiconductors, characterized
instead by very narrow conduction levels for holes
and electrons, considerable static and dynamic dis-
order that results in large effective masses and hence
low mobilities, and often very low densities of free
charge. Nevertheless, the analogy to inorganic semi-
conductors is a helpful starting point, as long as these
differences are recognized. At this point, we will ex-
tend our view to accommodate the important differ-
ences that exist between inorganic and organic
systems in an effort to adapt the energy diagrams of
Figs. 4.96 and 4.97 to the specific physics of organic
semiconductors.
One distinct property of organics is that measure-

ments of the energetics of the contact using such
techniques as UPS and Kelvin probes, reveals an
interface energy dipole of � ~ 0.1–0.5 eV. This results
from charge redistribution across the interface follow-
ing contact of the two layers (Vázquez et al., 2005,
Molodtsova and Knupfer, 2006, Osikowicz et al.,
2007). We have seen that dipoles are found at metal–
organic contacts (Fig. 4.89 and Table 4.5) which is at-
tributed to static disorder of molecules at the junction
(Baldo and Forrest, 2001). Also, the presence of surface
traps can lead to the creation of a dipole (Fig. 4.88).
One of the most interesting effects is that the dipole

between organics at a HJ depends on the surface on which
it is deposited (Tang et al., 2006, Zhao et al., 2008).
A central assumption of an ideal HJ is that the
order of layer deposition should not affect the mag-
nitude of the band offsets. That is, depositing mater-
ial A on material B should result in the same energy
level offsets as B on A (Margaritondo and Perfetti,
1987). This commutative property of the HJ holds true
for interface-trap-free inorganic HJs, yet has not been
found to obtain for organic semiconductors. In
Fig. 4.99 we plot the interface dipole energies vs.
the difference between the substrate work function
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and the charge neutrality level, qϕ0 (see Section 4.6.3)
for two organic semiconductors, CuPc and THAP.
Starting with the substrate, CuPc is deposited on
THAP, and vice versa (Zhao et al., 2008). These
data show both the violation of the commutative
rule and the strong dependence on substrate prepar-
ation. The non-commutative property is exemplified
by deposition on PEDOT:PSS, where the dipole en-
ergy varies from +0.7 eV for CuPc on THAP, to�0.25
eV for THAP on CuPc.

A comprehensive explanation for the substrate
dependence of the dipole energy, and the resulting
charge redistribution across organic HJs relies on
understanding the role played by disorder (Oehzelt
et al., 2015). Figure 4.100a shows an approximate
representation of the transport levels at an Alq3/
CuPc HJ. The energetic disorder is approximated
by a Gaussian DOS of full width, 2σ, extending
both above and below the LUMO or HOMO level,
represented by the rectangles in the figure. The indi-
vidual molecular layers are represented by their own
Gaussian, separated by an interlayer distance, �z.
The fractional occupation of the DOS at each mol-
ecule is determined by the separation of the DOS
from the Fermi energy, EF, at each position, z. Once
the materials are in contact, thermodynamic equilib-
rium is established, resulting in a flat EF. The ability
to establish local and global equilibria is a condition
for current flow without charge build-up within the
layers.

Figure 4.100b shows the Alq3 and CuPc energies
prior to contact. Apparently, if nothing is perturbed

by the contact, the Fermi energy extends into the
LUMO of CuPc with its high density of electrons.
The metal contact EF is taken at the same energy as
EF of the first layer of Alq3. The total internal electro-
static potential across the film, V(z), is calculated from
Poisson’s equation. The contact results in band bend-
ing, shown in Fig. 4.100c, such that the Fermi energy
now lies outside of the LUMO band of the CuPc.
Also, pinning the Alq3 Fermi energy the metal
EF yields an Ohmic contact. This impacts the charge
distribution all the way to the HJ located at z¼ 10 nm.
The calculated charge distribution is shown in
Fig. 4.100d. We see that electrons accumulate on the
CuPc side (with charge neutrality established by an
equal and oppositely charged hole distribution at the
contact), and the Alq3 layer is completely depleted of
charge, resulting in a uniform electric field in this
layer. Hence, V(z), and the vacuum level vary linearly
across the Alq3, and then flatten in the CuPc.
The maximum electrostatic potential that is achieved

at
∂V
∂z
¼ 0 is the total dipole energy.

This layer-by-layer shift in V(z) is observed using
Kelvin probe and UPS measurements for numerous
semiconductor systems. For example, a series of UPS
spectra taken for various levels of coverage of a 10 nm
thick layer of Alq3 pre-deposited on a low work func-
tion Mg thin film is shown in Fig. 4.101a (Tang et al.,
2006). The shift in the ionization energy is noted by
the peak at approximately 2 eV below EF, which
corresponds to the onset of the photoelectron current
(Hüfner, 2003). The Alq3 valence features are resolved
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at 0 Å coverage, and become increasingly attenuated,
and thendominated byCuPc features as its thickness is
increased. The IP shifts at the high energy cutoffs of the
spectra are accompanied by a similar shift of 0.7 eV in
the vacuum level energy as coverage is increased from
0 Å to ~25 Å. At greater layer thicknesses the energy
level bending is complete, and thermal equilibrium is
established. These data are also shown in Fig. 4.101b.
The LUMO energy equals the sum of the IP and the
charge transport gap. The latter quantity is obtained
from the energy difference between the onset of the
CuPc UPS spectrum (which yields the ionization en-
ergy) and the inverse photoelectron spectrum (IPES),
which gives the lower energy edge of the LUMO (Hill
et al., 2000a, Tang et al., 2007). In IPES, low energy
electrons (typically
 20 eV) are incident on the organic
surface. Photons are emitted as the electrons relax to
the LUMO. The resulting photoemission spectrum vs.
electron energy is measured, with the lowest energy
photons providing the LUMO edge relative to EF (see
Appendix C) (Hill et al., 2000a, Hüfner, 2003, Tang et
al., 2007). The LUMO follows the HOMO energy, as
required for a material with a defined energy gap.

The extent of the band bending in Fig. 4.103 due to
charge accumulation on the CuPc side of the HJ
(forming the potential “notch” at the heterointerfaces)
is consistent with calculations leading to the energy
level diagram in Fig. 4.100. Hence, the UPS data lead
to a consistent explanation of the origin of the HJ
dipole energy level diagrams for Type I, II, and III
HJs (Oehzelt et al., 2015). For example, Fig. 4.102
shows a series of Type II staggered HJs for contacts
with a range of Fermi energies. In Fig. 4.102a, EF is
positioned near the HOMO of the material with the
smallest IP energy in the left-most diagram, with EF
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becoming progressively larger, and hence closer to
the HOMO from left to right. For EF ¼ 3 eV, there is
bending in the energy levels for both materials, result-
ing in electron accumulation. The Fermi energy is
centered within both energy gaps at 5 eV, resulting
in flat bands, and consequently there is no electrostat-
ic potential (or dipole) nor charge accumulation with-
in the layers. Finally, as EF approaches the HOMO,
excess holes are accumulated at the contact, and the
dipole energy is reversed.

In Fig. 4.102b the layers are reversed. It is clear that
the dipole energies in this case are different from in
Fig. 4.102a, accounting for the absence of the commu-
tative property for excitonic HJs. The analysis leading
to Figs. 4.100 and 4.102 assumes that the interface is
free of defect states.

The influence of the substrate on the HJ energy
level alignment can be used to create an Ohmic con-
tact where ϕBn;p ! 0. Indeed, it has been shown that
insertion of a very thin organic layer between a high
work function metal oxide electrode (e.g. MoO3,
V2O5, WO3) and a thick organic “device” layer can
reduce the hole barrier to zero as long as the IE of the
interlayer is larger than the IP of the organic
(Kotadiya et al., 2018). This strategy apparently is

successful in achieving Ohmic contacts independent
of the conducting oxide or the organic layer as long
as this relative energy criterion is met. The interlayer,
itself an organic, must be sufficiently thin to allow
for charge transport via tunneling or only a few
hopping transitions. As in the HJ energy level align-
ment, the interposition of the ultrathin layer results
in broadening of the surface DOS, allowing for over-
lap between the electronic states in the contact with
the relatively narrow conduction states of the organ-
ic. This overlap promotes injection while also pos-
sibly pinning the organic layer Fermi energy at the
metal EF.

4.7.2.2 Ideal diode equation for current transport
in a trap-free excitonic HJ

The j–V characteristics of organic semiconductor HJs
are often similar to those of inorganic p-n junctions.
As a consequence, theoretical treatments based on the
generalized Shockley equation derived for inorganic
devices have been extended to model the operation of
organic solar cells (Dyakonov, 2004, Rand et al., 2007,
Potscavage et al., 2008, Giebink and Forrest, 2009, Li
et al., 2009). While this phenomenological approach
often yields a reasonably accurate fit to the data, the
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application of inorganic semiconductor models ob-
scures the inherently different physics of transport in
organic semiconductors. In particular, the Shockley
equation in Section 4.7.1 applies to inorganic p-n junc-
tions with well-developed energy band structures
with a sea of delocalized free charge carriers. We
have seen throughout this chapter, however, that or-
ganic semiconductors are characterized by hopping
transport and tightly bound, localized exciton states
that require significant energy to dissociate into free
charges.
In this section, we follow the derivation of Gie-

bink, et al. for an ideal diode equation adapted to
describe fully organic (i.e. excitonic) Type II HJs
(Giebink et al., 2010a, 2010b). Note that the dynamics
of Types I and III HJs are different from those of
Type II junctions, and hence are beyond the scope
of this particular analysis. Type II junctions used in
organic photovoltaics must consider bipolar injec-
tion, that is, the staggered energy level line-up al-
lows holes and electrons injected from their opposite
electrodes to traverse the heterointerface. Hence, the
Type II symmetry allows for rectification similar to
that experienced by carriers in a conventional p-n
junction. In contrast, Type I, nested junctions sup-
port unipolar injection since the hole and electron
barriers are positioned to prevent the free flow of
charge of both polarities across the interface. As a
result, the current in these HJs is typically Ohmic or
space charge limited, and is modeled in Section 4.4.
Finally, the current in Type III HJs is limited by
electron–hole recombination at the broken energy
gap in Fig. 4.98, and hence conduction occurs by
transfer from the LUMO to HOMO levels across
the HJ. These will be discussed further in the context
of OPV blocking and injection layers in Chapter 7.
Polaron pair generation, recombination, anddissoci-

ation at a Type II HJ provide a distinct departure from
considerations of charge diffusion that lead to the
Shockley equation. Among the differences between
organic and inorganic semiconductor junctions, a
more physically justifiable representation predicts the
correct temperature dependence of the dark current,
the intensity and temperature dependence of the open
circuit voltage (Voc) and short-circuit current (jsc), and
the maximum Voc attainable under one sun illumin-
ation for a given small molecule or polymer HJ mater-
ial pair. Additionally, the temperature-dependent
diode ideality factor in Section 4.7.1 arises from recom-
bination via disorder-induced traps at the heterointer-
face. In the following section we specifically treat the
case of trapswith an exponential energetic distribution
extending into the energy gap.

This treatment is ideal, insofar in that it assumes
that current is governed solely by generation and
recombination at the HJ, and that both processes pro-
ceed through the polaron pair (PP) intermediate state
(Giebink et al., 2010a, Vandewal et al., 2014). That is,
we ignore all losses that occur prior to the exciton
arriving within the HJ “interaction volume” of
width a0, which gives the polaron pair separation
distance across the heterointerface. These extrinsic
losses include incomplete optical absorption in the
donor or acceptor layers, geminate and bipolar re-
combination, thermal generation and thermalization.
As in the Shockley diode equation, these non-
idealities can be added later to describe the character-
istics of less than ideal devices.
We define a polaron pair as the lowest energy CT

state at the HJ, where the electron on the acceptor side
is Coulombically bound to a hole on the donor side of
the heterointerface. The configuration of the Type II
excitonic HJ is shown in Fig. 4.103a. Current outside
of the active region is unipolar, with pure hole (jh) and
electron (je) currents flowing in the donor and accept-
or bulks, respectively. The interfacial energy gap,
�EHL, in Fig. 4.103a is the difference between the
donor HOMO and the acceptor LUMO that includes
shifts due to an interface dipole. The hole and electron
injection barriers at the anode and cathode are qϕa and
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Figure 4.103 (a) Energy level diagram of a Type II excitonic (donor–
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energies involved in PP production, showing the various transition rates
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qϕc, respectively. These energies include interface di-
poles that might exist. The built-in potential is given
by the corresponding difference in contact work func-
tions: qVbi ¼ qϕma � qϕmc.

Figure 4.103b shows the processes that occur
within the HJ volume. The steady state recombination
of polaron pairs is described via two coupled
equations:

dζ
dt
¼ jX

a0
� kPPr ζ� ζ0ð Þ � kPPdζþ krecnHJpHJ ¼ 0;

ð4:297Þ

and for free charges:

dpHJ

dt
¼ kPPdζ� krecnHJpHJ þ j

qa0
¼ 0; ð4:298Þ

where ζ is the PP density, jX is the exciton current
density diffusing to the interface, and nHJ and pHJ are
the free electron and hole densities at opposite sides of
the HJ, respectively.

Time-dependent solutions that elucidate the dy-
namical nature of these processes can be obtained by
evaluating the full transient solutions to Eqs. 4.297
and 4.298. These solutions provide the time evolution
of both the polaron and hole populations, respectively
(Giebink et al., 2010a).

Polaron pairs recombine to the ground state at rate
kPPr, which is also linked to the thermal equilibrium
PP population, ζ0, determined by detailed balance
(Kirchartz and Rau, 2008). Polaron pairs dissociate at
rate kPPd, which is a function of temperature and the
electric field at the interface according to the
Onsager–Braun model (see below). Finally, free car-
riers bimolecularly recombine to form PPs with rate
constant, krec, approximated by its bulk Langevin
value, qμtot=εrε0.

Solving Eq. 4.297 for the PP density and substitut-
ing the result into Eq. 4.298 gives

j ¼ qa0krec
kPPr

kPPd þ kPPr

	 

nHJpHJ � kPPd

kPPd0
nHJ0pHJ0

	 


�qjX kPPd
kPPd þ kPPr

	 

: ð4:299Þ

The subscript “0” indicates the value at thermal
equilibrium. Similar to the Shockley equation, we
assume quasi-equilibrium. Hence, the carrier dens-
ities at the interface (nHJ, pHJ) and contacts (nC, pC)
are related via

nHJ ¼ nC exp qδA V � Vbið Þ=kBT½ 	 ð4:300aÞ
and

pHJ ¼ pC exp qδD V � Vbið Þ=kBT½ 	; ð4:300bÞ
where δD, and δA are the fractions of the potential
dropped across the donor (D) and acceptor (A) layers,
respectively. Thus, δD þ δA ¼ 1. These relations are
strictly valid only when j ¼ 0, but are a good approxi-
mation at low current when both diffusion and drift
are small.
Substituting Eqs. 4.300 into Eq. 4.299 yields

j ¼ qa0krecNHOMONLUMO 1� ηPPdð Þ exp ��EHL=kBTð Þ
� exp qV=kBTð Þ � kPPd

kPPd0

� �
� qηPPdjX;

ð4:301Þ
where ηPPd ¼ kPPd=ðkPPd þ kPPrÞ is the PP dissociation
probability (Braun, 1984, Mihailetchi et al., 2004), and
we have assumed that the density of charge at the
cathode can be written in terms of the LUMO DOS,
NLUMO, such that nc ¼ NLUMO exp �qϕc=kBTð Þ. At the
anode, pa ¼ NHOMO exp �qϕa=kBTð Þ. Here, effects that
are appreciable at high electric field and low tempera-
ture such as tunneling have been neglected. Also, we
define the HOMO–LUMO offset energy (cf.
Fig. 4.103a):

�EHL ¼ qϕa þ qϕc þ qVbi: ð4:302Þ

Hence, Eq. 4.301 is the ideal diode equation for an
excitonic Type II HJ in the absence of traps, and can
be written in the form of Eq. 4.236:

j ¼ j0 exp qV=kBTð Þ � kPPd
kPPd0

	 

� jph; ð4:303Þ

where the photocurrent is given by

jph ¼ qηPPdjX: ð4:304Þ

That is, jph is simply the product of the exciton current,
its dissociation efficiency at the HJ, and q. Important-
ly, Eq. 4.303 differs from the Shockley equation in that
it includes the rate of polaron pair dissociation, kPPd,
which is a function of both electric field and tempera-
ture. An applied field can polarize the PP, inducing
pair ionization at high reverse bias. At V ¼ 0, the
system is in equilibrium such that kPPdðV ¼ 0Þ ¼
kPPd0, in which case the term in parentheses vanishes.
The field dependence of PP dissociation is obtained

from the theory of Onsager for ion pairs (Onsager,
1938), and extended to symmetric excitonic states by
Braun (1984). This is a classical model based on Lange-
vin recombination dynamics: if the charge pair is
at a capture (or thermalization) radius rth < q2=
4πεrε0kBTð Þ, the charges recombine, otherwise they
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escape their mutual Coulomb attraction and remain
free charges. This radius is ~2–10 nm at room tempera-
ture. In an electric field, the charge pair is polarized,
resulting in a higher probability for dissociation. Thus,
there is a competitionbetweenfield-induced ionization,
and thermalization leading to geminate recombination.
Figure 4.104a shows the probability for dissociation

as a function of PP radius, a0, and at three different
electric fields in an isotropic medium whose dielectric
constant, εr ¼ 3.02, is equal that of anthracene (Batt
et al., 1969). For this calculation, it is assumed that the
initial pair orientation and distribution is independent
of the external electric field. The escape probability is
shown in Fig. 4.104b, with the initial PP radii ranging
from 0.6 to 1.0 nm. The probability increases with
field, until it saturates at P(F) =1 at F � 105 V/cm.
The dissociation rate kPPd is given by (Braun, 1984,

Giebink et al., 2010b)

kPPd ¼ 3
4πa30

krec expð�EB=kBTÞ J1ð2
ffiffiffiffiffiffiffiffiffi�2bp Þffiffiffiffiffiffiffiffiffi
�2b
p ; ð4:305Þ

where EB is the PP binding energy, b ¼ q3FHJ=

8πεrε0k2BT
2

� 
, J1 is the Bessel function of order one,

and FHJ is the electric field at the HJ. The validity of
Eq. 4.305 for negative fields (i.e. when FHJ reverses dir-
ection under forward bias) is unclear, and its numerical
evaluation becomes unstable for FHJ < � 104 V=cm.
The theory of Braun has been extended to consider

electrons and holes that can only “sample” the half-
space occupied by the acceptor and donor layers,

respectively. This is a situation found in Type II HJs
with �ELUMO and �EHOMO sufficiently large to pre-
vent electron or hole transfer back over the HJ energy
offsets at the HOMO and LUMO edges where they
would recombine (Fig. 4.105a) (Peumans and Forrest,
2004). The energy of the bound pair is given by

EPP ¼ q2

4πεrε0jre � rhj � qF· re � rhð Þ
þELUMO;A reð Þ þ EHOMO;D rhð Þ; ð4:306Þ

where re (rh) is the position of the electron (hole),ELUMO,

A is the energy of the acceptor LUMO, and EHOMO,D is
the energy of the donorHOMO.Given that the electron
must reside on the acceptor and the hole on the donor,
the initial condition requires that the PP dipolemoment
is preferentially aligned perpendicular to the plane of
the heterointerface (i.e. the orientation distribution of
dipoles has a width, σθ ¼ 0); a striking departure from
the conditions assumed in the Onsager–Braun model.
Hence, the orientation of the PP dipole is no longer
random relative to the applied field, which is also as-
sumed to be normal to the interface plane.
Results of Monte Carlo simulations of the dissoci-

ation (or escape) probability of the electron and
hole show a strong dependence on the asymmetry of
mobilities of the two carriers on opposite sides of the
HJ (see inset, Fig. 4.105b). That is, the volume sampled
by the more mobile carrier is far larger than that of
the less mobile carrier, resulting in a higher opportun-
ity for escape than if both charges have the same
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Figure 4.104 (a) Ionization probability at three different electric fields for a polaron pair in anthracene at T ¼ 300 K. Each contour is separated by a
probability interval of 0.1 (Batt et al., 1969). (b) Ionization probability vs. electric field for an initial starting radius (in nm) shown for each curve. For these
calculations, the total Langevin mobility is μtot = 1 cm2/V s (Braun, 1984).
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mobility, and hence are pinned at the interface where
the recombination probability increases.

The inset in Fig. 4.105b shows the dissociation
probability at a DA HJ as a function of electric field
for several mobility ratios, rμ � 1, where the larger
mobility is in the numerator. This calculation shows
that the dissociation probability substantially in-
creases with electric field, saturating for rμ ¼ 1 at
F > 105 V/cm. This is higher than the bulk dissoci-
ation probability (with randomly oriented dipoles)
of ~ 0.9 at the highest fields (Peumans and Forrest,
2004).

This extension of Onsager–Braun theory to a
Type II excitonic HJ has been tested by measuring
the photocurrent from a 20 nm CuPc/20 nm C60

junction as a function of applied voltage, with re-
sults shown in Fig. 4.105b. The fit by integrating
over the half-space is substantially improved from
that obtained assuming a totally random, bulk
orientation (squares). The photocurrent saturates
at high voltages, consistent with the probabilities
calculated in Fig. 4.104a.

The field dependence of kPPd in Eq. 4.305 suggests
that the reverse current increases with voltage, con-
trary to predictions of the Shockley equation where
the diffusion current is voltage independent. This
voltage dependence is consistent with observation
for excitonic HJs (Potscavage et al., 2008, Li et al.,
2009). Under forward bias, kPPd is similar to or less
than kPPd0. Further, the current density increases
exponentially with an ideality factor n ¼ 1, and the
photocurrent (Eq. 4.304) is directly proportional to
the PP dissociation efficiency that diminishes with
increasing forward bias. Note that while the formu-
lation of Onsager and Braun extended to ionization
at a HJ provides an analytical form for kPPd in
Eq. 4.305, it is unlikely that it is valid at fields � 104

V/cm, as will be discussed in Chapter 7 (Renshaw
et al., 2012).
The central assumption of the preceding analysis is

that the relaxed state polaron pair (or CT exciton) is a
precursor to charge generation. That is, according to
Fig. 4.103, excitons that migrate to the heterointerface
form the PP precursor state that is driven to dissoci-
ation via the energy level offsets, �ELUMO and
�EHOMO. If kPPr ≫ kPPD, the efficiency for dissociation
is less than for recombination, and the excitation is
lost to thermalization.
In Chapter 3 we discussed the dynamics and photo-

physics of CT states in DA complexes, or between
molecules of similar composition (i.e. excimeric
states). In the context of the current analysis, we
must consider whether or not the dissociation of the
CT or PP state bridging a HJ comprising a contact
between otherwise homogeneous donor and acceptor
layers is the precursor to charge generation.
Evidence that such states lead to free charge gener-

ation at CuPc/C60 and SubPc/C60 junctions has been
reported (Giebink et al., 2010a), and the participation
of CT states in a variety of small molecule HJs has
been inferred from comprehensive studies of their
open circuit voltages (Rand et al., 2007). However,
what was lacking in those earlier studies was convin-
cing evidence that the photocurrent predominantly
originates from a relaxed CT versus a hot, charge
separated (CS) state. These competing scenarios for
the generation of charge from an excited donor mol-
ecule (D� ¼ S1 in this example) are illustrated by the
Jablonski diagram in Fig. 4.106. Direct generation to
D� is denoted by GD�. Then D� can decay to the CT
manifold at rate krelax, followed by internal conversion
to CT1. Due to the spatially distributed nature of CT
and CS states, there are no well-defined vibronic
levels. Once the excitation has reached CT1, it can
fluoresce at rate kf, or it can gain energy to reach the
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Figure 4.105 (a) The capture process of an electron and hole in the bulk
and at a donor–acceptor HJ. Here, rth is the thermalization radius. The
dashed circles denote bound electron–hole pairs. (b) Monte Carlo
simulations of the photocurrent from a CuPc/C60 heterojunction (squares)
assuming a thermalization distance for both electrons and holes of rth =
24 Å, an initial polaron pair separation of 8 Å, and T = 300 K. The
electrons and holes are either randomly distributed relative to the HJ (σθ =
π) or are oriented perpendicular to it (σθ = 0). Here, σθ is the width of the
distribution of dipole orientations. The line indicates data. Inset: Simulated
dissociation probability at the HJ vs. electric field for various ratios of
electron-to-hole mobilities rμ (assuming the larger mobility is in the
numerator) (Peumans and Forrest, 2004).
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charge separated state, CS, ultimately generating free
charges. This transition occurs at rate kPPd, which
competes with direct CS formation from D� at rate,
k�CS, and with back transfer from CS to CT at rate krec.
The CT state can be directly excited at rate GCT, pro-
viding a powerful tool for investigating its oscillator
strength and energetics. We show in the following
that direct transitions of D� to CS are unlikely, and
that the most likely route to free charge generation is
via CT1 and subsequently to CS.
Direct transfer from D� to CS at the HJ bears simi-

larities to direct charge generation in the bands of an
inorganic semiconductor, where a photon of energy
ED� results in generation of a free electron polaron
(Bakulin et al., 2012, Grancini et al., 2013). Its direct
excitation requires that the transfer occur without
thermalization into CT, which is unlikely due to the
very short mean free path of charges (equal
approximately to the intermolecular separation), and
the high phonon energies that lead to rapid thermal-
ization in organic semiconductors.
The question is not whether CS states can be pro-

duced directly from exciton dissociation, but whether
these, or CT states are the immediate precursor to
photocurrent generation. The CT states can be directly
accessed by optical pumping at wavelengths longer
than those needed to excite the donor and acceptor
states (i.e. ECT ≃ �EHL < ED*,A*), and then observing
the resulting CT state photoluminescence (Loi et al.,
2007, Liu et al., 2016b). Alternatively, the HJ can be
forward biased, and the quantum efficiency of the
long wavelength electroluminescence from the CT

state can be used to quantitatively determine the
population of these states (Vandewal et al., 2010,
Rivan et al., 2014).
Figure 4.107a shows the dark and photocurrent vs.

voltage characteristics of a MEH-PPV/PC61BM HJ.
Also shown is the photocurrent arising from direct CT
excitation at 1.38 eV, and from direct excitation of the
D� (MEH-PPV) state at 2.48 eV, andA� (PC61BM) at 2.0
eV. The similarities between thefield dependence of the
current generated by direct excitation of the CT state,
D� and A�, and the total photocurrent suggests that all
photocurrent sources have the same origin. In contrast,
no field dependence is expected from an unbound CS
state since it does not undergo Onsager-like ionization.
A quantitative comparison of the measured exter-

nal quantum efficiency (ηext) spectrum for this HJ with
calculations assuming 100% of the photocurrent
arises via an intermediate CT state is shown in
Fig. 4.107b. To determine what fraction of the photo-
generated charge arises from CT dissociation, the CT
state absorption spectrum, A(E) is needed. In thermal
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Figure 4.107 (a) Photo and dark current characteristics of a MEH-PPV/
PC61BM HJ. The photocurrent (red line) is the difference between response
under simulated solar illumination and the dark current (black line).
(b) External quantum efficiency (ηext), absorption (A(E)), and internal
quantum efficiency (ηint) of the HJ in (a). N(E) is the CT photon flux
spectrum (Vandewal et al., 2014).
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equilibrium, A Eð Þ∝N Eð Þ exp E=kBTð Þ=E2, where N(E)
is the flux of photons emitted at energy, E (Vandewal
et al., 2014). The CT emission spectrum shown in
Fig. 4.107b has been measured at low injection to
assure that near-equilibrium conditions exist. The cal-
culated absorption spectrum is given by the solid line.
The ratio between the measured ηext and calculated
A(E) then gives the internal quantum efficiency (ηint),
also shown in Fig. 4.107b (squares). That is, ηint is the
ratio of charges generated to photons absorbed in the
active region, that is, ηint Eð Þ ¼ ηext Eð Þ=A Eð Þ. The lack
of spectral dependence of the ηint spectrum extending
to low energies where only the CT state is excited
(<1.4 eV) is evidence that the CT, otherwise known
as the bound PP state, is the intermediate between
exciton and photocurrent generation. This analysis
has been applied to both polymer as well as small
molecule systems, some with a field-dependent
photocurrent and others without, but all leading to
the same conclusions regarding the pivotal role
played by the CT state (Vandewal et al., 2014).

Another, less model-dependent example of photo-
current generation via CT states is shown in Fig. 4.108
for the small molecular weight HJ consisting of
the donor, DBP, and the acceptor, C70 (Liu et al.,
2016b). Both the electroluminescence and photolumi-
nescence spectra show intense emission from two
clearly distinguishable CT states; the lowest energy
feature (CT1) is identified with electrons confined
in amorphous phases of C70, and the higher energy
(corresponding to lower binding energy) CT2 state
is due to electrons in C70 crystalline domains (see
Section 7.4.3). Both CT states are observed at energies
well below the C70 and DBP singlet emission lines. In
Fig. 4.108 ηint is obtained from the ηext spectrum after
directly measuring the absorption spectrum of the
blended HJ thin films. Since ηint approaches 100% at
energies as low as 1.4 eV, this unambiguously impli-
cates the CT state as the precursor to photogeneration,
even via absorption of photons at the highest energies
measured.

The long wavelength features are associated with
the CT state since it is absent in devices consisting
solely of C70 or DBP. These latter devices exhibit very
low ηext due to the lack of a charge-separating inter-
face. Calculations using time dependent density func-
tional theory were employed to investigate the CT
spectra and to ensure that the origin of the low energy
states are indeed due to charge transfer between the
monomeric species. The charge density distribution of
CT states for several different C70 dimer and trimer
configurations with DBP clusters are shown in
Fig. 4.109a. These calculations show the electron

(purple) and hole (yellow) densities comprising the
CT states span the C70 and DBP molecules, respect-
ively. Including additional C70 molecules into the
complex to form trimers and tetramers leads to mod-
erate electron delocalization and creates several high-
er energy CT states. These calculations consider only a
few of the many possible DBP-C70 molecular config-
urations, with those provided serving as examples.
The energies of the molecular combinations are pro-
vided in Fig. 4.109b. The C70 monomer has a singlet
energy of ES ¼ 2.04 eV, while the DBP monomer has
ES ¼ 2.18 eV. Other high order singlet state energies
are also shown. The singlet energies of the DBP-C70
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Figure 4.108 (a) Photoluminescence (PL) intensity as a function of
energy for HJ blends where the ratio of the acceptor, C70 to the donor,
DBP is varied. Emission from two CT states is identified well below
the A� and D� emission: CT1 is associated with the electron in
amorphous regions of C70, and CT2 is for electrons in crystalline islands
of C70. (b) External (ηext) and internal quantum efficiency (ηint) spectra
at 0 V and �5 V for 10% DBP/90% C70 HJs. Also shown are the ηext
spectra for non-HJ devices consisting of only DBP or C70. singlet features
(Liu et al., 2016b).

Adapted with permission from Liu, X., Ding, K., Panda, A. & Forrest, S. R.
2016b. Charge transfer states in dilute donor-acceptor blend organic
heterojunctions. ACS Nano, 10, 7619. Copyright 2016 by the American
Chemical Society.
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physical dimer, trimer (one DBP-two C70 molecules)
and tetramer (one DBP-three C70 molecules) that lie
below the DBP and C70 monomer states are CT states,
consistent with the spectra in Fig. 4.108. The calcu-
lated oscillator strengths of dimer CT states are in
the range 10�4–10�3, which are 100 to 1000 times
lower than for the monomers, but higher than for
trimer and tetramer CT states.
There is apparently no voltage dependence of ηext

due to CT2, although there is indication that CT1 does
undergo limited field ionization at E< 1.24 eV. Quan-
titative analysis of the field dependence of the ratio of
ηint at E < 1.4V where current originates, from the
more tightly bound CT1 vs. ηint at higher energies,
suggests that CT2 contributes 88% of the total photo-
current, with the remainder due to CT1 (Liu et al.,
2016b).
While these results show a quantitative depend-

ence of the generation of free polarons and the PP
precursor states at the HJ, there remains the question
of how the CT ! CS transition occurs, which can
often require an increase in energy of a few hundred
meV. It is likely that this excess energy is supplied by
energy level bending at the heterointerfaces that seg-
regates the electron and hole in the PP, reducing the
recombination probability as charges migrate away
from the HJ (Peumans and Forrest, 2004). Asymmet-
ries in the electron and hole mobilities in their respect-
ive layers encourages dissociation, further reducing
kPPr, as shown in Fig. 4.105. Morphology also plays an
important role, whereby the electron mobility in ful-
lerene blended HJs is increased with increasing

domain size, thereby promoting the CT ! CS transi-
tion (Bernardo et al., 2014, Liu et al., 2016b).
Returning to Eq. 4.301 and solving for the open-

circuit voltage by setting j ¼ 0 gives

qVOC ¼ �EHL � kBTln
kPPr
kPPd

	 

a0krecNHOMONLUMO

jX

� �
;

ð4:307aÞ

or

qVOC ¼ �EHL � kBTln
kreckPPr

kPPd þ kPPr

	 

qa0NHOMONLUMO

jph

� �
:

ð4:307bÞ
Equation 4.307 predicts that VOC should increase
with decreasing temperature, and with the loga-
rithm of jX (proportional to the illumination inten-
sity) with slope kBT=q. When polaron pairs are
strongly coupled to the ground state, kPPr is large
and VOC decreases, that is, this analysis predicts a
decrease in open circuit voltage with increased PP
recombination. At VOC, the electric field, FHJ, is small
or even reverses direction (i.e. aiding recombination),
such that kPPd takes on its zero-field value,

kPPd FHJ ¼ 0
�  � kPPd ¼ 3

4πa30
krec exp �EB=kBTð Þ. Since

4πa30=3 is the volume occupied by a polaron pair, this
relationship is inserted into Eq. 4.307 to give

qVOC ¼ �EHL � EBð Þ � kBTln
a0kPPrNHOMONLUMO

jXζmax

� �
;

ð4:308Þ
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Figure 4.109 (a) Charge density of the first four CT states of the DBP-C70 dimer (left) and trimer (right) complexes calculated using TD-DFT. The electron
(purple) and the hole (yellow) densities are located on the C70 and DBP molecules, respectively. (b) Calculated singlet energies of different monomer, dimer
(D-1C70), trimer (D-2C70), and tetramer (D-3C70) combinations of DBP and C70. DBP is abbreviated as D (Liu et al., 2016b).

Adapted with permission from Liu, X., Ding, K., Panda, A. & Forrest, S. R. 2016b. Charge transfer states in dilute donor-acceptor blend organic heterojunctions. ACS
Nano, 10, 7619. Copyright 2016 by the American Chemical Society.
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where ζmax is the maximum PP density that is sus-
tained at the interface (i.e. all states are occupied).

At T ¼ 0 or at very high illumination intensities,
ζmax ! NHOMO, NLUMO. Under these conditions, all
available molecular sites are occupied by a polaron
or an exciton. Furthermore, the maximum exciton
current is jX ¼ kPPra0NHOMO; at higher intensities
there are no further HOMO states to excite and the
material becomes transparent. Thus, the argument of
the logarithm in Eq. 4.308 approaches unity, giving
the maximum possible open circuit voltage:

qVmax
OC ¼ �EHL � EB: ð4:309Þ

This expression is a direct result of the foregoing
analysis, and is analogous to expressions previously
suggested from experimental observation, but never
rigorously proven (Rand et al., 2007, Cheyns et al.,
2008, Vandewal et al., 2010).

The linear dependence of Eq. 4.309 for a selection of
small molecular weight HJs listed in Table 4.7 is
shown in Fig. 4.110, which is a plot of Vmax

OC vs. the
difference between the ionization energy of the donor
(IED) and the optical electron affinity of the acceptor
(EAA(opt)). Here, EAA(opt) is the sum of the energy
determined from the long wavelength cut-off of the
exciton absorption spectrum, that is, the optical en-
ergy gap, and the IP. The maximum open circuit
voltage is measured at T ¼ 300 K or at low tempera-
ture (~77 K). It is striking that the best fit to the data is
a straight line with a unity slope and an intercept
of approximately zero. To relate these data to
Eq. 4.309, we note that Rand et al. (2007) postulated
that EAAðoptÞ� ELUMO;A�1

2EBA�1
2EBD�ELUMO;A�EBD.

That is, EAA(opt) is equal to the difference between the
ELUMO,A = EAA, and approximately half the polaron
pair binding energy due to the electron on the acceptor
(EBA), and the other half of the PP energy due to
the hole on the donor (EBD). With this reasonable
approximation, the abscissa in Fig. 4.110 is
IED�EAA optð Þ ¼ ELUMO;A�EHOMO;D�EB¼�EHJ�EB.
Thus, the linear fit directly follows from Eq. 4.309.
A similar linear correspondence between Vmax

OC

and EHOMO,D of a series of polymer donor molecules
combined with PC61BM is shown in Fig. 4.111. In
that study, both EHOMO,D and ELUMO,A were meas-
ured using cyclic voltammetry (CV, see Appendix
C). A linear fit with a unity slope to the data

Table 4.7 Donor and acceptor materials in Fig. 4.110 and their corresponding ionization energies (IE), electron affinities (EA), and optical energy
gaps (Eopt)

Labela Material IE (eV)b EA (eV)c Eopt (eV) Reference

1 CuPc 5.2 3.2 1.7 (Kahn et al., 2003)

2 Pentacene 5.1 3 1.8 (Kahn et al., 2003)

3 NPD 5.5 1.7 3.1 (Kahn et al., 2003)

4 SubPc 5.6 - 2.0 (Mutolo et al., 2006)

5 Ru(acac)3 4.9 - 2.1 (Rand et al., 2005)

A C60 6.2 3.6 1.8 (Benning et al., 1992)

B C70 6.4 4.3 1.7 (Benning et al., 1992)

C PTCBI 6.2 3.6 1.7 (Kahn et al., 2003)

D PTCDA 6.8 4.6 2.2 (Kahn et al., 2003)

a Numbers represent donors, letters represent acceptors.
b Measured via UPS with an error of ± 0.1 eV.
c Measured via IPES with an error of ± 0.5 eV.
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following, qVmax
OC ¼ �EHL � 0:3 eV was found. The

offset energy of 0.3 eV was attributed to losses from
diode non-idealities and internal fields within the
device. Yet, in the context of Eq. 4.309, this offset
again can be attributed to the PP binding energy.
Finally, we note that Eq. 4.309 is the organic analog to

the band-gap limitation of Vmax
OC in inorganic solar cells

established by Shockley and Queisser (1961), of which
we will have more to say in Chapter 7. Indeed, the PP
binding energy, EB, represents a significant source of
energy loss in the photogeneration process. This is read-
ily apparent in Fig. 4.108, where the energies of CT1 and
CT2 are greater than 0.4 eV below the singlet state
energies of the organics comprising the HJ. As we will
show in Section 7.4.3, this is the energy needed to drive
charge separation.Considerable research has, therefore,
been devoted to designing molecules and active region
morphologies that minimize the PP binding energy.
Anexample systemwhere thedriving energy is near-

lyeliminatedandyet there is ahighηext¼66%forcharge
separation, comprises the P3TEAdonor combinedwith
the spiro-fluorene bridged bis-perylenediimide accept-
or, SF-PDI2 (see Section 7.4.3, Yan et al., 2013). The nor-
malized ηext for both the pure donor and the P3TEA:SF-
PDI2 blend are shown in Fig. 4.112, and their electro-
luminescence spectra are shown in the inset. Unlike the
ηext spectra for the fullerene-based devices in Fig. 4.108,
herewe see complete overlapbetween the spectra of the
blend and the pure donor. Furthermore, the CT electro-
luminescence spectrum isonly slightly shifted fromthat
of the pure donor. There is apparently no difference
between the energies of the singlet exciton of the donor
andthePPstate, implying thatEB � 0. Furthermore, the
CT state transfer rate, krelax ¼ 0.3� 1012 s�1, is 10 times
larger than kf,which leads to the high external efficiency
observed.

The high dissociation efficiency is attributed to sev-
eral factors. The large volume occupied by SF-PDI2
results in intramolecular charge delocalization, which
greatly reduces the exciton binding energy (Liu et al.,
2016a). Thus, the transfer between the exciton and CT
state is greatly facilitated, resulting in krelax ≫ kf . The
reduction in exciton binding energy has led to reduc-
tion of the energy losses in OPVs that employ large,
non-fullerene acceptor molecules such as SF-PDI2.
The quantitative relationship between molecular size
and EB is treated in greater detail Chapter 7. Details of
the morphology of the donor–acceptor blend may
also lead to rapid CT dissociation, even for small EB.
Morphology is yet another factor controlled by mo-
lecular size and shape. Finally, disorder within the
domains of the blends may also reduce the CT bind-
ing energies.

4.7.2.3 Current–voltage characteristics in the
presence of traps

The DOS centered at the HOMO and LUMO energies
is broadened by ground state interactions between the
donor and acceptor molecules at the heterointerfaces
(Sreearunothai et al., 2006, Groves et al., 2010). Here,
we extend our calculation of the j-V characteristics to
include an exponential distribution of traps or other
sources of disorder at the heterointerface. Their pres-
ence changes the kinetics of recombination, and intro-
duces a temperature dependent ideality factor n > 1
into the diode equation.
Assuming trapped (nT) and free (n) electron dens-

ities in the acceptor along with the trap distribution of
Eq. 4.140, and using similar relationships for the
trapped hole density, pT, in the donor, then Eq. 4.299
becomes
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j ¼ qa0
kPPr

kPPd þ kPPr

	 


�
krec;n nHJpHJT � kPPd

kPPd0
nHJ0 pHJT0

	 


þkrec;p pHJnHJT � kPPd
kPPd0

pHJ0 nHJT0

	 

8>><
>>:

9>>=
>>;

�qjX kPPd
kPPd þ kPPr

	 

: ð4:310Þ

Hence, krec,n and krec,p are the rate constants due to
recombination at the HJ between a free electron in the
acceptor (nHJ) with a trapped hole in the donor (pHJT),
and vice versa. Referring to our treatment of trap-free
diodes, then,

j ¼ qa0 1� ηPPdð Þ

� krec;nNLUMOHTD exp �αD=kBTð Þ exp qV=kBTð Þ � kPPd
kPPd0

	 
�

þkrec;pNHOMOHTA exp �αA=kBTð Þ exp qV=kBTð Þ � kPPd
kPPd0

	 
�
�jph;

ð4:311Þ
where

αD ¼ �EHL

nD
þmD � 1

mD
δDϕC � δAϕAð Þ ð4:312aÞ

and

αA ¼ �EHL

nA
�mA � 1

mA
δDϕC � δAϕAð Þ: ð4:312bÞ

Here, mD ¼ T0D/T and mA ¼ T0A/T are the trap
distribution exponents similar to Eq. 4.143 with the
characteristic temperatures, TOD and TOA, on the
donor and acceptor sides of the HJ, respectively.
Also, HTD and HTA are the total trap densities on the
donor and acceptor sides of the junction, and the
respective ideality factors, nD and nA are given by

nD ¼ mD

δA mD � 1ð Þ þ 1
ð4:313aÞ

and

nA ¼ mA

δD mA � 1ð Þ þ 1
: ð4:313bÞ

Note that, in a striking difference with conventional
Shockley theory, the ideality factors now have an
implicit temperature dependence since m ~ 1/T.

More compactly, Eq. 4.311 becomes the ideal diode
equation in the presence of traps (Giebink et al., 2010b):

j ¼ j0D exp qV=nDkBTð Þ � kPPd
kPPd0

	 


þj0A expðqV=nAkBTÞ � kPPd
kPPd0

	 

� jph; ð4:314Þ

which simplifies to

j ¼ j0D exp qV=nDkBTð Þ � 1ð Þ
þj0A exp qV=nAkBTð Þ � 1ð Þ � jph ð4:315Þ

when kPPd 
 kPPd,eq under forward bias. Here J0D and
J0A are the dark saturation currents given by the pre-
factors in Eq. 4.311, and jph is the photocurrent defined
in Eq. 4.304.
Thus, in general, the sources of dark current stem

from the recombination of free electrons with trapped
holes, and vice versa. Each pathway produces its own
temperature-dependent ideality factor (nD and nA, re-
spectively) and dark saturation current, both of which
depend on the balance of the voltage drop across the
two contacting layers, as well as their characteristic
trap temperatures.
It is instructive to consider the important case

of a perfectly symmetric device, that is, one with
identical transport properties and injection bar-
riers for electrons and holes. Then Eq. 4.311
simplifies to

j ¼ 2qa0 1� ηPPdð ÞkrecNSHTSexp ��EHL=nSkBTð Þ
� exp qV=nSkBTð Þ � kPPd

kppd0

	 

� qηPPdjX

ð4:316aÞ
or, in our usual form,

j ¼ j0S exp qV=nSkBTð Þ � kPPd
kppd0

	 

� qηPPdjX; ð4:316bÞ

where the saturation current j0S is obtained via com-
parison with Eq. 4.316a, and we have allowed NS ¼
NLUMO = NHOMO, and HTS = HTD = HTA. The symmet-
ric HJ ideality factor is

nS ¼ 2mS

mS þ 1
; ð4:317Þ

where mS has the same definition that relates it to the
characteristic trap temperature, viz. mS ¼ TTS/T and
TTS = TTA = TTD. Comparing Eq. 4.317 to Eq. 4.313
implies that the voltage is now equally divided be-
tween the donor and acceptor sides of the junction.
One approximation made is that the HOMO and
LUMO densities of states are equal. Although this is
reasonable, it would be more precise to allow
Ns ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NLUMONHOMO
p

. Then, solving Eq. 4.316 for
VOC leads to

qVOC ¼ �EHL � nSkBTln
kPPr
kPPd

	 

a0krecN2

S

jX

� �
: ð4:318Þ
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Themaximum open circuit voltage,Vmax
OC , still reduces

to�EHL � EB, since in the limit of high light intensity,
the assumption of nT, pT n,p used for trap limited
transport no longer holds. In this regime all traps are
filled and recombination is no longer trap-limited
such that Eq. 4.318 reverts to Eq. 4.307b.
The symmetric diode can apply to a p–i–n excitonic

homojunction if it too is symmetric, that is, the major-
ity carrier concentrations of both the p- and n-regions
are equal. Then the voltage is dropped equally across
both sides of the junction. However, the barrier to
charge recombination in the p-n junction is EG/nS,
which must be substituted into the expression for
saturation current. Furthermore, recombination oc-
curs across the depleted i-region, introducing a quad-
ratic voltage dependence to the saturation current as
in Eq. 4.286.
A somewhat different expression for the homojunc-

tion current is derived in Section 4.7.1. The primary
discrepancy arises since the model presented here is
based on recombination across the depletion region,
in contrast to tunneling across the junction. Recom-
bination is ultimately a thermally activated process,
although the Gaussian or exponential DOS results in a
temperature dependent ideality factor that counters
the thermal energy in such a way that the product,
nS Tð ÞkBT is approximately temperature independent,
as observed in the devices in Figs. 4.93 and 4.95. Since
both models assume a broad density of transport
states (one whose alignment allows for tunneling,
and the other that factors into the recombination stat-
istics that are reflected in the ideality factor), it is not
entirely surprising that both models predict approxi-
mately the same functional behavior in the j–V–T
characteristics, although the various constants for j0
may differ due to the differing physical models
employed.
Figure 4.113a shows the dark j–V characteristics

calculated using Eq. 4.314 over the temperature
range from 120 K to 296 K for a device using the
parameters typical of organic photovoltaic cells listed
in Table 4.8. The series resistance is Rs ¼ 1 Ω cm2 (in
which case, V in the exponential argument is replaced
by V � jRs) and it is assumed that most of the poten-
tial is dropped across the donor layer (i.e. δA ¼ 0:1;
δD ¼ 0:9), resulting in different ideality factors, nA

and nD, plotted in Fig. 4.113b. Both ideality factors
increase with decreasing temperature due to the cor-
responding increases in mA and mD. Also, nln j0ð Þ is
nonlinear when plotted vs. 1/kBT. This contrasts with
previous analyses based on the Shockley equation
(Rand et al., 2007, Perez et al., 2009), which predicts

a linear relationship for nln j0ð Þ with a slope of
��EHL/2.
In the generalized Shockley equation, increasing

dark current with reverse bias is phenomenologically
accounted for by recombination and generation in the
depletion region, whereas in Fig. 4.113 it is due to the
field dependent dissociation of thermally generated
PPs. The two slopes often observed in semi-log plots
under forward bias (Rand et al., 2007, Potscavage
et al., 2008, Li et al., 2009) result from the two ideality
factors that reflect recombination with trapped car-
riers at each side of the HJ.
The asymmetry in voltage dropped across the

donor and acceptor layers is due to the sheet of
trapped interface charge, which is the primary
cause of the difference in ideality factors. At low
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Figure 4.113 Simulated (a) dark j–V characteristics and (b) ideality
factors (nA, nD) and nln(j0) (where j0 is the saturation current density
normalized to 1 A/cm2) vs. temperature for an excitonic Type II HJ with an
exponential trap distribution in both the donor and acceptor layers.
Parameters used in the simulations are given in Table 4.8 (Giebink et al.,
2010b).

Reprinted with permission from Giebink, N. C., Wiederrecht, G. P.,
Wasielewski, M. R. & Forrest, S. R. 2010b. The Ideal Diode Equation for
Organic Heterojunctions. I. Derivation and Application. Phys. Rev. B, 82,
155305. Copyright 2010 by the American Physical Society
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bias, the current is predominantly mediated by PPs
formed from the recombination of free holes in the
donor with trapped electrons in the acceptor,
such that the current is limited by nD. At higher
bias (0.4 < Va < 0.7), the reverse process dominates,
and the slope is determined by nA. As temperature
decreases, carriers freeze into the trap states in the
tail of the DOS, and recombination becomes further
trap-limited, leading to the increase of both ideality
factors at low temperature. In forward bias V > 0.7 V,
series resistance from contacts and the layer bulk
limits the current.

The excitonic diode theory has been applied to
20 nm CuPc/40 nm C60 and 11 nm SubPc/40 nm
C60 HJs sandwiched between a 10 nm thick BCP
buffer layer beneath an Al cathode, and an ITO
anode. The j-V-T characteristics and fits to Eq. 4.314
are shown in Fig. 4.114a and b. The fits are consider-
ably improved compared to those obtained from the
Shockley equation in Fig. 4.114c and d, particularly at
low temperature. Series resistance (Table 4.8) ac-
counts for the roll-off in j at high forward bias. The
inflection in the slopes at V ~ 0.5–0.7 V results from
the different values of ideality factors, nA and nD.

The ideality factors follow the trends predicted in
Fig. 4.113b, providing additional validation to the
excitonic diode theory (Giebink et al., 2010b). Since
the acceptor layers are identical in both the CuPc and
SubPc devices, nA is also identical for both junctions,
and varies from 4 at low temperature, to 2 at T ¼
300 K. In contrast, the nD for CuPc- and SubPc-based
junctions are larger than nA, and have a more pro-
nounced temperature dependence. Since δD and δA

do not cancel as in the trap-free case, changes in the
potential distribution across the D and A layers with
bias and/or temperature influences the values of the
ideality factors. For example, an increase in the po-
tential dropped across the acceptor with decreasing
temperature leads to a correspondingly greater in-
crease in nA over the same interval. This leads to
ambiguities in uniquely determining δ and nA,D

from fits to the exponential trap distribution model.
Thus, an important feature of the model is the exist-
ence of two ideality factors that increase super-
linearly with decreasing temperature.
We have seen that the trap-free and trap-limited

excitonic diode equations are similar in form to the
Shockley equation, but the interpretation of the fit-
ting parameters (ideality factors, saturation current
densities) is considerably different, reflecting the dif-
ferent excited states and transport dynamics in or-
ganic versus inorganic semiconductors. In inorganic
semiconductors, excitation directly results in un-
bound, free carriers, whereas in organic semicon-
ductors, tightly bound excitons are generated. The
exciton has a low probability of dissociating unless
charge transfer occurs at a DA HJ to separate the
electron and hole to a more loosely bound polaron
pair. Thus, in contrast to inorganic p-n junctions
where current is due to drift diffusion and/or recom-
bination within the depletion region, the current in
organic HJs depends on polaron pair recombination
and dissociation that occur within a small volume
(only a few monolayers at most) at the HJ interface.
In the absence of shunt paths or other junction de-
fects, generation and recombination via interfacial
polaron pairs is the sole source of dark current.
This assumption is reasonable at low bias since PPs
(or their eponymously named CT state) provide the
lowest energy recombination pathway in DA HJs
with Type II (i.e. staggered) HJ energy level offsets.
They are, therefore, the most heavily populated state
at small quasi-Fermi level separations at low voltage
or illumination intensities. Disorder or other defects
complicate the trap-free picture, as the recombin-
ation kinetics depend on the particular trap distribu-
tion chosen. Regardless of the choice, however, the
double exponential form of the j–V relationship
given by Eq. 4.314 is a general result, as it stems
from the two possible recombination pathways of
free electrons with trapped holes at the HJ, and
vice versa.
The fundamental treatment of current in this sec-

tion provides a basis for analyzing the often complex
j–V characteristics of excitonic junctions both as a
function of time (Giebink et al., 2010a) and in steady

Table 4.8 Parameters used in calculating j–V characteristics in
Fig. 4.113

Parameter Value

donor, acceptor thicknesses 40 nm

�EHL 1.2 eV

Vbi 0.5 V

T 0A ¼ T 0D 1000 K

HTA = HTD 1018 cm�3

NHOMO = NLUMO 1021 cm�3

δA 0.1

a0 1.5 nm

kPPr 1 μs�1

εr 3

μn = μp 10�3 cm2/V s

Rs 1 Ω cm2
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state, as described by Eqs. 4.297 and 4.298. More im-
portantly, this analysis provides predictions for
charge generation when used in solar cells and photo-
detectors. These predictions have been directly tested
and confirmed, leading to improved device perform-
ance, as discussed further in Chapter 7.

4.7.3 Organic–inorganic heterojunctions

Intermediate between pure excitonic and inorganic
HJs is the combination of these twomaterials, forming
a hybrid organic/inorganic heterojunction (OI-HJ) at
their point of contact. The first OI-HJs consisted of a
polyacetylene, p-(CH)x, on CdS (Ozaki et al., 1980),
and a PTCDA layer deposited onto a Si surface
(Forrest et al., 1982). The OI-HJs exhibited remarkable
rectifying properties that, prior their discovery, had
not been observed in any organic-based device. Since
then, many promising technologies have employed
OI-HJs as their charge-separating interface, including
OI photodiodes (So and Forrest, 1989) and solar cells
(Li et al., 2011, Brus et al., 2013), dye-sensitized solar
cells (Vlachopoulos et al., 1988, Hagfeldt et al., 2010),
and colloidal quantum dot solar cells and light-
emitting devices (Coe-Sullivan et al., 2003, Sargent,
2012, Wright and Uddin, 2012).
While there have been many examples of devices

that exploit OI-HJs, a comprehensive understanding

of their influence on charge generation, recombin-
ation and extraction has only recently been devel-
oped. Like excitonic HJs, early models have relied
on the properties of inorganic HJs to describe their
j–V characteristics (Forrest et al., 1984a, 1984b). While
those models provide a reasonable phenomenological
description of the observed characteristics, they fail to
provide an accurate physical framework of the dy-
namics of hybrid state formation and dissociation at
the OI-HJ.
More recently, a comprehensive model based on

the injection and generation of charge in the inorganic
semiconductor and Frenkel excitons in the organic
layer that migrate to the interface to form a hybrid
charge transfer exciton (HCTE) has been introduced
(Panda et al., 2014, Renshaw and Forrest, 2014). The
HCTE is analogous to a polaron pair state at an ex-
citonic junction, in that the PP and the HCTE are both
Coulombically bound charge pairs across a heteroin-
terface. Unlike the polaron pair where both charge
species are localized due to disorder, in the HCTE
the charge in the inorganic is spread over several
lattice sites, while the polaron is localized on one or
only a few molecules.
In this section, we derive the j–V characteristics of

OI-HJs both in the presence and absence of interface
traps. The model is developed for the specific example
of an n–P anisotype Type II staggered OI-HJ, but
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Figure 4.114 Measured (data points) and simulated (lines) forward biased dark j–V–T characteristics under forward bias for (a) CuPc/C60 and (b) SubPc/
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equation generalized to include series resistance (Giebink et al., 2010b).

Reprinted with permission from Giebink, N. C., Wiederrecht, G. P., Wasielewski, M. R. & Forrest, S. R. 2010b. The Ideal Diode Equation for Organic Heterojunctions.
I. Derivation and Application. Phys. Rev. B, 82, 155305. Copyright 2010 by the American Physical Society
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is easily generalized to both isotype and Type I
junctions (Renshaw and Forrest, 2014). We use the
convention where the lower case “n” refers to the
majority carrier type of the inorganic semiconductor,
while the upper case “P” refers to the organic layer
whose Fermi energy is below the center of the energy
gap, and hence is closer to the HOMO.

4.7.3.1 Conduction in organic–inorganic
heterojunctions

In Fig. 4.115a depicts an ideal n–P OI-HJ in the ab-
sence of interface defects or traps, analogous to that
for excitonic junctions in Fig. 4.103. Figure 4.115b
shows the interface state energy diagram for the pro-
cesses leading to charge generation. Unlike excitonic
junctions, there is substantial band bending on the
inorganic side of the HJ. Photocarrier generation can
occur via three mechanisms: (i) direct band-to-band
absorption of a photon in the doped inorganic semi-
conductor that results in minority carrier diffusion to
the OI-HJ (Forrest et al., 1984a, So and Forrest, 1989,
Li et al., 2011); (ii) photon absorption in the organic

leading to exciton generation and diffusion to the
junction, with an exciton current of jX (Panda et al.,
2014); or (iii) direct absorption by the HCTE at the OI-
HJ (Haeldermans et al., 2008, Vaynzof et al., 2012,
Panda et al., 2016).
Bound HCTE states have been experimentally de-

tected at ZnO/organic (Vaynzof et al., 2012, Panda
et al., 2016) and CdTe/polymer (Bansal et al., 2013)
interfaces. However, the high dielectric constant and
delocalized nature of carriers in the inorganic semi-
conductor leads to an HCTE binding energy (EB)
much smaller than for polaron pairs at excitonic HJs.
In some cases EB/kBT 
 1 at room temperature, such
that the interface exciton may be unstable, or at best
metastable (i.e. characterized by a very short lifetime
~ picoseconds) at room temperature.
To estimate EB, the HCTE can be thought of as a

hybrid between a Frenkel and Wannier–Mott exciton
bound at the HJ, as illustrated in Fig. 4.116a. The hole
is localized to within ~1 nm of the interface; while the
electron tunnels into the inorganic forming a delocal-
ized negative charge density extending 5–10 nm over
many lattice constants. The charge comprising the ex-
citon rapidly dissociates into an electron on the inor-
ganic semiconductor conduction band that is bound to
the hole polaron localized at the OI-HJ, thereby form-
ing the HCTE. The hybrid quasi-particle is then dis-
sociated by either thermal excitation or by the built-in
junctionfield that forces the electron to drift toward the
bulk, freeing the hole polaron from the interface. The
dynamical properties of the HCTE are also dependent
onwhether the transfer is between energetically reson-
ant or non-resonant states at the two sides of the inter-
face (Agranovich et al., 2011).
The electron spatial distribution of an untrapped, or

free HCTE at the CBP/ZnO interface has been calcu-
lated by solving Schrödinger’s equation with the fol-
lowing Hamiltonian (Panda et al., 2016):

H ¼ � h� 2
2m�r zð Þ∇

2 �
Xk
i¼1

α zð Þq2=k
4πhεriε0jre � rij

� β zð Þq2
16πhεriε0zþ�EOI ð4:319Þ

The first term is the kinetic energy of the electron, the
second is the Coulomb energy due to the hole
screened by the dielectric polarization of CBP, and
the third is the image potential energy from the in-
duced charge at the interface. Here, z is the direction
perpendicular to the interface, and the reduced effect-
ive mass is m�

r
¼ 1=ml þ 1=mOð Þ�1. Also, mI (mO) is

the effective mass of the inorganic (organic) layer,
hεri is the effective dielectric permittivity given by
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Figure 4.115 (a) Equilibrium energy diagram of an anisotype, Type II
n–P OI-HJ. Band bending on the inorganic side of the HJ gives a
depletion region width WI. A uniform field develops across a depleted
organic layer of thickness, d. (b) Processes leading to dark and
photocurrent generation. The rates (k), contact potentials ðϕ0; ϕIÞ and
polaron, ζ, and charge (nHJ, PHJ) concentrations are defined in text
(Renshaw and Forrest, 2014).
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hεri ¼ ðaIεI þ aOεOÞ=ðaI þ aOÞ, where εI (εO) is the di-
electric constant of the inorganic (organic) layer, re is
the position of the electron, and�EOI is the difference
between the ZnO CBM and the CBP LUMO energies.
Also, aI and aO are the extents of the exciton on the
inorganic and organic sides of the HJ, respectively. For
simplicity, the hole distribution on the HOMO of CBP
is replacedwith a summation over k discrete, fractional
point charges at position, ri. For this calculation, it is
adequate to let k ¼ 2, accounting for two half-charges
located at the symmetry points on the two halves of the
CBP molecule. The screening factor for the hole is
αðzÞ ¼ 2εI=ðεI þ εOÞ in ZnO, and α(z) ¼ 1 in CBP, and
β(z) is the image charge factor with βðzÞ ¼ ±ðεI � εOÞ=
ðεI þ εOÞwhere the plus sign is for CBP, and theminus
for ZnO. Results of this calculation are shown in Fig.
4.116b, illustrating the highly asymmetric charge dis-
tribution across the heterointerface.
The Bohr model is used to estimate the radius of the

HCTE as (Agranovich et al., 1998)

hai ¼ aI þ aO ¼ 8πhεrih� 2
m�r q2

; ð4:320Þ

This radius approximately defines the “interaction
volume” over which recombination or dissociation
of the HCTE occurs. It follows that the HCTE binding
energy is:

EB ¼ q2

8πε0hεrihai : ð4:321Þ

Figure 4.117showstheexcitonbindingenergyandchar-
acteristic exciton radius as functions of the effective
dielectric constant for electron effective masses of
m�r ¼ 1m0; 0:2m0, and 0:05m0, which are consistent
with the electron masses for many inorganics (Sze,
1981).

4.7.3.2 Current–voltage characteristics of an
ideal OI-HJ

From the preceding discussion, we conclude that at
room temperature, the HCTE is a generally unstable
precursor to dissociation via the generation of free
charges at the OI-HJ (with densities nHJ, PHJ in the
inorganic and organic layers, respectively). The free
carriers are captured at a rate of krecnHJPHJ to form
HCTEs with a density of ζ and with a characteristic
separation between the electronandpolaron, hai, across
the interface.
Using similar notation and approaches as in

Section 4.7.2, the corresponding rate equations for ζ,
nHJ, and PHJ as functions of time, t, are given by:

dζ
dt
¼ �krðζ� ζ0Þ � kdζþ krecnHJPHJ þ jX

hai ¼ 0; ð4:322Þ

dnHJ

dt
¼ �krecnHJPHJ þ kdζþ je

qhai ¼ 0; ð4:323Þ

dPHJ

dt
¼ �krecnHJPHJ þ kdζþ jh � jI

qhai ¼ 0; ð4:324Þ

where the final equality holds for steady-state condi-
tions. Here, kr and kd are the rates that HCTEs

(a) Inorganic Organic

(b)
ZnO

5 nm1HCTEf

CBP

+–

~5–10 nm ~1 nm

e– P+

Figure 4.116 (a) Conceptualization of a hybrid charge transfer exciton
illustrating its loosely bound, Wannier–Mott character on the inorganic side,
and more tightly bound, Frenkel-like nature on the organic side of the HJ
(Renshaw and Forrest, 2014). (b) Calculated electron density of the singlet,
free 1HCTEf observed at CBP/ZnO OI HJs. The “+” and “�” indicate the
approximate centers of the hole polaron and electron densities. The red
color indicates higher electron density (Panda et al., 2016).

Adapted with permission from Panda, A., Ding, K. & Forrest, S. R. 2016. Free
and trapped charge transfer excitons at a ZnO/small molecule heterojunction.
Phys. Rev. B, 94, 125429. Copyright 2016 by the American Physical Society.
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recombine to the ground state and dissociate into free
carriers, respectively. The thermal generation rate of
an HCTE is krζ0, where ζ0 is its equilibrium density
given by ζ0 ¼ krecnHJ;0PHJ;0=kd0.

Minority carriers photogenerated in the inorganic
must be extracted through the organic layer and
populate PHJ at a rate determined by the photocurrent
density sourced from the inorganic layer, jI. Also, je
and jh are the electron current in the inorganic and the
hole current in the organic, respectively. It is assumed
that the hole density and mobility are greater than the
electron density and mobility in the organic, and
hence jh ¼ j. Continuity demands that ∇·j ¼ 0 every-
where in steady-state. At the interface, this implies
that je þ jI ¼ jh ¼ j: Hence, Eqs. 4.323 and 4.324 are
identical, resulting in lossless coupling between nHJ

and PHJ.
In steady-state, the rate equations near equilibrium

are solved to eliminate ζ, yielding

j ¼ qhaikrecð1� ηdÞ nHJPHJ � kd
kd;eq

nHJ;0PHJ;0

	 

� jph;

ð4:325Þ
where jph ¼ qjXηd � jI is the total photocurrent, which
is the sum of the exciton current generated in the
organic and the direct carrier generation current in the
inorganic. Also, jI < 0 and jX > 0, resulting in jph > 0,
by convention. Here, ηd ¼ kd=ðkd þ krÞ is the HCTE
dissociation efficiency. Equilibrium corresponds to
V ¼ 0 in the absence of illumination.

Recall for excitonic junctions we used Onsager–
Braun theory (Braun, 1984) to determine kPPd (see
Section 4.7.2, Eq. 4.305), where

kd ¼ AOBkrecexp � EB

kBT

	 

J1½2

ffiffiffiffiffiffiffiffiffi�2bp 	ffiffiffiffiffiffiffiffiffi�2bp : ð4:326Þ

This model can also be adapted to describe the field
dependence of the HCTE. The prefactor, AOB

�1, is the
volume of an ion pair of radius, hai, that is,
AOB ¼ 3=4πhai3. In the case where the HCTE is expect-
ed to have a partial Wannier–Mott character, we use
AOB ¼ ðm�kBT=3πh� 2Þ3=2 where m

�
is the effective mass

of the electron in the inorganic semiconductor.
The bimolecular recombination rate for low mobil-

ity solids is diffusion-limited, and therefore follows
Langevin recombination statistics where krec ¼ qhμi=
hεri, with an effective mobility of hμi ¼ μI þ μ0 (cf.
Section 4.5.4). In the case of a highly mobile electron
in the inorganic semiconductor, krec ¼ vthσX, where
vth ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3kBT=m�

p
is the thermal velocity of the electron

and σX ¼ πr2c is its trap capture cross-section. Electric

field screening in the high-dielectric constant inorgan-
ic semiconductor allows for neglect of the effects of
the electrostatic potential on the capture rate.
If j is sufficiently small so that the electron and hole

quasi-Fermi levels (EFn and EFp) are flat throughout
the respective inorganic and organic layers, then the
interface carrier densities are given by

nHJ ¼ Nc exp � qϕI

kBT

	 

exp

qVI

kBT

	 

¼ ncexp

qVI

kBT

	 

ð4:327Þ

and

PHJ ¼ NHOMO exp � qϕ0
kBT

	 

exp

qVO

kBT

	 

¼ Pcexp

qVO

kBT

	 

:

ð4:328Þ

Here, Nc is the effective DOS at the CBM of the inor-
ganic, qϕ0 and qϕI are the injection barriers into
the organic (from the anode) and inorganic (from the
cathode) shown in Fig. 4.115a, and VO and VI are
the applied voltages across the organic and inorganic
layers, respectively. In the case of a thick inorganic
layer where the depletion width does not extend to
the contacts, then qϕI ¼ Ec � EFn in the undepleted
equilibrium region, where Ec is the energy of the
CBM. Now, nc is the electron density at equilibrium
as determined by the ionized dopant density (ND).
Also, Pc is the hole density in the organic at the
anode contact.
Using these definitions and following procedures

analogous to those of Giebink et al. (2010b), we obtain
the ideal OI-HJ diode equation by combining
Eqs. 4.325, 4.327, and 4.328:

j ¼ qhaikrecNHOMONcð1� ηdÞexp �
�EOI

kBT

	 


� exp
qV
kBT

	 

� kd

kd;eq

	 

� jph:

ð4:329Þ
Here �EOI ¼ qVbi þ qϕO þ qϕI as defined in
Fig. 4.115a, and Vbi is the built-in voltage determined
by the inorganic Fermi level and the anode work
function (modified by energy level shifts, such as
those due to interface dipoles). The applied voltage
is related to the voltage dropped across each layer
using: V ¼ VO þ VI þ Vbi.

4.7.3.3 Current–voltage characteristics of an OI-HJ
in the presence of interface traps

As previously, we consider an organic film with an
exponential distribution of trapped interface charge
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with a total trap density, HO, a characteristic trap
temperature, TO, and a trap parameter: mO ¼ TO=T.
For convenience, a similar trap profile near the inor-
ganic CBM is defined by the parametersHI, TI, andmI.
While an exponential might serve as a suitable distri-
bution function for disordered inorganic semiconduct-
ors, crystalline inorganics are typically characterized
by a discreet trap level where the density of trapped
charges is nT ¼ HIexpð�ðEc � EFn � ETÞ=kBTÞ at trap
energy, ET.
Assuming transport is dominated by free rather

than trapped carriers on either side of the junction,
we arrive at

j¼qhaið1� ηdÞ
� krec;nNcHO exp � αO

kBT

	 

exp

qV
nOkBT

	 

� kd

kd0

	 
�

þ krec;PNHOMOHI exp � αI
kBT

	 

exp

qV
nIkBT

	 

� kd

kd0

	 
�
�jph:

ð4:330Þ
Analogous to Eqs. 4.312 and 4.313, we have

αO ¼ �EOI

nO
þmO � 1

mO
qðδOϕI � δIϕOÞ; ð4:331aÞ

αI ¼ �EOI

nI
þmI � 1

mI
qðδIϕO � δOϕIÞ; ð4:331bÞ

and

nO ¼ mO

δIðmO � 1Þ þ 1
; ð4:332aÞ

nI ¼ mI

δOðmI � 1Þ þ 1
: ð4:332bÞ

The latter two expressions are the ideality factors, nO

and nI that arise from recombination at traps on the
organic and inorganic sides of the HJ, respectively.
These factors provide the ratio of the voltage
dropped across the corresponding layers of the de-
vice. Also, krec,n and krec,P are the recombination rates
for a free electron with a trapped hole, and a free
hole with a trapped electron, respectively. Finally,
δO ¼ VO=ðV � VbiÞ and δI ¼ VI=ðV � VbiÞ are the
fractions of the applied voltage dropped across
the respective organic and inorganic layers. Con-
trary to the trap-free case, the voltage distribution
across the layers affects the current even in the near-
equilibrium approximation used here. This is due to
the asymmetry of the electronic properties of the
organic and inorganic layers. For discrete traps in
the inorganic semiconductor, Eqs. 4.331b must be
modified such that αI ¼ ET .

Following the conventions and simplifications in
Section 4.7.2 for the trap-free case, we obtain:

j ¼ qhaikrecNHOMONcexp ��EOI

kBT

	 

exp

qV
kBT

	 

� 1

	 

� jph;

ð4:333Þ

and for an exponential trap distribution,

j¼ qhai krec;nNcHO exp � αO
kBT

	 

exp

qV
nOkBT

	 

� 1

	 
�

þ krec;PNHOMOHI exp � αI
kBT

	 

exp

qV
nIkBT

	 

� 1

	 
�
�jph: ð4:334Þ

These expressions are nearly identical to Eqs. 4.329
and 4.330, although they are independent of HCTE
dissociation dynamics by letting kd=kd0 ! 1. Thus,
they are the limiting case where HCTEs dissociate
with an efficiency ηd ! 1. Note that krecð1� ηdÞ re-
duces to AOBkr in the limit that kd ¼ krec=AOB ≫ kr.
Now, defining the saturation current density:

j0 ¼ qhaikrecNHOMONcexp ��EOI=kBTð Þ ð4:335Þ

then Eq. 4.333 simplifies to the familiar form of the
ideal diode equation, Eq. 4.236. In a similar fashion,
an interface with traps yields the current (cf. Eq. 4.314):

j ¼ jSO exp
qV

nOkBT

	 

� 1

	 
�

þjSI exp
qV

nIkBT

	 

� 1

	 
�
� jph; ð4:336Þ

making the appropriate substitutions for the satur-
ation currents for the organic, jSO, and inorganic, jSI,
semiconductors.
The treatment of the ideal diode relationships lead-

ing to Eqs. 4.333 and 4.334 assumes that the diode is
operating near equilibrium. However, as the current
density increases, the asymmetric voltage distribution
across the organic and inorganic layers can change
dramatically, particularly when there is a high dens-
ity of interface traps. For example, at high forward
voltages, the OI-HJ current is limited by space charge
effects in the organic. In this case, the high current
regime is reached at the voltage where the space
charge current is equal to that of Eq. 4.333. Thus, in
the high current regime, the voltage distribution ratio,
δO/δI, must be calculated using a self-consistent solu-
tion to the drift-diffusion Eq. 4.237:

j ¼ qμPOPF� qDp∇P; ð4:337Þ
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with

∇ � F ¼ qðP� POÞ
εO

: ð4:338Þ

Here, μPO is the hole mobility in the organic, PO is the
background free hole polaron concentration, and Dp

is the hole diffusivity. This system of equations does
not offer an analytical solution, and must be solved
numerically. The interested reader should refer to the
literature for a more comprehensive treatment
(Renshaw and Forrest, 2014).

Equation 4.335 indicates that �EOI determines the
saturation current. There are several means for meas-
uring interface energetics, although all methods are
subject to the effects of traps and Fermi level pinning.
As we showed in Section 4.6.1, the space charge
region width for a uniformly doped semiconductor
that is not fully depleted is given by W Vð Þ ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2εrε0
qND

Vbi � Vð Þ
s

. Since the capacitance per area of

this one-sided junction is C Vð Þ ¼ εrε0
W Vð Þ, then,

1
C2 Vð Þ ¼

2
qNDεrε0

Vbi � Vð Þ: ð4:339Þ

Hence, a measurement of 1/C2 vs. V has a slope
determined by the free carrier concentration, and the
intercept yields the built-in potential from which the
junction energies (e.g. �EOI) can be derived. This
technique for barrier measurement can lead to errors
in the presence of traps, spatial non-uniformities in
ND over the depletion region width, artifacts arising
from fully depleted organic layers (in the case of
Schottky diodes or excitonic HJs), and capacitance
measurement frequency. At low frequencies the emis-
sion of trapped charge can follow the a.c. capacitance
measurement voltage (Sharma et al., 2011). While C–
V measurements of barrier heights can lead to errors
or difficult to interpret results, this is partially offset
by their simplicity.

The interface barrier can also be determined from
the activation energy of the j–V characteristics, ex-
trapolated to V ¼ 0, which yields j0 Tð Þ. Plotting the
logarithm of the saturation current versus 1/T gives a
slope of �EOI=kB for an anisotype n–P or p–N OI-HJ.

For an isotype HJ, the measured barrier is the HJ
offset energy,�EHv. This is the offset measured in p-P
junctions between the organic HOMO and the inor-
ganic VBM energy, and�ELc is the offset measured at
n–N HJs between the organic LUMO and the inor-
ganic CBM energy (see Fig. 4.115). This method has
been applied to measuring the offset energy of isotype

PTCDA/p-Si (p0¼ 3� 1016 cm�3) junctions, as shown
in Fig. 4.118 (So and Forrest, 1988). The slope of the
saturation current data gives the barrier potential,
qϕBp ¼ 0:56±0:02 eV. The valence offset energy is
found by adjusting for the equilibrium positions of
the Fermi levels to the HOMO and VBM, EFp and EFP,
respectively, such that �EHv ¼ qϕBp þ EFP � EFP ¼
0:48 ± 0:02 ev.
The energy offset was independently measured

using internal photoemission, which was previously
shown to be useful for measuring Schottky barrier
energies in Section 4.6.2. Photocurrent spectra ob-
tained by illumination of a PTCDA/p-Si OI-HJ
with a broad spectral source through the thick Si
substrate are shown in Fig. 4.119a. Absorption
through the substrate filters out all wavelengths
<1.1 μm, ensuring only long wavelength light gives
rise to the observed photocurrent. The photocurrent
has a peak at 0.57 eV, falling off steeply at both lower
and higher energies. The spectrum is explained
using the inset diagram. At the low energy edge,
the photocurrent decreases as the photon energy
falls below that of the energy barrier, �EHv

(Fig. 4.119a, inset, process “a”). It reaches a peak
once the photon energy is larger than the barrier
(process “b”), and then decreases once more when
the energy exceeds that of the relatively narrow
width of the PTCDA HOMO (process “c”).
As in Eq. 4.256, internal photoemission data should

follow jph∝ Eph � EHv
� 2 (Fowler, 1931, Haase et al.,

1987). In Fig. 4.119b, the data on the long wavelength
side of the photocurrent spectrum follows the expect-
ed quadratic dependence, thus yielding a valence
energy offset of �EHv ¼ 0:50 ± 0:01 eV. This is
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Figure 4.118 Temperature dependence of the saturation current of a
PTCDA/p-Si OI-HJ taken from an extrapolation to V = 0 where j! j0 in
the forward-biased characteristics. The activation energy obtained from
the slope of the line fit to the data is qϕBp ¼ 0:56 ± 0:02 eV. Inset:
Schematic view of the test device. From So and Forrest (1988).
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consistent with the measurement obtained via the
thermal activation of the saturation current in
Fig. 4.118. As in transport measurements, it is import-
ant to rule out photoemission from unrelated sources
such as defects within the organic layer. In this ex-
periment, an In/PTCDA/ITO photoconductor was
also illuminated, and no photocurrent was observed,
thus ruling out this potential source. However, it
remains uncertain from these data whether the energy
measured is due to the intrinsic nature of the OI-HJ
interface, or whether it is due to Fermi energy pinning
at interface traps. In either case, the barrier measured
is that which controls the transport, and hence can be
used in the analysis of the j–V characteristics of this
OI-HJ.
The OI-HJ open circuit voltage is calculated by

setting j ¼ 0 in the presence of a photocurrent. In the
case of a stable HCTE (i.e. EB > kBT), the derivation of
the open circuit voltage is analogous to that of an
excitonic junction in Section 4.7.2. That is, for the
trap-free case of Eq. 4.333, we obtain

qVOC ¼ �EOI � kBTln
kr

kr þ kd

qhaiNHOMONckrec
jph

	 

:

ð4:340Þ

The treatment for an unstable exciton (EB < kBT) is
nearly identical, yielding

qVOC ¼ �EOI � nOkBTln
kr

kr þ kd

qhaiNHOMONckrec
jph

	 

:

ð4:341Þ

Hence, VOC ultimately depends on the recombination
rate, kr, of the HCTE. The probability for recombin-
ation in OI-HJs, however, is significantly lower than
in fully excitonic junctions. That is, in OI-HJs, the
internal field at the interface rapidly separates charges
following migration to the interface (i.e. kd ≫ kr).
Thus, the maximum open circuit voltage as T! 0 is

qVmax
OC � �EOI � nEB; ð4:342Þ

independent of morphology or other factors that in-
fluence VOC in excitonic junctions.
The foregoing analysis has been applied to several

different OI-HJ systems with both free (Li et al., 2011,
Panda et al., 2014) and trapped (Panda et al., 2016)
HCTEs. Evidence for the generation of HCTEs at
DBP/TiO2 and pentacene/InP interfaces is provided
by their external quantum efficiency spectra in
Fig. 4.120. The devices employed in these experiments
are shown in the insets.
The band gap of TiO2 is 3.3 eV, which exceeds the

energy gap of DBP (2.0 eV); hence the ηext spectrum in
Fig. 4.120a is due solely to absorption in DBP result-
ing in singlet excitons. The excitons subsequently mi-
grate to the OI-HJ where they dissociate into an
electron in TiO2 and a hole in DBP via an intermediate
HCTE. The liberated charges migrate to their respect-
ive electrodes and are collected.
The spectrum precisely replicates that of the DBP

absorption spectrum, hence we conclude that the ηext
is initiated by singlet exciton formation in that layer. It
can be argued that photoconductivity in the DBP
can result in a photocurrent without requiring the
generation of an HCTE. However, ηext of an Au/
DBP/ITO photoconductor was 100 times smaller
than that achieved with the OI-HJ. We note that the
ηext increases with increasing temperature, with an
exponential activation energy of �Ea ¼ 77 ± 10
meV. This is due to the thermally activated exciton
transport via hopping of excitons to the heterointer-
face (Panda et al., 2014).
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Figure 4.119 (a) Photocurrent spectra of a PTCDA/p-Si OI-HJ at
energies much less than the energy gap of PTCDA (2.2 eV) or Si (1.1 eV)
due to emission over the discontinuity at the valence energy edge. Inset:
Processes responsible for the photocurrent. The energy level alignment
assumes that the PTCDA is adventitiously lightly p-type doped. (b) Plot of
the j1=2ph vs. photon energy. The intercept with the abscissa gives
�EHv ¼ 0:50±0:01 eV (So and Forrest, 1988).
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The results for the moderate band gap InP
(1.35 eV)/pentacene (1.8 eV) OI-HJ are shown in
Fig. 4.123b. Here, the absorption spectra of the two
semiconductors overlap. At high temperatures, ab-
sorption by the top pentacene layer results in a de-
crease in ηext. This suggests that excitons generated in
the organic recombine prior to reaching the HJ, and
hence the addition of this layer results in a net loss in
photocurrent. However, as the temperature is re-
duced, the feature inverts, and loss converts to gain.
The temperature at which the pentacene layer be-
comes transparent is approximately T ¼ 200 K. That
is, at sufficiently low temperatures, the excitons can
reach the OI-HJ prior to recombination. There, they
have an opportunity to form an HCTE that is dissoci-
ated into free charge, and thus contributes to jph. This
effect is also thermally activated, with �Ea ¼ 210±40
meV. The opposite temperature dependence of this
sample compared to that of the wide gap TiO2/DBP
junction is attributed to traps at the interface. As

temperature is reduced, the interface traps become
occupied, and no longer serve as recombination cen-
ters for the arriving excitons.
The photocurrent efficiencies for the devices in

Fig. 4.120 of ~10–15% are remarkably high for OI-
HJs, yet they remain comparatively low compared to
excitonic detectors with efficiencies ranging from
30% to 90% (see Chapter 7, and Peumans et al.,
2003). The low ηext has frequently been reported in
OI-HJ detectors and solar cells (O’Regan and
Grätzel, 1991, Olson et al., 2006, Li et al., 2011,
Vaynzof et al., 2012). Unlike optimized excitonic
OPVs that contain either mixed layers (Uchida
et al., 2004) or bulk HJs (Yu et al., 1995) with a very
high DA contact surface area and hence a high ex-
citon dissociation efficiency, an OI-HJ has a planar
junction. The efficiency is therefore limited by the
short diffusion lengths of excitons that must reach
the HJ to dissociate into free carriers. The short LD

necessitates the use of a thin organic layer which
cannot absorb much of the incident radiation.
Finally, trap states at the OI-HJ can lead to a bound

HCTE that has a higher probability for recombination
than dissociation. Indeed, such bound states leading
to significant loss in ηext have been spectroscopically
probed at P3HT or F8TBT on ZnO OI-HJs (Vaynzof
et al., 2012). It was found that approximately 50% of
the excitons that arrived at the ZnO surface formed an
HCTE bound to a surface defect, and were likely to
recombine rather than generate free charge. When
even a monolayer of a “passivating” acceptor,
PCBA, is interposed between either F8TBT or P3HT
and the inorganic, the number of bound excitons
dropped by half, with a concomitant increase in ηext.
The dynamics of trapped HCTEs have been inves-

tigated both theoretically and experimentally in small
molecule CBP/ZnO OI-HJs. A free (i.e. unbound to
traps) singlet 1HCTEf contributes to the ηext reaching a
maximum efficiency of 6%, which is somewhat lower
than observed for DBP/TiO2. The free exciton, whose
electron density distribution is shown in Fig. 4.116,
has a binding energy of only 9 meV. Hence, it is
very short lived and has a low oscillator strength,
resulting in no detectable photoluminescence. How-
ever, under electrical injection, strong electrolumines-
cence is observed from a second, lower energy
trapped 1HCTET state with a relatively high binding
energy of 60–430 meV. The electroluminescence from
1HCTET is attributed to the state bound to defects on
the ZnO surface. Spectroscopic analysis indicates that
the occupied defects leading to this trapped, high
oscillator strength feature are centered approximately
500 meV below the ZnO CBM, with an occupational
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Figure 4.120 (a) External quantum efficiency vs. wavelength and
temperature (in 20 K intervals) for a DBP/TiO2OI-HJ diode shown in the inset.
Also shown is the room temperature absorption spectrum of DBP (DBP abs).
Absorption in theDBP is at lower energies than the band gap of TiO2 (3.3 eV).
(b) As in (a) for a pentacene (PEN)/InP OI-HJ shown in the inset. In this device,
the absorption spectra of the organic and inorganic semiconductors overlap.
Diagonal dashed lines show the extrapolated InP absorption in the absence
of pentacene. Note in both cases the absorption spectral features in the
diodes align with those of the neat films (Panda et al., 2014).
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DOS width of σT ~ 300 meV. The energy level scheme
describing these various states is shown in Fig. 4.121a
(Panda et al., 2016).
The bound state has been modeled by adding the

trap potential,

Vtrap ¼ �Sq2=ð4πεrIεojr� rtrapjÞ; ð4:343Þ
to the electron Hamiltonian in Eq. 4.319 that was used
in calculating the electron distribution in Fig. 4.116.
Here, rtrap is the position of the localized defect from
the electron at r, and S is the trap dielectric screening
factor. The electron density as a function of distance
from the OI-HJ along the diameters of both 1HCTEf
and 1HCTET are shown in Fig. 4.121b. The trapped
state is much smaller and more tightly bound to the
surface than the free state. This accounts for its larger
oscillator strength (and hence high electroluminescence
intensity) than for the free state that exhibits no meas-
urable electroluminescence. It also clearlydemonstrates
that trapping at interface defects can decrease ηext due

to enhanced recombination. Passivation of the interface
to reduce inorganic semiconductor surface defects is
essential to realizing a high detection efficiency.
Initial investigations of OI-HJs were encouraged

by their very asymmetric and reproducible rectify-
ing characteristics when organics were layered onto
a variety of inorganic semiconductors. Particularly
the small molecules PTCDA and NTCDA layered
onto Si, GaAs and In(GaAs)P show nearly ideal
j–V characteristics of a p-n junction made only of
the inorganic semiconductor (Forrest et al., 1982,
1984a, 1985a, 1985b). This was particularly remark-
able since at that time, no organic diodes showing
significant rectification had been reported. It was
initially and incorrectly assumed that the organic
simply formed a Schottky barrier rather than a HJ
barrier with the inorganic material (Forrest et al.,
1982). An example of the extraordinary rectifying
properties of OI-HJs for the two samples in
Fig. 4.120 are illustrated by their bipolar j–V charac-
teristics in Fig. 4.122.
A more detailed examination of the j-V characteris-

tics for the PEN/InP junction is shown in Fig. 4.123.
Fits to Eq. 4.334 (lines) assume that the junction char-
acteristics are influenced by interface traps, as in-
ferred from its optical properties. The fits replicate
all of the details exhibited by the data under both
forward and reverse bias. Similarly high quality fits
are obtained for DBP/TiO2 and CBP/ZnO devices
(Panda et al., 2014, 2016).
The measured valence band–HOMO offset energy

of the PEN/InP OI-HJ inferred from the saturation
current in Eq. 4.335 is �EHv ¼ 0:24±0:04 eV, which
agrees well with UPS measurements. Also, the fits to
the forward-biased characteristics yield an ideality
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Figure 4.121 (a) Energy level diagram for the CBP/ZnO OI-HJ. The
singlet free 1HCTEf has an energy nearly equal to �EOI due to a binding
energy of only 9 meV. The 1HCTET state is bound at interface traps filling
the distribution shown in green with binding energies ranging from 60 to
430 meV and centered ~ 500 meV below the ZnO conduction band
minimum. (b) Probability density of the electron in the trapped and free
HCTEs as a function of distance from the OI-HJ (Panda et al., 2016).

Adapted with permission from Panda, A., Ding, K. & Forrest, S. R. 2016. Free
and trapped charge transfer excitons at a ZnO/small molecule heterojunction.
Phys. Rev. B, 94, 125429. Copyright 2016 by the American Physical Society.
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factor ranging from nO ¼ 1.25 at room temperature
to 1.96 at T ¼ 134 K. We have seen in Section 4.7.2
that this temperature dependence for n is indicative of
a distribution of traps within the organic energy gap.
Furthermore, the thermally activated mobility μðTÞ ¼
μ∞expð�Eμ= kBTÞ with activation energy Eμ= 71 meV
and prefactor μ∞ = 10�5 cm2/V s, is consistent with
independent measurements from SCL transport of the
amorphous pentacene films (Panda et al., 2014).

While the fits validate the diode theory developed
for OI-HJs, we caution that analyses of all diode
equations are inherently parametric. This renders
their interpretation based on the fitting parameters
subject to error, and also can lead to unsupported
speculation. Indeed, the current measured is effectively
an integral of all charge generation, recombination, and
leakage mechanisms (including shunts, contact resist-
ances, surface currents, etc.) present. As such, it is
often difficult or even impossible to isolate funda-
mental from parasitic processes, although we have
seen that varying temperature and voltage give par-
ticularly powerful insights into the various current
sources. Thus, it is essential that as many of the
parameters used to fit a set of j–V data be validated
via independent measurements to provide confi-
dence in their interpretation. Both the optical and
electrical characteristics of the DBP/TiO2 and
PEN/InP samples studied here are consistent with
the conclusions that HCTEs do indeed mediate
photocurrent generation at these junctions.

4.7.4 Universal ideal diode behavior

We have seen that the ideal diode equations for a
variety of junctions, from conventional inorganic p-n

junctions, organic p-n junctions, fully organic (or ex-
citonic) HJs, to hybrid OI-HJ devices all apparently
follow the same universal form:

j ¼ j0 exp qV=nkBTð Þ � f Vð Þð Þ � jph: ð4:344Þ

Here, the saturation current density (j0), the ideality
factor (n), the bias-dependent reverse-bias factor (f(V),
where f(0) ! 1), and the photocurrent (jph) have dif-
ferent functional forms in the various material sys-
tems due to the different physical processes that
govern the junction current. The definition of these
parameters for each materials system for one-sided
junctions (i.e. where current is controlled by only one
of the two contacting materials for simplicity of the
comparison) are listed in Table 4.9.
The universal form of the diode equation originates

with the commonality of the physics at play in all of
these systems. The splitting of quasi-Fermi levels and
Boltzmann statistics govern the free carrier distribu-
tion and result in an exponential current response to
an applied voltage. The non-equilibrium condition
imposed by the applied bias is sustained by a balance
between carrier generation and recombination. The
primary distinguishing feature among these junctions
is the specific physics governing the generation and
recombination processes, which is embodied in the
precise form of the saturation current density, j0.
We note that this commonality of form only exists

when the dominant mechanism for current transport is
recombination. We have shown that for tunneling
dominated transport, the current follows a very differ-
ent, non-thermally activated behavior that depends
exponentially on the energy gap and electric field.
Tunneling and its associated process of Frenkel-Poole
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Figure 4.123 (a) Forward-biased and (b) bipolar j–V characteristics of the PEN/InP OI-HJ device in Fig. 4.120b. Solid lines are fits to the data (symbols) as
a function of temperature (Panda et al., 2014).
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emission over barriers, and impact ionization (Sze,
1981) are mechanisms that can be found under appro-
priate conditions (Loi et al., 2007) for all of these vari-
ous species of junctions. Their presence ultimately
leads to phenomena that must be taken into account
before applying ideal diode theory to a particular junc-
tion. Detailed descriptions of these processes can be
found in texts listed in Further reading.

4.8 Summing up

This chapter concludes Part I, whose purpose has
been to lay out the fundamental principles underpin-
ning the field of organic semiconductors. This chapter
focused on the transport of charge, which is intimate-
ly linked to the physics of molecular excited states
and optical properties discussed in Chapter 3. We
began by considering the most fundamental of all
properties that determines charge transport: the exist-
ence of energy bands. Without bands, there can be no
charge mobility, and without mobility there is no
conductivity. Of course, we learned that the bands
in organic semiconductors are, except in a few un-
usual but important cases, quite narrow (on the
order of a few tens of meV) compared with inorganic
semiconductors where BW >1 eV is common. Narrow
bands and structural disorder play defining
roles in the conductive properties of organics,
clearly distinguishing them from ordered inorganic

semiconductors. Importantly, these features result in
charge mobility and diffusion governed by hopping
through an energetically broad distribution of trans-
port states.
SCL transport in trap-free or trap-dominated solids

is found to be the predominant current conduction
mechanism in homogeneous, amorphous thin films.
Organics can be doped with donors and acceptors
that significantly modify their conductive properties,
although the doping efficiency (i.e. the number of free
charges per impurity molecule or atom) is consider-
ably less than unity since organic solids are electro-
statically rather than chemically bonded.
Charge recombination was found to dominate the

charge transport characteristics of all organics. The
natural outcome of disorder is a high concentration
and energetically broadened density of trap states
within the HOMO–LUMO gap that promotes recom-
bination. While the precise functional form of the
density of traps may be unknown, it is convenient to
use an exponential or Gaussian function since they
lend themselves to closed-form analytical expres-
sions. Indeed, the effective medium, Gaussian dis-
order approximation is found to provide reliable
descriptions of the mobility, and hence it is reasonable
to assume that this functional form can also describe
the distribution of disorder-induced traps.
In the final part of the chapter, we explored trans-

port in systems with junctions. Indeed, all organic

Table 4.9 Comparison of diode equationsa

Equation j0 jph f(V )b n

Inorganic (diffusion) q
D nn i 2

L nN A

jI 1 1

Inorganicc (generation,
recombination)

qn i
τt

K B T
q

2ε
qWND

	 

jI

W
KB T
q

2ε
qWND

	 
 2

Inorganic Schottky
4πqm�k B

2T 2

h 3 jI 1 1–2

Organic Schottky qμnNLUMOFm. expð�qϕB0=k BT Þ jO 1 1–2

Organic HJ (Type II) qa0k rec N HOMO N LUMO ð1� ηP P d Þexp �
�E HL

k BT

	 

qηPPd jX

k PPd

k PPd 0

T A=T
δDðT A=T � 1Þ þ 1

Organic homojunctiond
A Vð Þ 1� ηP P dð Þ· exp � E G

nk BT

	 

qηPPd jX

k PPd

k PPd 0

2T S=T
T S=T þ 1ð Þ

OI-HJ qhaik rec N HOMO N cð1� ηdÞexp ��E O I

k BT

	 

qηd j O þ j I

k d

k d 0

T O=T
δIðT O=T � 1Þ þ 1

a Only one-sided junctions are considered. Definitions of variables given in Sections 4.6 and 4.7. Generalizations of these expressions to more complex
situations (e.g. double sided junctions) are found in the literature on inorganic semiconductor diodes.

b kppd = kppd0 and kd = kd0 at V = 0. W = depletion width on the low-doped side of the junction.
c This considers the simplest case of SRH recombination via a single mid-gap trap level in a symmetric p–n homojunction with N C ¼ NV , ND ¼ NA , and
jV j≫ k BT=q .

d The tunneling based model does not fit the form of Eq. 4.344 which is based only on recombination statistics. A(V) is a voltage dependent constant.
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electronic devices have contacts, and contacts form
junctions. If the contact barrier is large compared to
the thermal energy, then the resulting Schottky junc-
tion is rectifying, and controls injection into the ma-
terial. If the barrier is small, then the contact is Ohmic,
which is desirable for high current applications such
as OLEDs and organic thin film transistors. In all
cases, the contact junction properties are determined
by disorder resulting in interface dipoles and mor-
phological defects that impact the size andmagnitude
of the energy barrier.

There are several other types of junctions that
play an integral role in transport. Homojunctions
consisting of p–n doped regions abutting one an-
other are by far the most fundamental junction in
semiconductors, yet are infrequently reported in or-
ganics due to the difficulty in efficiently and pre-
cisely doping the layers. In contrast, photonic
devices contain HJs consisting of two different or-
ganic semiconductors in contact with each other.
Type I (nested) HJs are found useful for confining
charge in the emission zones in OLEDs, whereas
Type II (staggered) HJs are used for charge separ-
ation in OPVs. Type III (broken junction) HJs can
promote charge injection in transistors and photonic
devices alike.

We presented semi-classical approaches to describe
charge transport across all of these various junction
types. The approaches stem from the ideal diode
equation of Shockley; an insight that now underpins
all modern semiconductor device theory and engin-
eering. Similar considerations lead to descriptions of
transport across organic and OI-HJs, providing an
understanding of the many rich and varied properties
of these important materials systems. The idealized
descriptions can be extended in a straightforward
manner to consider the many variations that occur
in practice. Given the complexities of real junctions
consisting of imperfect materials, these so-called ideal
diode equations can only go so far in describing actual
observations. We continue to caution that although
one has at one’s fingertips an ideal diode equation,
that does not mean that one also has an ideal diode.
Such a device, to my knowledge, has never been
realized.

While the foundations have been laid, the transport
properties of organics represent a topic of immense
depth. A truly comprehensive treatment of transport
in structures with, or even without a junction, is well
beyond the scope of this text. Once again, the inter-
ested reader is referred to Further reading to continue
exploration of this enormously interesting topic.

In spite of our cautions about the effects of mater-
ials imperfections, structural and dynamic disorder,
and possibly high trap density, the relatively simple
theories and analyses described in this an the pre-
ceding chapters in Part I provide a remarkably ac-
curate description of the properties of organic
semiconductors. While continuously evolving with
each new material, measurement and device, this
framework has led to advances in optoelectronic
applications in recent years that are generating new
industries and revolutionary changes in our under-
standing of what organic semiconductors can
achieve. These technological advances are the topic
of Part II.
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Problems

1. The band structure of organic molecules can be
approximated using the tight binding approximation.
(a) Why is this approximation valid in both polymers and

small molecules?
(b) Assume that the molecules are arranged in a body-

centered cubic lattice with lattice constant, a. Give
expressions for the bandwidth, velocity, and effective
mass of the solid along the (100) and (111) directions.
Plot these functions in the first Brillouin zone.

(c) Write an expression for the effective mass and velocity
at the zone center.
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2. In tight binding theory, one assumption is that the
wavefunction is small when the potential perturbation
from nearest neighbors is large. In Fig. 4.3 we illustrated
such a potential, described by the following function:

UðrÞ ¼ �U0
sin2ðπR=aÞ
ðR=aÞ2

where R is the lattice translation vector for a simple cubic
lattice with side a.
(a) Calculate the tight binding parameters α, β, and J

assuming that the molecular wavefunction, ϕ rð Þ is
described by a hydrogenic s-state. Hint: Expand U(r)
to second order.

(b) Using results in (a), calculate BW and the electron
effective mass along the (100) direction.

(c) Plot the dispersion relationship, E(k(100)).
3. Assume that the electronic states in an organic film are

well described by Gaussian disorder with a width, σGDM.
(a) Show that the mean thermal equilibrium energy of the

distribution is hE∞i ¼ �σ
2
GDM

kBT
hε∞i ¼ � σ2

kBT
.

(b) Assume that a measurement of mobility proceeds by
injecting electrons into a thin film slab of length L,
thickness, d and then measuring the current at the
opposite electrode. Write a suitable expression for
mobility in the low temperature, low field regime
from time of flight data.

(c) Based on the drift-diffusion model in the low field,
low temperature regime, calculate an approximate
expression for, and plot the shape of the current
pulse at the opposite electrode.

4. In Fig. P4.4 is shown the reaction coordinates for
parabolic potentials for the reactants (VR(Q)) and
products (VP(Q)). If �G0 is the Gibbs Free Energy of
reaction corresponding to the difference between the
uncharged and ionized state,
(a) Show that the activation energy barrier for charge

transfer from the reactant (i.e. donor) to the product
(acceptor) molecule is given by:

�G� ¼ λ

4
1þ�G0

λ

� �2

where λ is the reorganization energy for the transfer.
(b) The diagram is shown for one case of normal Marcus

transfer corresponding to –�G0 < λ. Replot these
parabolas for the cases of ��G0 < 0; ��G0 = λ; and
for the Marcus inverted region where ��G0 > λ.

(c) If we assume that the rate of electron transfer is given
by kET ¼ A λkBTð Þ�1=2exp ��G�=kBTð Þ, plot kET vs.
�G� and find the value of �G0 leading to a
maximum transfer rate. Plot kET/A vs. �G0 for a
given value of λ and Τ from below to above the
maximum, clearly labeling the regions of normal and
inverted electron transfer.

5. Measuring the energetics of organics and their contacts
is key to understanding transport. The most common
means for measuring ionization potentials and electron
affinities is ultraviolet photoelectron spectroscopy
(UPS) and inverse photoelectron spectroscopy (IPES,
see Appendix C). The spectra of an organic
semiconductor with progressively thicker layers of Au
on its surface are shown in Fig. P4.5. To gather the UPS
spectra, the He I emission line (21.22 eV) was used as the
photon source.
(a) On the spectra, label all the relevant transitions

needed to determine the energetic properties of a
semiconductor (the vacuum level, VL or EVAC, the
LUMO (ELUMO) and HOMO (EHOMO) energies, the
deeper energy levels away from the frontier
orbitals that can be observed, the energy gap, EG,
and the Fermi energy, EF), and discuss how these
energies are determined.

(b) In the data in the figure, the UPS data are shown in
varying levels of detail and at different energies.
Clearly identify the all energies discussed in (a) on
the diagrams. The lower black lines in (a) and (b) are
the bare organic semiconductor surface, and all other
lines correspond to progressively thicker layers of Au.

(c) From the data in Fig. P4.5, draw the energy level
bending as Au thickness increases, and the organic
equilibrium energy level diagram for the VL, ELUMO,
and EHOMO as functions of Au coverage.

6. The space charge limited current in the presence of a
Gaussian trap distribution assumes the trap distribution
follows:

hT Eð Þ ¼ HTffiffiffiffiffi
2π
p

σT
exp � E� ETmð Þ2=2σ2T

h i
where HT is the total density of traps, ETm is the mean
trap energy, and σT is the width.

(a) Show the the trapped charge density is given by: pT ¼

HG
T

p
NHOMO

	 
1=m

where HG
T ¼

HT

2gp

	 

exp ETm=mkBTð Þ

and m ¼ 1þ 2πσ2T=16k
2
BT

2
� 1=2. Here, gp is the

degeneracy of the trap states.
(b) Show that the current voltage relationship is given by:

jSCL ¼ qμpNHOMO
2mþ 1
mþ 1

	 
mþ1 m
mþ 1

εrε0
qHG

T

	 
m Vmþ1

d2mþ1
:

G
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λ

Figure P4.4 Marcus reaction manifolds.
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(c) Calculate the cross-over voltage, VX, where SCL
current equals to the Ohmic current.

(d) Plot the j–V characteristics as a function of temperature
and trap density by assumingm¼ 5 ETM¼ σT = 10 kBT
andHT¼ 4� 1019 cm�3 at T¼ 100K, 200 K, and 300 K.
There is one state per molecule with a density of 5 g/
cm3 and an atomic weight of 550 g/M, the dielectric
constant is εr ¼ 3, μp = 0.1 cm2/V s, and the sample
thickness is d ¼ 100 nm.

7. In Fig. P4.7 we show the current–voltage–temperature
(I–V–T) characteristics of an organic sample that is 9.3
μm thick, and has an area of 1 cm2. From these data, and
assuming that m�n ¼ m�p ¼ m0, the mass of the electron,
and the density of states, NHOMO ¼ NLUMO, determine
the following:
(a) The physical origins of the currents at low and highV.
(b) Since this is a hole conducting material, what is the

hole mobility, μp?
(c) Plot the conductivity (σ) as a function of temperature.
(d) Calculate the energy gap and NHOMO of this material.

Any guesses as to what the material is? (Hint: it is a
common, small molecule organic semiconductor.)

(e) What is the trap density and energy depth assuming
an exponential trap distribution?

8. Figure P4.8 shows data taken from the j–V characteristics
and by charge extraction by linearly increasing voltage
(CELIV) for two regioisomeric donors, A and B. Both
CELIV and the j–V characteristics provide hole mobility
measurement of two donors, A and B. The device
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structure is: ITO/ donor (40 nm)/MgF2 (15 nm)/Al. The
ITO contact is Ohmic and hole injecting. For CELIV, a
waveform generator shaped triangular voltage pulse
increases by 2 V in 200 μs. The transient current is
shown in Fig. P4.8a and b for these two materials at two
different voltages that were negatively pulsed at Veff prior
to the triangular pulse.
(a) What is the mobility extracted from the current

transients shown in Fig. P4.8a and b? Why is there
no signal at Veff ¼ �4 V?

(b) From the data in Fig. P4.8c calculate the hole mobility,
and the background free hole concentration for both
donors A and B.

(c) Estimate the errors in both measurements from the
data presented. Can you explain why there are
differences in mobilities measured by CELIV and the
j–V characteristics, and are they significant?

9. The j–V characteristics for Schottky barrier diodes have a
saturation current given by j0 ¼ A�T2exp �qϕBn=kBTð Þ.
(a) Calculate the effective Richardson constant, A

�
, by

assuming a Gaussian distribution of LUMO states
whose center energy is at ELUMO, and whose width
is σ.

(b) Calculate the ratio of the constant obtained for A
�
to

that used for conventional semiconductors. Is there a
way to distinguish if the Schottky barrier diode
employs an organic or an inorganic semiconductor
based on this result?

10. In calculating the tunneling current in Schottky/organic
diodes, we made several claims and assumptions. We
need to clarify those assumptions.
(a) The total current is equal to the difference of the

current from the metal to the semiconductor (jm!s)
and from the semiconductor to the metal (js!m), that
is, jtun ¼ jm!s � js!m. Show that the tunneling current
can be expressed as:

jtun ¼ qm�

2π2h� 3
ðEmax

Emin

T Exð ÞdEx

ð∞
0

ð∞
0

fm Eð Þ � fs Eð Þð ÞdEr;

where T(Ex) is the tunneling probability of an
electron with energy Ex > ELUMO, Emetal through the

energy barrier along x̂, and the Fermi–Dirac functions
are given for themetal and the organic semiconductor
by fm(E) and fs(E), respectively. Here, ELUMO, Emetal

are the energies of the organic LUMO and the metal
work function, respectively.

(b) Show that by assuming fm(E) =1 for E < EFm, and
fm(E) ¼ 0 for E > EFm, then:

jtun ¼ qm�

2π2h� 3
ðEFn

�∞
T Exð Þ EFm � EFnð ÞdEx:

0
@

þ
ðEFm

EFn

T Exð Þ EFm � Exð ÞdEx

1
CA:

Show that the first integral vanishes when the electron
energy is Ex < EFn, the Fermi energy of the n-type
organic semiconductor. This is known as the Tsu–
Esaki model.

11. An equilateral trapezoidal Schottky barrier with top
width, d, and base width, W, is shown in Fig. P4.11.
(a) For an electron of mass m� in an electric field, F,

calculate the tunneling probability using the WKB
approximation or other approach.

(b) Calculate the tunneling current for the trapezoidal
barrier and plot the current vs. applied voltage, V
over 4 decades in jtun for d=W ¼ 0, 0.5, 1.0. Compare
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this to tunneling over a triangular barrier of similar
barrier height and width, W.

12. The data in Fig. P4.12 are for a homojunction Zn
phthalocyanine p–i–n diode and a Schottky metal
(M)–i–n diode.
(a) From the reverse bias 1/C2-V data, obtain the donor

concentrations and the built-in voltage of both
devices.

(b) Using the built-in voltage from (a), fit the forward
bias characteristics of the p–i–n diode to the organic
homojunction diode equation 4.290. Assume the
device is symmetric (a good assumption in this
case), and a normalized Gaussian disorder width of
σ̂ ¼ 4.

(c) Now assuming a recombination model for the p-i-
n diode, plot the trap temperature exponent, m vs.
1/T. What is your physical interpretation of the
result?

(d) From the voltage and temperature dependence of
the reverse biased p-i-n, j–V characteristics, can you
determine the source of the leakage from the
following possibilities: generation-recombination
from traps (either discrete or a distribution),
parasitic junction shunt resistance, series resistance,
tunneling, or other source? Justify your answer via
analysis of the data.
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CHAPTER 5

Materials purity, growth, and patterning

“Nature uses only the longest threads to weave her patterns, so that each small piece of her fabric
reveals the organization of the entire tapestry.”

Richard P. Feynman, Physicist

In Part I, Foundations, we discussed the characteristics of organic semiconductors that determine their
structural, optical and electrical properties. We found that almost all differences between organic and
inorganic semiconductors arise from their cohesive forces: soft van der Waals bonds dominate in organics,
whereas in inorganics, covalent bonds, sometimes with an admixture of ionic bonding, result in compara-
tively rigid and brittle materials. In Chapter 2, we showed that van der Waals bonds allow for growth of self-
assembled crystalline and nanocrystalline structures on virtually any flat substrate. The resulting films, whose
morphologies can range from crystalline to highly disordered form the basis for many practical devices,
ranging from light emitting diodes to solar cells.
In this first chapter of Part II, Applications, we examine the important role that materials purity plays in

determining materials and device properties, and describe several methods used to achieve the highest
possible purity. This is followed by a discussion of bulk crystal growth. We note that bulk crystals are not
of great interest for device applications, yet they are highly useful for understanding the fundamental optical
and electrical characteristics of organic materials. This section relies heavily on the insights gained in
Chapter 2 on the bonding forces governing film morphology. The control of both materials purity and film
structure can be achieved only if they can be quantitatively evaluated.
Next, we discuss how thin films are deposited, often with monolayer precision, by both vapor and solution

phase processes. Integral to achieving the desired film thickness is to also achieve the needed film morph-
ology. This is necessarily varied from single crystalline films, to those with nanocrystalline domains, and to
amorphous structures. Further, many devices require precisely controlled blend morphologies comprising
two or more constituents. We will discuss many of the growth and post-growth processes used in Sections 5.4
and 5.5. In Section 5.6, we introduce the practical and important topics of patterning of organic films and
contacts with nanoscale feature resolution necessary for modern electronic devices. Electronic devices gen-
erally require several sequential heterogeneous materials deposition steps that are registered to underlying
layers. Patterning of conventional inorganic semiconductor circuits is a highly complex, costly, and sophis-
ticated process that demands the registry of nanometer-scale features from one layer to the next. It is enabled
by a photolithographic sequence of addition and removal of materials of widely varying physical and
chemical properties. It is not uncommon for a circuit to require 20–50 such precise layering steps in a well-
defined sequence to create the end product. Such complexity, however, is well beyond the capabilities of
modern organic electronics and may, in fact, not even be desirable. The attraction of organic electronics is its
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5.1 The organic semiconductor difference

In Part I, we discussed the foundational principles
and properties of organic semiconductors; it was ba-
sically about the “how” in how things work. Part II,
then is all about the “what.” What do we do with
these materials? Can we use their unique physical,
electronic and optical properties to create things that
can make a difference in our everyday lives, or that
can even possibly change the very way we live and
interact with the technological world? But before we
can address these applications that span the gamut
from displays and lighting, to solar cells and many
other optical and electronic applications, we first need
to understand how to make things with organic ma-
terials. So, this chapter is all about making things and
should give a firm foundation on how to build so-
phisticated, reliable and high performance devices
out of electronic-grade materials deposited in precise-
ly controlled layers.
The ability to synthesize, purify, process, and fab-

ricate high performance organic devices has benefit-
ted from over 60 years of research and technology
development. Yet, achieving high materials quality,
and the ability to fabricate complex devices
sometimes requiring processes that can produce
nanometer scale features, is still not nearly as straight-
forward as it is for conventional semiconductors. The
principal difference lies in the relative “softness” of

o-
r-
g-
a-
ni-
c

materials: they tend to readily degrade when exposed
to many solvents or the ambient, they can be easily
damaged by handling, and they are difficult to purify.
As in all electronic devices, the starting materials for
organic semiconductors must be highly pure to be
useful, yet as we will see, this remains a daunting
task, and results to date in achieving very high pu-
rities have been mixed.
Given the range of materials processing techniques

that have been developed, and the extraordinary cre-
ativity shown by the engineering communities in
their development, a full description of all of the
possibilities is impractical. Here, we only provide a
sampling of the most important (although in all cases
not necessarily the best) methods used. Even so, the
discussion in this chapter illustrates many challenges
and degrees of freedom in materials deposition and
structural control afforded by organic semiconduct-
ors. The end product of any electronic application is a
tapestry, woven from many threads that together
create a whole that is unquestionably greater than
the sum of its parts. So, too, does this chapter attempt
to weave together the threads that form a high per-
formance organic electronic device.
Before we go further, it is useful to remind our-

selves of that which makes organic electronics unique.
It is these properties that serve as a guide when we
consider the efficacy of a particular growth, pattern-
ing or manufacturing method. In Chapter 1, we noted

ability to provide relatively large devices (e.g. displays, lighting, solar cells, biosensors, etc.) at extremely low
cost. Hence a large variety of patterningmethods have been adapted to the needs specific to organic materials.
This leads to a discussion of manufacturing methods by continuous roll processing, ending with consider-

ation of device packaging to prevent performance degradation due to environmental exposure. One way to
view organic electronic device manufacturing is as an exercise in “making small things big.”How do we take
the quantum properties of molecules, create films and morphologies at the nano- and microscales, then
develop individual devices at the micron to millimeter scales, and to finally realize 77” televisions, large room
lighting fixtures, or solar cells that cover entire roof tops? It is these last topics that clearly delineate the
“worlds” of organic and inorganic devices. As mentioned in Chapter 1, the ability to print organic devices in
batches or even on continuous rolls of lightweight and flexible substrates creates distinct opportunities to
generate entirely new classes of applications that conventional semiconductors are unable to address.
However, their fragility, and the absence of chemical bonds between molecules also makes organics vulner-
able to attack by moisture, oxygen and other environmental contaminants. Hence, a discussion of materials
growth and purity would be incomplete without also considering means for protecting the as-grown
materials from degradation through environmental exposure.
We intentionally omit a discussion of materials synthesis and chemical structure in this volume. While it is

understood that the enormous control of property and structure unique to organic materials arises from the
ability to synthesize a staggering variety of complex molecules, we cannot do this field justice by including a
necessarily brief overview of the topic. Interested readers will find ample discussion of these topics elsewhere.
Here, we will only refer to a small subset of molecules that provide illustrative models for the growth and
applications that are currently the most widespread.
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that organic electronics are useful when the applica-
tion demands a large area, low cost, lightweight, con-
formable or flexible form factor. Furthermore, the
most interesting applications for organics are often
those that have a photonic property, such as light
emitters or detectors. In these cases, at least one
surface of the device must be transparent to the
wavelength band in which it operates. This broad
application space, and the weak bonds of organic
thin films, requires fabrication processes near room
temperature. So too, organics are vulnerable to expos-
ure to liquids and other processing agents commonly
employed in electronic device processing. Taken to-
gether, these constraints limit the types of processes
that are suitable for the fabrication of thin film organic
devices. Nevertheless, techniques have been adapted
to overcome many of the apparent limitations set by
the varied substrates and materials employed.
Throughout the following discussion, we need to
keep these constraints in mind to focus our attention
on methods most likely to lead to high performance
devices.

5.2 Effects of impurities on
materials properties

A fundamental property of all high performance
electronic devices that exhibit a long operational
lifetime and can be produced at high yield, is that
the materials of which they are comprised are of
high purity. To access their intrinsic properties, the
materials must be as free as possible from extrinsic
defects that result from the unintentional incorpor-
ation of foreign species. As in real estate where
value is claimed to be all about “location, location,
location,” in electronics it is all about “purity, pur-
ity, purity.” Unfortunately, the literature on organic
materials and devices is replete with studies that
report what are assumed to be intrinsic materials
characteristics, but are instead features of contam-
inants adventitiously included during growth or
processing. Hence, considerable care must be taken
to remove impurities from the source materials if
reproducible, stable and comprehensible character-
istics are to be achieved.

The different cohesive forces binding inorganic and
organic semiconductors lead to different outcomes in
their properties in the presence of impurities. As we
have seen in Part I, a high concentration of impurities,
or defect density leads to significant variations in the
conductivities and optical properties compared to
pristine material. Furthermore, the operational stabil-
ity of devices comprised of materials unintentionally

doped with impurities can be adversely affected. That
is, the various device performance characteristics can
change over time, depending on the concentration,
reactivity, diffusivity and other properties of the
contaminants.
As discussed in Chapter 4, impurities that take the

place of a lattice atom in a covalently bonded mater-
ial can either give up an extra electron to the lattice
(if it has one more outer shell electron than the lattice
atom itself). Alternatively, if it has one fewer valence
electron, it can accept an electron and become nega-
tively charged. In the first case, the impurity is
known as an electron donor, and in the second it is
an electron acceptor. These types of impurities are
known as substitutional dopants. Substitution can re-
sult in an increase in the conductivity of covalently
bound semiconductors (e.g. Si or Ge) by as much as
109 from its intrinsic value at room temperature. As a
result, controlled doping is a common strategy for
modifying the conductivity in almost all semiconduct-
or devices.
The introduction of extrinsic impurities can create

lattice strain: that is the “fit” of an impurity atom into
a lattice is never perfect. Hence, the lattice must local-
ly conform to the size and valence electron distribu-
tion of the impurity. This creates an additional energy
associated with the defect that influences the conduct-
ivity of the host material.
Another type of impurity is that which is located at

unoccupied lattice sites; these are called interstitial
dopants. Like substitutional dopants, interstitials can
also lead to significant changes in the lattice conduct-
ivity even though they do not share a bond with the
lattice atoms. Under the right circumstances, alkali
atoms and the halogens with their partially filled
outer valences can serve as electron donors or accept-
ors, respectively. Interstitial defects are more difficult
to control than substitutional impurities, making the
latter more desirable for doping.
A third and final type of defect is the vacancy, where

an atom is missing from a particular position in the
lattice. In Si, this results in four unfulfilled, or dangling
bonds from the atoms neighboring the vacant site,
thereby potentially donating as many as four electrons
to the conduction band of the semiconductor. Unlike
impurities which, in principle (but never in practice),
can be completely eliminated, the density of lattice
vacancies is determined by thermodynamics, and
hence can never be avoided. If the enthalpy of forma-
tion of a vacancy is�Hvac, then the density of vacancies
in the solid is

Nvac ¼ N expð��Hvac=RTÞ; ð5:1Þ
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whereN is the total number of lattice sites, andR is the
universal gas constant. An associated site is the self-
interstitial where an extra lattice atom locates in a re-
gion between filled lattice sites. The probability of for-
mation of a self-interstitial is also given by Eq. 5.1,
although the energy of formation is far higher than
for a vacancy, since squeezing an extra atom into the
lattice is accompanied by significant local lattice
distortion.
Unlike inorganic semiconductors, impurities in

most organic materials do not share valences within
the lattice since there are no bonds to make or break
in these electrostatically bonded materials. The de-
fects, therefore, typically occupy interstitial sites
where charges remain tightly bound to the impurity
itself. Nevertheless, if the impurity species is readily
ionized (e.g. alkalis such as Na+ and Li+, or halogens
Cl� and F�), the interstitial defects can also contrib-
ute free charge and hence, unintentionally lead to a
dramatic change in conductivity. One common
example impurity is the oxygen molecule, which
readily accepts electrons to form an O�2 complex
with the copper atom in CuPc, increasing the back-
ground density of holes (Simon and André, 1985).
Also, depending on the position of their frontier
orbitals relative to that of the host lattice, larger
molecular impurities can also contribute charges to
the host. For example, in Section 4.4.1 we showed
that F4TCNQ is an acceptor in such hosts as ZnPc
(Maennig et al., 2001). That is, introduction of impur-
ities can result in the reduction or oxidation of the
host species, thereby contributing free charge. This
strategy has been used to modify the conductivity of
a wide range of organic materials.
As noted above, impurities in organic thin films

can disrupt the crystalline order in molecular sol-
ids. That is, the foreign species can intercalate into
the lattice, creating a stacking fault or dislocation.
The resulting disorder results in a reduced charge
mobility, where the carriers are forced to surmount
energy barriers formed at grain boundaries be-
tween individual crystallites comprising the solid
(Forrest et al., 1984). The size of the impurity spe-
cies determines the significance of the defect that
results: individual atomic or ionic impurities may
not be sufficiently large to induce stacking faults
due to the large gaps between neighboring mol-
ecules, whereas molecular impurities or molecular
fractions left over from synthesis or that result
from decomposition during processing are more
likely to disrupt the lattice.
The presence of impurities also can have a dramatic

impact on the luminescent properties of materials.

Intentionally doping a conductive host material with
luminescent impurity molecules is a well-established
means for obtaining high efficiency light emission
in OLEDs (Tang et al., 1989, Baldo et al., 1998b).
However, unintentional incorporation of molecular
species at even trace levels can lead to luminescence
quenching due to exciton trapping and non-radiative
recombination, parasitic luminescence at undesired
wavelengths, and even a reduction in device oper-
ational lifetime and stability. A dramatic example
that illustrates the sensitivity of the luminescent prop-
erties to impurities is illustrated in Fig. 5.1. The emis-
sion zones of two OLEDs containing a 20 nm thick
CBP host are doped with only a 0.2 Å layer of a highly
emissive phosphor. One is doped with the green emit-
ting Ir(ppy)3, and the other with the commercial red-
emitting dopant, RD-15 (Universal Display, Inc.,
Ewing, NJ, USA). Emission from both structures is
easily detectable, although that of the lower energy
red emitting phosphor is 3–4 times higher than for the
green. It is striking that the red dopant concentration
constitutes only 10�4 of that of the host. The instru-
mental resolution of this experiment indicates that the
red emission is observable at a thickness of 1/500 of a
monolayer, or a concentration equivalent to only one
part in 106.
Impurity quenching of excitons has also been ob-

served in organic photovoltaics. The primary mech-
anism for photocurrent generation in organics is via
the dissociation of optically generated excitons that
diffuse to an interface between two dissimilar mater-
ials (see Chapter 7). The presence of impurities has
been directly linked to a decrease in the exciton diffu-
sion length in CuPc-based organic photovoltaics,
thereby preventing their migration to the interface,

Red
Green

460 500 540 580
λ (nm)

620 660 700

EL
 In

te
ns

ity
 (N

or
m

.)

Figure 5.1 Electroluminescence spectra from organic light emitting
devices (OLED) whose emission layers contain either a 0.2 Å thick layer of
a green or red phosphorescent dopant in a large energy gap host layer.
While the green doped device intensity is only ~25% of the red device, the
instrumental detection limit of the red emission corresponds to only 1/500
of a monolayer of dopant. After McGraw and Forrest (2013).
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and hence reducing their power conversion efficien-
cies (Salzman et al., 2005).

While there have been relatively few detailed
quantitative studies, it is clear that the reliability of
almost all electronic devices depends critically on the
purity of the materials used in their manufacture.
For example, the efficiency of polymer solar cells
degrades rapidly over time due to contamination
by low molecular weight species, unreacted mono-
mers that comprise the polymer chains, or reaction
byproducts that are not completely removed follow-
ing synthesis (Mateker et al., 2013). These species
react with the host polymer to form exciton quench-
ing sites, similar to the effects of extrinsic contamin-
ants in CuPc-based cells. Reaction products that
emerge during device operation, such as polymer-
ization of C60 in fullerene-based organic solar cells
have been implicated in a long term decrease in solar
cell performance (Wang et al., 2014). Similar molecu-
lar dissociation effects are also known to negatively
impact the luminescence efficiency of organic light
emitting devices over time via the production of
exciton quenching sites (Giebink et al., 2008, Jeong
et al., 2019).

Whether the defects are induced during device
operation, catalyzed by the presence of extrinsic con-
taminants, or are an intrinsic materials property,
impurities play a major if not dominant role in de-
vice performance. While the mechanisms leading to
impurity effects may differ between organics and
inorganics, their impacts can be equally important.
The question remains, however: how pure must a
material be for it to be useful? The answer is as
ambiguous as the question since it is contingent on
the particular application and the materials proper-
ties (i.e. both the source and the impurity) them-
selves. Unfortunately, it is often more difficult to
measure the impurity concentration in organics
with the same precision achieved for inorganics
such as Si and Ge. The best means to determine if
the material has achieved the appropriate level of
purity is the most practical: the residual contamin-
ation following purification should not measurably
affect the host material or the devices of which they
are comprised, including their electrical, morpho-
logical or optical properties from batch-to-batch or
over extended periods of use.

In the following section we will discuss means for
achieving high materials purity, followed by discus-
sions on how to deposit films in a desired morphology
while maintaining the purity of the source. We will
also discuss several methods for evaluating both purity
and morphology of bulk and thin film materials.

5.3 Materials purification

Virtually all effective means for purification rely on
separating the host from its contaminants based on
differences in molecular weight or size. Thus, it is
easier to achieve highly refined substances when
they are monodisperse, that is, they have a single,
well-defined molecular weight or isomeric content.
Monomers and oligomers provide excellent candi-
dates for this type of purification process. In con-
trast, the indeterminate chain lengths of polymers
result in a similarly indeterminate molecular weight
and size, making their purification correspondingly
more difficult. In the following, we will focus on the
most effective and frequently employed means for
purification of both classes of molecules. We note
that to achieve high purity, often one or more tech-
niques are sequentially employed, each being chosen
due to a combination of effectiveness in removing
specific impurities, or efficiency in reducing the pro-
cessing time (and hence, cost). For this discussion,
we assume that the materials have gone through the
standard regime of purification during synthesis in-
cluding distillation, precipitation, filtration, etc. The
purity of materials used in organic electronics fol-
lowing synthesis is generally specified to be �90% to
95%, although far lower purities are typically en-
countered. Moreover, this level of purity is far too
low for mass-produced components whose operat-
ing characteristics fall within an acceptably narrow
range to produce high yield, long lived, and high
quality electronic appliances.

5.3.1 Zone refining

The highest purity organic crystals have been
achieved via zone refining—a situation that also ob-
tains for inorganic semiconductors (Hoesterey and
Letson, 1963, Warta et al., 1985). Zone refining is suit-
able for materials that undergo a liquid phase when
heated. Thus, its application has been limited since a
large fraction of the useful organic semiconductors go
directly from the solid to the gas phase on heating at
atmospheric pressure or below (i.e. they sublime).
Zone refining takes advantage of the difference in
the saturated impurity concentration in the source
between its liquid and solid phases. The equilibrium
concentration of an impurity at temperature, T, is
given by its distribution (or segregation) coefficient, k.
That is, if cS is the mole fraction of the impurity in
the solid and cL is that in the liquid, then,

k ¼ cS
cL

: ð5:2Þ
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By melting a local region of a solid ingot of the source
material in a thermally resistant boat (consisting of
graphite, quartz, alumina, etc.), and then translating
the melted zone along its length, impurities either
collect in the melted or the solid zone, depending on
whether k < 1 or k > 1, respectively. That is, when
k < 1, the mixed impurity/source phase has a lower
melting point (at temperature, TM) than the pure host,
and hence the impurities remain in the melted zone as
it is slowly, thermally dragged along the length of the
ingot, as shown in Fig. 5.2. For an impurity diffusion
constant DI and a melt interface of width w, the speed
of zone translation must be kept below v = DI/w to
assure efficient segregation of the impurities from the
source. Once the end of the ingot is reached, the zone
containing the highest concentration of impurities is
removed (Fig. 5.3). The process can be repeated mul-
tiple times to continually increase the purity of the
source.
This method of isolating impurities can be applied

as long as their concentration is low, and that different
species do not interact to impact their several distri-
bution coefficients in the host. Furthermore, if the
contaminant and host form a eutectic, zone refining
cannot be employed. Eutectics, however, require a
high concentration of both species where zone refin-
ing is ineffective.
The impurity concentration in the ingot at zone

position, x, along its length L after the nth zone

refining cycle is cn(x). Here, x is an integer index of
the zone at that position along the furnace. Here, x = 0
indexes the initial zone, and N is the final zone in a
furnaceN zones long. It follows that the length of each
melt zone is l = L/N. If the zone is translated a distance
x, then the change in concentration in the solid zone is

dcn xð Þ ¼ k cn�1 xþ 1ð Þ � cn xð Þ½ �dx; 0 � x � N � 1:

ð5:3Þ
That is, cn�1 xþ 1ð Þ is the concentration in the next
solid zone (x + 1) that achieved a concentration, cn-1
in the previous cycle. Then, at the end of the ingot
where x = L, we have in the last increment:

dcn xð Þ
dx

¼ 1� k
N � x

cn xð Þ; N � 1 � x � N: ð5:4Þ

After a single pass (n = 1), solutions to Eqs. 5.3 and 5.4
are, respectively,

c1 xð Þ ¼ 1� 1� kð Þexp �kxð Þ; 0 � x � N � 1; ð5:5Þ

and

c1 xð Þ ¼ c1 N � 1ð Þ � N � xð Þk�1 N � 1 � x � N ð5:6Þ

Since N > x and k < 1 under the most common
circumstance where the melting temperature is
lowered by the introduction of impurities, we see
that c1(x > N � 1) in the end zone (Eq. 5.6) is greater
than c1(x) along the ingot (Eq. 5.5). A further implica-
tion is that, as k ! 1, then c1 Nð Þ ! c x<Nð Þ, that is,
purification is ineffective since there is no means to
segregate the impurity by melting the host.
As previously, the zone refining process is iterative,

with each additional cycle removing more of the re-
maining impurities. Hence it is interesting to deter-
mine the highest purity that can be attained after an
unlimited number of zone refining steps. For this
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Figure 5.2 Schematic of a zone refining apparatus. The solid source
material ingot is contained in a thermally resistant boat inserted into a
linear furnace. A selected group of heating elements (red circles) is heated
to induce local melting at temperature TM in the ingot. The hot zone is
then slowly translated along the length of the ingot (arrow) until it reaches
one end. When k < 1, the impurity concentration will be highest at the
terminus of the ingot. This section of the ingot is removed to eliminate the
segregated impurities. The process is repeated until a suitably high purity
is achieved. The temperature profile in the furnace at a given time in the
process is shown in the lower graph.
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Figure 5.3 Impurity concentration profile of an ingot of length L
following zone refining. Here, w is the approximate width of the liquid-
solid interface during zone refining, and cS is the concentration of
impurities in the solid host following refinement.
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calculation, we assume that k < 1, and the impurity
concentration is sufficiently low that k is unaffected as
the material purity is increased. Complications arise
since the concentration cn, depends on the concentra-
tion cn-1 following the procedure for a single zone
refining cycle (Helfand and Kornegay, 1966). Deriv-
ation of the highest purity obtained (at n ! ∞) for a
given distribution coefficient can be found elsewhere
(see Problem 4.1); here we will simply report the
result (Pfann, 1966):

cn!∞ xð Þ ¼ k1exp k2xð Þ; ð5:7Þ
where k1 and k2 depend implicitly on k, viz.:

k ¼ k2
exp k2ð Þ � 1ð Þ ð5:8Þ

and

k1 ¼ Nk2
exp Nk2ð Þ � 1ð Þ : ð5:9Þ

As x! N, the impurity concentration in the end zone
rises exponentially. Since impurities are distributed
along the length of the ingot, the ultimate material
purity is determined by how much of the source
material is discarded. This tradeoff is illustrated in
Fig. 5.4 (Karl, 1980). Note that for k > 1, the impurity
increases the melting point, and hence is preferentially
incorporated into the solid. Then, the impurity con-
centration is highest at the beginning of the ingot, in

contrast to k < 1 where impurities concentrate at the
end of the ingot.
Finally, it is useful to determine how many zone

passes are required to obtain an acceptable purity con-
centration. In Fig. 5.5, therefore, we show the purity
for the case of k = 0.1 and the number of zones isN = 5,
and the number of passes varies from n = 1 to∞ (Karl,
1980). We observe that c1 is nearly 10 times smaller
than c0, and that c9 � 10�6c0. Clearly, for these condi-
tions there is little reason to proceed beyond nine zone
refinement steps, setting a practical limit on the level
of purity attainable.
Zone refining can be implemented in both horizon-

tal and vertical furnaces. Typically, the ingot is
maintained in an inert atmosphere to prevent contam-
ination of the source material due to environmental
exposure at elevated temperatures. For many mater-
ials that sublime at atmospheric pressure, the sample
can be refined by increasing the pressure such that the
source undergoes a solid–liquid transition. To accel-
erate the refinement rate, many closely spaced zones
are used, with several zones simultaneously heated
above the melting point, separated by zones that
allow the intervening regions to cool and freeze. In
this way, multiple zones undergo refinement in a
single pass. Very cold regions must be avoided since
evaporation of the source and impurities from the
heated zones will tend to condense on these cold
spots. Then, subsequent passes of the hot zone will
re-evaporate the condensate, potentially reintrodu-
cing contamination back into previously purified
regions of the ingot. Finally, the hot zones must be
kept at temperatures well below the decomposition
point of the source material.
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Figure 5.4 Impurity concentration after ten zone refining cycles
(for n = 10) vs. distance along the ingot for several different values of
distribution coefficient, k (Karl, 1980).
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There are several considerations that must be
addressed to achieve the highest possible purities. The
most important is the speed of zone movement. As
noted, the speed cannot be higher than the rate of diffu-
sion from the melt to the solid phases across the inter-
facial zone. Since many impurity diffusion coefficients
range fromD�10�3–10�6 cm2/s, anda typical interface
width isw� 0.1mm in a precision zone refining appar-
atus, zone translation velocities of v � 10�5–10�7 cm/s
are optimal. Thus, a 10 cm long ingot may take as long
as 2 years to purify! Furthermore, the rate must be
sufficiently slow to avoid accumulation of crystal de-
fects and even bubbles at the melt interface due to
thermal expansion, rapid cooling, etc. Such defects can
accumulate, or getter, impurities, thereby preventing
them from following the melted zone. Zone refining is
therefore a slow and laborious process requiring an
automated furnace consisting of many (10–100) short,
and precisely controlled temperature zones. In spite of
these shortcomings, zone refining has the potential of
achieving the highest materials purity.
Warta and Karl have produced what are arguably

the highest purity, electronic grade organic crystals
via meticulous zone refining of perylene and naph-
thalene combined with several pre-purification steps
(Warta et al., 1985). In that work, the source material
was initially purified by column chromatography and
vacuum sublimation, to be discussed below. This was
followed by an initial single zone refining step in an
apparatus comprised of 100 separate zones that ther-
mally transited the ingot at 1 cm/h. After this, the
impurity concentrations of b-methylnaphthalene and
thionaphthalene were at 1 ppm. At this concentration,
k � 1, making further purification impossible. Thus,
the source was subsequently exposed to molten po-
tassium that reacts with the impurities to form prod-
ucts with significantly lower distribution coefficients.
The material exposed to this impurity reaction pro-
cess was then “ultrapurified” in three additional zone
refining steps using an apparatus with 500 zones.
The purified materials were grown into single crys-

tals from the melt via the vertical Bridgman process
(see Section 5.4.1). The electronic properties of the
crystals were characterized to assess their quality.
This process, although time consuming, resulted in
low temperature hole mobilities of 400 cm2/V s at T<

30 K for naphthalene, and 80 cm2/V s at T = 30 K for
perylene; the highest yet reported for an organic solid
(Section 4.4.3). The electron mobility in perylene vs. T
increases monotonically until T = 30 K, where it peaks
at μe = 80 cm2/V s, as shown in Fig. 5.6. It follows a
power law dependence of μ � T-n clearly indicative of
band-like conductivity (Section 4.3). This is in striking

contrast to a sample that was not as thoroughly puri-
fied, with peak of μe � 0.08 cm2/V s at room tempera-
ture (Maruyama et al., 1973).
The effect of traps of density NT in a host of

density NH on the mobility can be derived using
Shockley-Reed-Hall recombination statistics to yield
(Hoesterey and Letson, 1963, Sze, 1981)

μðTÞ ¼ μ0ðTÞ 1þNT=NH exp �E=kBTð Þ½ ��1; ð5:10Þ
where μ0 is the trap-free mobility, �E ¼ jET � EFOj
is the difference in the trap (ET) and the frontier
orbital (EFO) energies (i.e. the LUMO for electrons,
or the HOMO for holes), and kB is the Boltzmann
constant. Fits to the data in Fig. 5.6 using this rela-
tion are indicated by the solid and dashed lines. The
analysis yields �E = 270 meV and NT/NH = 5 × 10�4

mol/mol for the ultrapurified crystal, and 17.5 meV
and 1.7 × 10�3 mol/mol for the lightly purified film.
Hence, the trap density is not only lower in the
ultrapurified sample, but it lies deeper in the energy
gap. Hence, the traps are frozen out at low temper-
atures, leading to a significant thermal activation
and an increase in μe. The source of the traps
may be due to impurities or structural defects;
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Figure 5.6 Electron mobility vs. temperature for a zone refined perylene
crystal along its c0 crystal axis (closed dots). Also shown are data for the
same material that was not zone refined (open dots). The mobility has a
temperature dependence of μ ~ T�n (Warta et al., 1985).

Reprinted by permission from Springer Nature, Appl. Phys. A, 36, 163,
Ultrapure, High Mobility Organic Photoconductors. Warta, W., Stehle, R. &
Karl, N. Copyright 1985.
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two factors that can be related. That is, interstitial de-
fects can result in stacking faults, leading to trap ener-
gies lying deep within the energy gap that determines
the temperature dependence of themobility in Fig. 5.6.
In any case, it is clear that zone refining can result in
high purity crystals whose properties are largely de-
termined by the intrinsic characteristics of the host
rather than by extrinsic, impurity-related effects.

5.3.2 Thermal gradient sublimation

Since a significant number of materials used in organ-
ic electronic applications sublime rather than melt at
atmospheric pressure or below, the most commonly
used means for purification is thermal gradient sublim-
ation (Gutmann and Lyons, 1981, Forrest, 1997). Ther-
mal gradient sublimation is a variant of zone refining
based on different distribution coefficients of the im-
purity and host during a solid-gas phase transition.
A schematic of a gradient sublimation apparatus is
shown in Fig. 5.7.

The purification process typically proceeds as fol-
lows. Several grams of the unpurified source material
are loaded into the end of a long glass ampoule closed
at one end, with the open end connected to a vacuum
pump. A glass sleeve is placed inside the tube to
capture the sublimed material, and a wad of glass
wool or other semi-permeable membrane (e.g. an alu-
mina plug) is positioned adjacent to the vacuum port
to prevent the solid (powder) source material from
blowing into, and contaminating the pump. The tube
is evacuated to< 1 × 10�6 torr using a turbomolecular
or another dry pump. Conventional organic pump
oils used in rotary or diffusion pumps are avoided
since they can back-stream into the ampoule and

contaminate and/or react with the source material.
The end containing the source material is inserted into
a tube furnace that consists of several separately con-
trolled zone heaters (typically between 3 and 5) that
are adjusted to impose an approximately linear tem-
perature gradient along the tube longitudinal axis.
The source material lies in the hottest zone whose
temperature should be lower than the source decom-
position temperature.
To begin the process, the maximum temperature is

adjusted until the pressure within the tube shows a
slight increase, indicating that the evaporation of the
most volatile impurities has commenced. Once the
pressure returns to the base pressure of the cold sys-
tem (often taking several hours or more), the tempera-
ture is incrementally increased across the gradient
once again, and the process of waiting for the pressure
to return to its base value is repeated. This cycle is
iterated until the purified source material is con-
densed along a band within the sleeve in the glass
tube, and the pressure no longer rises significantly
when the temperature is incrementally raised one
last time. At this point, most volatile impurities are
either condensed in the tube cold zones, or have been
extracted by the vacuum pump. The less volatile im-
purities remain in the hottest zones, or at the position
where the source material was originally placed at the
closed end of the tube.
The sleeve insert is then removed, and the deposit is

extracted and used as the source material by placing it
in a freshly cleaned ampoule for a subsequent purifi-
cation cycle carried out in the same way. The purest
organic compounds are obtained after multiple cycles,
when there is no significant pressure increase after
incrementally raising the furnace temperature. After
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Figure 5.7 Schematic of a vacuum thermal gradient sublimation apparatus. The furnace consists of several (typically 3–5) independently controlled
thermal zones to create a temperature gradient. The purified material condensate is captured in a glass or quartz sleeve inserted into the appropriate zone
within the furnace. The purified source is shown in blue; other colors along the tube length suggest condensation of impurity-rich fractions.
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concluding the process, typically �50% of the original
source material has been removed, and the back-
ground pressure of the sublimation system approaches
�10�7 torr. Often there are losses of the source along
with the impurities, making this process somewhat
inefficient.
The success of sublimation purification requires

that there is a significant difference between the sub-
limation temperatures of the source and its impur-
ities. This is analogous to requiring a difference in
distribution coefficients for zone refining. Further-
more, the sublimation and decomposition temperat-
ures of the host must also be substantially different to
avoid degradation of the source. Given the poorly
defined width of the source condensation zone
(see Fig. 5.7), impurities and host are often intermin-
gled, particularly at the zone edges. This problem can
be somewhat reduced although not eliminated by
increasing the temperature gradient on each purifica-
tion cycle. If the process is done quickly, the host
condensate will be amorphous. If it proceeds more
slowly, single crystalline flakes can deposit within
the sleeve. Finally, it is important that the temperature
gradient, particularly in the region both in front of,
and behind the starting source material, monotonic-
ally decrease toward the cold end of the ampoule.
This ensures that condensation at a cold, closed end
of the tube does not scavenge material that would
otherwise be deposited within the capture sleeve.
The differences between single cycle vacuum gra-

dient sublimed and unpurified CuPc materials used
in organic photovoltaics are shown in Fig. 5.8. Using a
combination of mass spectrometry and Fourier trans-
form infrared (FTIR) spectroscopy, it is apparent that
the unpurified source material (labeled as 98% pure
by mass, by the manufacturer) has a high concentra-
tion of the metal free phthalocyanine (H2Pc) along
with some CuPc fractions that are completely absent
in the purified material (Salzman et al., 2005).
Interestingly, film deposition by vacuum thermal

evaporation (VTE, see Section 5.4.2) can also be used
for thermal gradient purification, although this is
inefficient. When unpurified or partially purified
material is evaporated in vacuum prior to, or even
during thin film deposition, the first deposit will have
a higher concentration of volatile impurities than
in subsequently deposited films since the source is
partially purified by the previous deposition cycles.
Purification during thermal evaporation results in
an increase in the room temperature hole mobilities
of a series of CuPc films sequentially deposited in
vacuum from the same source, as shown in Fig. 5.9
(Salzman et al., 2005). Between the first and sixth

depositions from an originally unpurified batch of
CuPc, the mobility increases by nearly three orders
of magnitude, from 4 × 10�7 cm2/V s for growth #1 to
3 × 10�4 cm2/V s for growth #6. These data indicate
the effectiveness of purification via sublimation even
under the poorly controlled conditions of in situ VTE.
There are numerous variants to the process de-

scribed above. For example, sublimation can occur
in an inert gas environment as opposed to vacuum
(Wagner et al., 1982, Laudise et al., 1998). Sublimation
often results in purified single crystal flakes, dis-
cussed further in Section 5.4.1. Sublimation in an
inert gas has been used to achieve both pristine and
doped materials with exceptional electrical proper-
ties, suggesting the effectiveness of this method
(Laudise et al., 1998, Hiramoto and Sakai, 2008).
A particular advantage of using an inert carrier gas
is the reduction of condensation behind the source in
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Figure 5.8 (a) Mass (in atomic number, Z) and (b) infrared spectra for CuPc
as-purchased, and after a single purification cycle by thermal gradient
sublimation of CuPc. The additional peaks in the unpurified samples are
associated with H2Pc (at m = 522 amu) and other impurity fractions compared
to the purified CuPc, with peaks at m = 575 amu in the mass spectra and
infrared peaks at ~1510 cm�1 and 1615 cm�1 (Salzman et al., 2005).

Reprinted from Organic Electron., 6, 242, Salzman, R. F., Xue, J., Rand, B. P.,
Alexander, A., Thompson, M. E. & Forrest, S. R., The effects of copper
phthalocyanine purity on organic solar cell performance. Copyright 2005 with
permission from Elsevier.
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the cold region at the furnace opening by forcing mass
transport along the gas flow direction. Using an inert
carrier gas can also increase the rate of material trans-
port, hence leading to a shorter time for purification.

Gradient sublimation can also be achieved by
completely filling the ampoule with a plug of source
material, and then vaporizing a single zone within
the plug. Moving the vaporized region toward one
end of the plug is analogous to zone refining. It moves
those impurities with different distribution coeffi-
cients in the vapor vs. the solid to an extreme end of
the plug once the zone has been completely transited
by the thermal gradient (Weinberg and Rossi, 1960).
Care must be taken to avoid decomposing the source,
or in translating the hot zone too rapidly such that
there is incomplete segregation of the impurities.

To further improve impurity separation, a series of
partitions, or baffles, can replace the inner sleeve
along the length of the thermal gradient, as shown
in Fig. 5.10. The baffles “digitally” separate the im-
purity fractions by allowing condensation to occur in
discretely defined temperature zones along the ther-
mal gradient. Since there is condensation both on the
partitions and on the furnace tube walls, a tradeoff
must be made between material yield and the level of
purity of the refined source material (Jeon et al., 2008).

5.3.3 Solution-based purification methods

There are several methods of purifying materials
using solvent-based mass selection, distillation and

filtration. These techniques have the advantage of
being rapid compared to vapor sublimation and
zone refining, and are compatible with both small
molecules and polymers. Their disadvantage is that
the level of purity achieved is not nearly as high as the
upper limits attained using zone refining and thermal
gradient sublimation. As noted above, solvent purifi-
cation is often used as a means for preparing crude
source materials for subsequent purification by other
more rigorous methods.
Solution based purification has many variants. Here

we discuss the threemost commonly used in the refine-
ment of organic electronic materials: column chroma-
tography (or simply, chromatography), size exclusion
chromatography (SEC), and solvent extraction. It will be-
come apparent that the principles of these methods are
not significantly different than those of sublimation and
zone refining: the concept relies on spatially segregat-
ing unwanted impurities from the host material by
leveraging differences in their ability to be dissolved
in a particular solvent. Hence, solvent selectivity (ver-
sus temperature selectivity) becomes the determining
factor that leads to purity of the source.
Column chromatography was introduced in the

early twentieth century by M. S. Tswett who was
developing techniques for separating chlorophyll
from plants (Gehrke et al., 2001). The process relies
on introducing a solution containing the impure
source in a column packed with a porous material
that selectively captures various solute impurities for
different durations. A schematic of the process is
shown in Fig. 5.11. The unpurified source is dissolved
in a solvent, called the mobile phase. This solution is
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Figure 5.10 Gradient sublimation apparatus using a five-zone furnacewith
a series of partitions insertedwithin the thermal gradient. The various material
fractions found in the source selectively deposit on baffles located at their
particular condensation temperatures. The baffles located in zones where
sourcecondensation is favoredcontain thepurifiedmaterial (Jeonet al.,2008).

Reprinted from Org. Electron., 9, 903, Jeon, H.-G., Inoue, M., Hiramatsu, N.,
Ichikawa, M. & Taniguchi, Y., A modified sublimation purification system using
arrays of partitions, copyright 2008 with permission from Elsevier.
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Figure 5.9 Hole mobility (measured via space charge limited current–
voltage characteristics, Section 4.4.2) vs. order of thin film growth by
vacuum deposition of an unpurified CuPc source. Also shown is the range
of mobility obtained for CuPc purified by a conventional single thermal
gradient sublimation step (Salzman et al., 2005).

Reprinted from Organic Electron., 6, 242, Salzman, R. F., Xue, J., Rand, B. P.,
Alexander, A., Thompson, M. E. & Forrest, S. R., The effects of copper
phthalocyanine purity on organic solar cell performance. Copyright 2005 with
permission from Elsevier.
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placed on top of a column packed with a solid ab-
sorbent called the stationary phase. Typically, the ab-
sorbent is comprised of silica (SiO2) or alumina
(Al2O3) beads only a few tens of microns in diameter.
The molecular species and their solvents are trapped
for differing lengths of time on the particles in the
column, depending on their polarizability. Hence,
highly “sticky” dipolar fractions, known as eluents,
will take longer to travel along the column to its exit
than will the less polar eluents. By capturing the eluate
at different times following their introduction into the
column, differentmaterials are collected, thus allowing
for separation of the purified source (McGhie, 1974).
When gravity is relied upon to move the solution

along the column, the process is known as gravity
column chromatography. This method tends to be
slow, although multiple large diameter columns op-
erating in parallel can be used to significantly exped-
ite the purification of large volumes of the source.
Applying pressure with an inert gas can significantly
accelerate the process. This is known variously as flash
chromatography, or high performance (or high pressure)
liquid chromatography (HPLC).
The effectiveness of column chromatography de-

pends on the degree to which impurity and source
transit times through the column differ. This in turn
depends on the adsorption rates on the beads within
the column, and the polarity (or non-polarity) of the

eluent. Indeed, improved selectivity can be obtained
by slowly varying the polarity of the solvent intro-
duced from the reservoir as the process evolves.
While this process is useful for both polymers and
small molecules, the degree of segregation of source
from impurity is never high since non-polar impur-
ities are uniformly dispersed along the column, and
the distribution of any given species along the column
is a rather broad Gaussian determined by its particu-
lar retention time.
Size exclusion chromatography is effective for sep-

arating polymers according to their hydrodynamic
volume (Moore, 1964). Size exclusion (also known as
gel filtration or gel permeation chromatography) is pri-
marily used to narrow a polydisperse distribution of
macromolecules, such as polymer chains of varying
mass. It is also capable of separating low molecular
weight impurities from the source. Like column chro-
matography, the process sorts molecules based on
differences in their transit times through a column of
porous beads, as illustrated in Fig. 5.12. For example,
a mixture of polymers of varyingmolecular weights is
introduced into the top of the column. Unlike column
chromatography, the molecules themselves do not
interact with the beads, that is, there is no trapping
or sticking on the surface of the stationary phase that
retards their transit. Rather, the size of the molecule
determines the path length that is sampled: larger
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Figure 5.11 Schematic of column chromatography distillation.
(a) Initial set up; (b) time progression of eluents as they move along
the column, resulting in separate bands (labelled A, B, C) moving at
different velocities that are collected at the exit of the column
(Ebioe, 2010).

Figure 5.12 Schematic of the size exclusion chromatography separation
process. The column is filled with beads of varying pore sizes. Small
particles penetrate the smallest pores (green line) while the largest
particles pass between the beads. The length of the path taken determines
the duration a given size population spends within the column: smaller
particles take the longest, and the largest particles transit at the highest
average velocity (Li et al., 2013).

© 2013 Li J, Han W, Yu Y. Published in Protein Engineering-Technology and
Application under CC BY 3.0 license. Available from: htpp://dx.doi.org/
10.5772/56265.
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molecules that cannot penetrate into the pores of the
spheres transit the column via the interstices between
them, whereas smaller molecules can enter the pores
within the beads (as well as the interstices) and hence
will sample a greater volume of the column before
exiting. The largest particles exit first, followed by
distributions of successively smaller molecules, there-
by effecting their separation. The eluent populations
are Gaussian distributions of molecular size, and the
pore sizes define the resolution limits of the process.
Molecular populations with masses above the exclu-
sion limit are not differentiated by transit times, with
a similar situation obtaining for molecules smaller
than the smallest pores in the stationary phase. In
that case, the molecules are smaller than the perme-
ation limit.

The transit times in SEC are accurately determined
using the hydrodynamic volume (VH) of the mol-
ecules. Here, VH is the volume of the polymer coil in
the solvent that is determined by the details of the
interactions between the polymer and solvent. The
hydrodynamic volume can written in terms of the
Einstein viscosity law, viz. (Grubisic et al., 1967)

VH ¼ KηMw: ð5:11Þ
Here, η is the viscosity, K is a constant, and Mw is the
molecular weight. That is, the viscosity of the material
in solution, which determines its transit time through
the column, is directly proportional to its hydro-
dynamic volume. Indeed, this relationship holds for
polymers (and even mixtures of polymers and small
molecules) independent of their shape, chemical com-
position or morphology as long as they do not under-
go electrostatic or other interactions with the beads in
solution, as is typically the case in conventional col-
umn chromatography.

The resolution of the process is determined by the
differences in particle velocity, which is a function of
temperature. Since separation is determined by the
elapsed time in the column, care must be taken to
introduce the entire population of source and impur-
ity molecules at one time. As with other methods, the
best results are obtained when the crude material is
first purified by other means before being sorted by
SEC. Due to its simplicity and utility in purifying and
isolating molecular populations by mass, SEC is fre-
quently employed in the refinement of polymers
(Ashraf et al., 2013, Mateker et al., 2013).

Another solution purification technique that is used
for both large and small molecules is solvent extrac-
tion. Extraction is a means of filtration, or washing of
the host materials, and hence is effective when used as
a pre-purification step of the crude source material.

A convenient implementation uses a Soxhlet distilla-
tion apparatus, shown in Fig. 5.13. The crude source
material is placed in a semi-porous extraction thimble
consisting of alumina, or filter paper. A high boiling
point, pure solvent is placed in the lower reservoir.
Extraction can proceed by two paths. If the desired
product is insoluble, it remains in the thimble, while
the impurities wash through to be collected in the
reservoir. Alternatively, if the product itself is soluble,
it is dissolved and collects in the reservoir.
Solvent extraction has been used in the purifica-

tion of PTCDA that is insoluble in xylene (with a
boiling point of 140°C). Purification then proceeds
as follows: The solvent is heated to its boiling point.
The vapors travel up the tube on the left in Fig. 5.13
and are cooled in the condenser. The distilled solvent
then flows into the upper reservoir where it dis-
solves the impurities in the source powder. This
solvent/impurity solution flows out of the thimble,
and into the upper reservoir. With time, the upper
reservoir fills to the top of the return tube, at which
point the reservoir siphons into the lower reservoir,
and the extraction cycle is repeated. In the case of
PTCDA (a red powder), the xylene in the lower
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Sample
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Figure 5.13 Soxhlet solvent extraction apparatus.
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reservoir becomes saturated with impurities after
several cycles, turning from clear to an opaque
greenish color. Once the solvent becomes excessively
contaminated, it is replaced by fresh liquid. This
process is continued until there is no more visible
contamination of the solvent after several reflux
cycles; a procedure that may take hours or days,
depending on the level of contamination of the
crude material. At the end of the extraction process,
the remaining material is dried and prepared for use,
or for further purification.
To remove as many soluble impurities as possible,

both polar and non-polar solvents may be sequentially
used. Table 5.1 lists several common solvents used in
extraction purification. This method can only succeed
if there is a difference in solubility between the source
and the impurities. Hence, high purity materials can
only be obtained when solvent extraction is used in
conjunction with other, more rigorous processes such
as thermal gradient sublimation or zone refining.

5.3.4 Ultracentrifugation

Centrifugation separates materials having different
hydrodynamic volumes or masses suspended in so-
lution by applying a strong, directional force to the
suspension by rapid rotary motion.Ultracentrifugation
is a class of centrifugation where >5000g (where g is
the acceleration due to gravity) is applied to the sam-
ple. Another variant known as density gradient ultra-
centrifugation (DGU) (Miller et al., 2014) is employed
in separating semiconductor and metallic nanoparti-
cles useful in colloids, and in separating single from
multi-walled carbon nanotubes (CNTs). In principle,
centrifugation can separate any sufficiently polydis-
perse population of materials such as polymers, pro-
teins, and other macromolecules.
An illustration of DGU separation is shown in

Fig. 5.14. A vial containing a fluid mixture with a

density gradient is loaded with the population of
particles with a range of hydrodynamic volumes or
masses. If the particles are less dense than the
liquid, they float to its surface; otherwise they sink
(Figs. 5.14a and b, respectively). Ultracentrifugation
at �20,000–80,000 rpm results in stratification of the
population into regions of different liquid density. If
the population itself consists of particles of different
densities, they will separate from (starting at the bot-
tom) the most to the least dense species. High density
impurities are trapped at the bottom of the vial.
A micropipette is inserted at various distances within
the container to extract the particles within a given
stratum, thereby completing the separation process.
DGU creates a particle flux with terminal velocity

vbz along the direction of acceleration, Gbz of (Miller
et al., 2014)

v ¼ 2GR2

9ηs
ρc � ρsð Þ: ð5:12Þ

Here, the solution with density ρs and viscosity ηs
contains a colloid of density ρc and radius R � VH

1/3.
From Eq. 5.12, successful separation depends on a
large density “contrast” between solution and colloid,
and that volumetric differences within a population
will result in large spatial separations. For ρc > ρs
(Fig. 5.14a), particles with smaller radii move more
slowly than larger particles, and collect near the top
of the fluid. For the opposite relationship between ρc
and ρs, the velocity is negative, and the larger particles
drift toward the top (Fig. 5.14b), with the smallest par-
ticles moving at the highest terminal velocity. Isopycnic

Table 5.1 Several high boiling point (BP) solvents useful in solvent
extraction

Solvent BP (°C) Solvent BP (°C)

Acetic acid 118.0 Dioxane 101.0

Acetic acid anhydride 139.0 Heptane 98.4

Isobutanol 107.7 n-Propanol 97.2

n-Butanol 117.7 Pyridine 115.3

Chlorobenzene 131.7 Toluene 110.6

Dimethyl acetamide 166.1 Water 100.0

Dimethyl formamide 153.0 Xylene 140.0

Dimethyl sulfoxide 189.0

G G G

(a) (b) (c)

Figure 5.14 Density gradient ultracentrifugation. A vial is filled with a
solvent whose density is graded upward from its maximum at the bottom.
G is the centrifugal force applied to a polydisperse population that is
introduced at the top of the vial. After centrifugation, the volume-disperse
population stratifies along the density gradient for particle densities that
are: (a) higher, or (b) lower than that of the solvent. (c) Isopycnic DGU for
particles of different densities (indicated by different color circles) that lie
within the density extremes of the solution. The material at the bottom
of each vial corresponds to separations of high density impurities
(Miller et al., 2014).

Reprinted with permission from Miller, J. B., Harris, J. M. & Hobbie, E. K.,
Purifying colloidal nanoparticles through ultracentrifugation with implications
for interfaces and materials. Langmuir, 30, 7936. Copyright 2014 American
Chemical Society

308 MATERIALS PURITY, GROWTH, AND PATTERNING



separation in Fig. 5.14c segregates particles of different
densities along the solvent gradient independent
of size.

The degree of separation between particles of
different radii along the length of the vial can be
obtained assuming conservation of mass of an incom-
pressible fluid. Then the radius is:

RðzÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

9ηsz
2Gtjρc � ρsj

s
; ð5:13Þ

where z is the position. It is thus important to halt the
process at a time, t < tM, where the largest (smallest)
particles in the solution with ρc > ρs (ρc < ρs) have yet
to travel the entire length of the vial. Note that since R
depends on the hydrodynamic volume of the particle
population, the particle shape also determines its pos-
ition as a function of centrifugation time. For example,
elongated nanowires are expected to distribute differ-
ently than would nanospheres. Indeed, in mixed par-
ticle shape populations, it has been shown that the
increased friction of the wires leads to their collecting
more toward the top of the solution as compared to
spheres (Bai et al., 2010). Using analytical centrifugation
where optical or other measurement tools are em-
ployed during the rotational separation, the particle
size distribution, R(z) can be determined in real time,
adding a degree of control to the process.

An example of separation of a polydisperse popu-
lation of Au nanoparticles of varying diameters in a
gradient of a mixture of cyclohexane in tetrachloro-
methane (CCl4) is shown in Fig. 5.15 (Bai et al., 2010).
The solvents are useful in creating the separations,
while also eliminating clustering by preventing

contact between the nanoparticles which would
otherwise adhere to each other due to their attractive
van der Waals forces.
The Au nanoparticle population stratification was

obtained by centrifugation for 12 min at 25,000 rpm
(corresponding to 80,000g). The size distributions be-
fore and after ultracentrifugation are shown at the
lower right in Fig. 5.15b. The width of each diameter
distribution is <1.5 nm, whereas the starting popula-
tion had a width of �12 nm.
Semiconducting nanoparticles suspended in poly-

mer matrices have found uses in light emitting
devices (Coe et al., 2002) and photodetectors
(Konstantatos and Sargent, 2010) (see Chapters 6 and
7). An advantage of DGU is that the polymer matrix
can be dissolved in the solvent density gradient along
with the particles forming the colloid. Both the poly-
mer and the selected fraction of the distribution can be
simultaneously decanted and subsequently used in
devices. Figure 5.16 shows the results of DGU of a
population of CdSe nanoparticles mixed with poly-
styrene in a solution gradient used in their separation.
The nanoparticles range in radius from 2.5 nm to 5 nm.
DGU has also been used in separating populations

of CNTs of varying diameters and conductive prop-
erties. Indeed, one of the major roadblocks to employ-
ing CNTs for electronic applications is often only a
single type of tube is needed for a particular purpose.
The efficient separation of tubes according to their
chirality (and hence their conductive properties),
and the elimination of bundles and clusters has im-
peded their widespread use in organic electronics
applications. Nevertheless, mixtures of single-walled
CNTs of different diameters and chiralities along with
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Figure 5.15 (a) A stratified density gradient obtained by varying the mixture of two solvents, and then layering the mixtures in the vial. The positions of
the bands of concentration of CCl4 mixed in cyclohexane are indicated, with the Au colloid on the surface (dark band). The stratified Au nanoparticle
gradient after DGU is shown in the image on the right. (b) Images of the Au nanoparticle populations extracted from the corresponding positions in the vial.
Scale bars are 20 nm. A histogram of the diameter distribution before DGU is shown in the upper graph at the lower right. The diameter distribution for
each population shown after DGU is plotted in the lower graph (Bai et al., 2010).

Reprinted with permission from Bai, L., Ma, X., Liu, J., Sun, X., Zhao, D. & Evans, D. G., Rapid separation and purification of nanoparticles in organic density
gradients. J. Am. Chem. Soc., 132, 2333. Copyright 2010 American Chemical Society
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bundles wrapped in surfactant molecules, have been
effectively separated by DGU as in Fig. 5.17 (Arnold
et al., 2006).

5.4 Bulk crystal and thin film growth

In this section we describe several methods to
achieve high quality, ordered bulk and thin film

organic crystals, as well as amorphous films. The
quality of the film ultimately depends not only on
its purity, but also on its morphology. Since high
purity is prerequisite to good device performance,
we will henceforth assume that the materials source
is adequately purified. Then, structural order results in
improved energy (i.e. exciton) and charge transport,
whereas amorphous materials often have higher lumi-
nescent efficiencies. Controlled doping during growth
to increase the conductivity or modify the luminescent
properties of materials is another means for achieving
the desired properties. Hence,morphological control is
an essential ingredient of all optoelectronic devices.
Here, we concentrate on many ways to achieve this in
bulk crystals as well as in thin films using vapor or
liquid phase growth.

5.4.1 Bulk single crystal growth

Single crystals of covalently bonded materials are
generally grown from the melt, and then the crystals
are cut into thin slabs, or wafers. The wafers serve as
seeds to the active epitaxial layers subsequently
grown on their surfaces. Single crystalline layers are
achieved via matching of the epitaxial lattice structure
to that of the substrate (Section 2.6). This limits the
choice of materials that can be compatibly grown
without introducing strain defects into the epitaxial
layer.
Due to the far higher elasticity of organic materials

arising from their electrostatic (van der Waals) adhe-
sive forces, a strict condition of lattice matching is
not as important to achieve unstrained growth. Fur-
thermore, given the enormous diversity of organic
molecules and their equally diverse crystalline struc-
tures, it is often difficult to match the lattice of the
epitaxy to that of the bulk crystal. When the compos-
itions of the epitaxy and the substrate are the same,
the growth is known as homoepitaxy. In contrast,
heteroepitaxy refers to the situation when the compos-
itions differ. Although the growth of bulk organic
crystals has not received substantial attention in re-
cent years, very pure, large (�1 cm3 or larger) single
crystals are useful for understanding their funda-
mental electronic, linear and nonlinear optical, and
mechanical properties, and their dependence on
crystal direction. Single crystal growth also finds
uses in laboratory-scale devices that can approach
the fundamental limits to performance.
There are two principal methods for growing bulk

crystals: Bridgeman and Czochralski growth. The
Bridgeman method starts by inserting a sealed am-
poule containing the purified source material into a
tube furnace that supports an abrupt, although
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Figure 5.16 Luminescence images from CdSe in polystyrene
nanoparticle colloids following DGU in (I) a gradient of CCl4 and
cyclohexane spun at 50,000 rpm for 60 min, (II) as in (I) but containing
polystyrene and spun for 60 min, and (III) as in (II) but spun for 110 min.
Blue luminescence is from the smallest CdSe spheres, red from the largest
(Bai et al., 2010).

Reprinted with permission from Bai, L., Ma, X., Liu, J., Sun, X., Zhao, D. &
Evans, D. G., Rapid separation and purification of nanoparticles in organic
density gradients. J. Am. Chem. Soc., 132, 2333. Copyright 2010 American
Chemical Society
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Figure 5.17 (left) A separated population of single walled nanotubes
and nanotube bundles, and (right) their associated absorption spectra
following DGU for 14min at 54,000 rpm in a linear gradient of iodixanol and
sodium cholate hydrate. Prior to separation, the CNTs were wrapped in a
surfactant to prevent cluster formation. The smaller diameter tubes having
the shortest wavelength absorption are found at the top of the vial. Large
diameter tubes drift toward the bottom (Arnold et al., 2006).

Reprinted by permission from Spring Nature, Nature Nanotech., 1, 60, Arnold,
M. S., Green, A. A., Hulvat, J. F., Stupp, S. I. & Hersam, M. C., Sorting carbon
nanotubes by electronic structure using density differentiation. Copyright 2006
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small (<1°C) temperature step along its length (see
Fig. 5.18 for three possible vertical Bridgeman con-
figurations) (Karl, 1980). One region is cooled to just
below the solidus temperature of the melt, the other,
just above. This sharp temperature gradient can be
created by using a multi-zone, or bias-wound fur-
nace (Fig. 5.18a), or by placing a reflecting surface
outside of the furnace windings that intensify the
heat within its volume, as in Fig. 5.18b. Alternative-
ly, in Fig. 5.18c, we show the ampoule inserted into a
container with two immiscible liquids, and sur-
rounded by a dual-zone heater. If the melting tem-
peratures of the materials in solution are below that
in the ampoule, they will conduct heat to the am-
poule without intermixing (provided the tempera-
ture difference is small), thereby sustaining the
needed temperature step gradient.

Zone melting is a variant of the Bridgeman tech-
nique. It uses a multi-zone furnace similar to that
used in zone refining shown in Fig. 5.2. The crystal
is grown and simultaneously purified by slowly
translating the melted zone along the length of a
polycrystalline or amorphous ingot.

In the Bridgeman method, a meniscus forms at the
solid–liquid interface. The temperature step is slowly
scanned (�1 mm/h) from one end of the ampoule to
the other by either changing the position of the am-
poule or the reflector. This increases the size of the
crystal as the cooler region expands along its length.
Great care must be taken to scan the growth front
sufficiently slowly to ensure single crystal formation.
Figure 5.19 shows an anthracene crystal grown by the
Bridgeman method.

While in principle the Bridgeman process is simple,
it has several shortcomings. Seeding the crystal

growth occurs via spontaneous condensation of the
supercooled solution at a nucleation site (e.g. an im-
perfection on the surface of the ampoule), and thus it
is not possible to choose the crystal orientation along
which growth proceeds. However, growth along a
particular crystalline direction can be induced using
a seed crystal inserted at the cold end of the ampoule,
and the temperature is adjusted such that the seed
does not fully dissolve at the onset of growth.
Due to self-seeding, the crystal can adhere to the

ampoule wall, and must be carefully removed by ei-
ther slight dissolving in solution, breaking the am-
poule, or using a very thin knife blade inserted
between the crystal and the ampoule wall; all methods
that present risks of damage. Using an ampoule ma-
terial whose coefficient of thermal expansion is smaller
than that of the material it contains can also aid in
separation on cooling to room temperature. However,
thermal stresses introduced at the crystal/ampoule
interface can propagate into the crystal, resulting in
dislocations. Finally, as the growth front moves, im-
purities are segregated in the same manner used in
zone refining. Given the different distribution coeffi-
cients of the impurity and the source material, the
Bridgeman process does not allow for doping of the
single crystals.
Many of these shortcomings are eliminated in

Czochralski growth, commonly used for producing
inorganic semiconductor single crystal boules. It
was first introduced for organic crystals by the
growth of benzyl and benzophenone (Bleay et al.,
1978). The growth of a single crystal commences
from a seed crystal positioned at the tip of a
cooled needle, as shown in Fig. 5.20. The seed is
lowered into a crucible heated to just above (�T �
0.2–2°C) the melting temperature of the purified
source material. It is then slowly withdrawn at
speeds of 0.1–1 mm/h from the melt into a

l1

l2r

w
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Figure 5.18 Three configurations used in the vertical Bridgeman
process. Suspension of an ampoule of material in a (a) bias-wound vertical
furnace, (b) furnace with a translating cylindrical reflector; and (c) a
reservoir containing two immiscible liquids, l1 and l2. Here, w = weight
used to draw the ampoule downward. The melt is indicated by the blue
region, and the solid is cross-hatched.

Figure 5.19 An anthracene crystal grown by the Bridgeman process
(Arulchakkaravarthi et al., 2002)

Reprinted from Materials Sci. and Eng. B, 95, 236, Arulchakkaravarthi, A.,
Lakshmanaperumal, C. K., Santhanaraghavan, P., Jayavel, P., Selvan, R.,
Sivaji, K., Gopalakrishnan, R. & Ramasamy, P., Investigations on the growth of
anthracene and trans-stilbene single crystals using vertical Bridgman technique
copyright 2002 with permission from Elsevier.
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chamber heated to just below the solidus tempera-
ture of the crystal. Slow “pulling” of the seed lifts
the crystal from the melt; the speed determines
both the perfection of the resulting boule, and its
diameter (i.e. smaller diameter boules are grown as
the pulling speed is increased). The vessel pressure
is maintained by addition of gas into the chamber,
thereby preventing decomposition or deposition of
material onto the vessel walls. Multicomponent
crystals and alloys can be grown under positive
pressure to keep both constituents in the melt
throughout the growth process.
Czochralski growth can result in crystals of many

cubic centimeters in volume. By careful positioning
of the seed crystal, growth can be initiated and
maintained along any desired crystal axis. Finally,
doped and heterogeneous crystals can be grown
under the appropriate conditions of pressure and
temperature.
Establishing single crystalline growth does not ne-

cessarily require the presence of a seed. For example,
single crystalline anthracene has been grown in the
gap formed between two glass slabs separated by 140
nm thick Au metal spacers, as illustrated in Fig. 5.21.
The sandwich is placed in a container partially filled
with molten anthracene in a nitrogen atmosphere at
240°C; slightly above its melting point. The liquid
anthracene is drawn by capillary action into the chan-
nels between the Au strips, and crystallizes by de-
creasing the temperature at a rate of �1°C/min.
Crystallization is initiated at the Au/liquid interface
(Kéna-Cohen et al., 2008). For narrow channels
(<3 μm wide) and slow cooling (<1.5°C/min), the pro-
cess reproducibly yields larger than centimeter-sized

anthracene single crystal slabs. The crystallinity was
confirmed by electron and x-ray diffraction that indi-
cated the crystal a and b crystal axes lay in the glass
substrate plane. For most of the channels, the b-axis
was found to lie along, or very nearly along the chan-
nel length.
There are numerous variants for growth of small

(microns to millimeters) crystals from the source
material dissolved in a solvent such as DCM,
chloroform, etc. Several solvent-assisted growth
techniques are illustrated in Fig. 5.22. In the solv-
ent evaporation method (Fig. 5.22a), the purified
source material is dissolved, and then the solvent
is allowed to slowly evaporate from a loosely
covered beaker into a controlled atmosphere such
as ultrapure nitrogen. At some point, the solution
becomes supersaturated, and the organic material
spontaneously condenses. Eventually, all the solv-
ent evaporates, leaving behind a crystalline solid
that is subsequently removed from the container.
Solvent exclusion from the solid can also occur by
slow cooling of the solution until it is supersatur-
ated, similarly resulting in a polycrystalline pre-
cipitate, as shown in Fig. 5.22b.
Figure 5.22c illustrates the vapor diffusion

method. Here, the source material is dissolved into
a solvent (solvent 2) in which it is highly soluble,
producing a supersaturated solution. The open
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Figure 5.20 Czochralski growth reactor showing its basic components
(Singh, 2003).
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Figure 5.21 (a) Growth of a thin, single crystalline organic slab between
two glass sheets cold-weld bonded together by Au stripes. The sum of the
thicknesses of the stripes on the substrate and cover determine the crystal
thickness, and their separation its width. The molten solution of the source
organic (the melt) is drawn by capillary action (dashed arrows) into the
gap between the slabs. As the melt is cooled, the slab solidifies,
nucleating at the edges of the Au strips. (b) Micrograph of a single crystal
of anthracene grown in a channel between two Au bonding strips (Kéna-
Cohen et al., 2008).
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vessel containing the solution is placed in a second,
high volatility solvent (solvent 1) in which the source
material is less soluble. As solvent 1 evaporates, it
enters the inner vessel, leading to supersaturation and
eventual precipitation of the source. The rate of crystal
growth can be controlled by temperature that varies
the relative rates of evaporation of the two solvents.
Liquid diffusion, shown in Fig. 5.22d, is similar to
vapor diffusion, except that the two solvents, including
one containing the source, are added to the same bea-
ker. The two solutions interdiffuse at their interface.
Since the solubility of the source is lower in solvent 1,
the interface becomes supersaturated, initiating
growth. Growth continues until the two solvents are
completely intermixed and the solute is exhausted.We
will show in Section 8.7.1 that the liquid interdiffusion
process results in high quality single crystal TIPS-
pentacene microribbons employed as the channels in
thin film transistors (Kim et al., 2007).

Solvent-assisted growth has the advantages of
being simple to implement, and it allows for the direct
observation of growth as the solvent evaporates.
However, it is difficult to control and almost invari-
ably results in polycrystalline growth since there is no
well-defined seeding process. The solvent must be
completely removed and highly pure to ensure good
quality crystal growth with a minimum of point de-
fects, impurity incorporation, high angle grain
boundaries, and so on. Also, it is difficult if not im-
possible in most circumstances to uniformly dope the
crystal since impurity incorporation depends on the
distribution coefficients of the various constituents.
The coefficients are a function of the relative

concentrations of the dopant, host and solvent
which varies continuously as the solvent and solute
are depleted.
An example of anthracene crystals grown from

solution is shown in Fig. 5.23. Several crystals, ranging
in size from millimeters to >2 cm, were harvested
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Figure 5.22 Several methods for solvent-assisted single crystal growth. Growth by (a) solvent evaporation, (b) solvent cooling, (c) vapor diffusion, and
(d) liquid interdiffusion in a solution containing two solvents, 1 and 2 (Jiang and Kloc, 2013).

Jiang, H. & Kloc, C. 2013. Single-crystal growth of organic semiconductors. MRS bulletin, 38, 28-33 reproduced with permission
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Figure 5.23 (a) Approximately 1 cm long single anthracene crystal
grown by slow evaporation from solution. (b) Identification of lattice
planes of the crystal in (a). (c) Atomic force microscope image of the (001)
surface of the crystal. A terrace structure is observed. Each step in the
terrace is one monolayer high. (Zhang et al., 2009)

Reprinted from J. Crystal Growth, Zhang, P., Deng, J., Zeng, X., Liu, Z., Qiu, Y.,
Zhong, H., Fan, Y., Huang, J., Zhang, J. & Xub, K. Growth mechanism of large-
size anthracene single crystals grown by a solution technique, 311, 4708
copyright 2009, with permission from Elsevier.
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from a solution that was allowed to evaporate for
4 weeks. Importantly, the growth proceeded layer-
by-layer, which results in stepwise terraces on the
crystal surface. The terrace height was found to
equal d001 = 0.92 nm of the bulk crystal lattice. Each
terrace length is approximately 1.5 μm long, providing
a slight relief to the (100) plane (Zhang et al., 2009).
Growth along a particular crystal axis is achieved

by placing a seed within the supersaturated solution
with only a single crystal face exposed to the liquid.
This imposes growth along the direction facing the
liquid. Then, by controlling the solution temperature,
growth rates of �1 mm/h can result in highly uni-
form and large single crystals (see Fig. 5.24).
Vapor phase growth, also known as physical vapor

transport (PVT) growth, is done in vacuum or in the
presence of a dilute, ultrapure carrier gas such as H2,
Ar, or N2 in vessels similar to that used in thermal
gradient sublimation (see Fig. 5.7). Crystal nucleation
occurs at the vessel walls, resulting in crystallites that
are typically only a few millimeters thick by a centi-
meter in length. Growth proceeds at the material
sublimation temperature, which needs to be well
below the decomposition temperature. This is in con-
trast to Bridgeman and Czochralski techniques where
growth at the melting point can be very close to its
decomposition temperature. Vapor phase growth is
unsuitable for materials that cannot be evaporated.
An advantage of this technique is that sublimation
in a thermal gradient is effective at eliminating im-
purities, resulting in a high quality crystal without
needing to take steps to remove excess solvents or
other contaminants found in liquid solutions.
Vapor phase growth results in the development of

free, unstrained surfaces, and when not intentionally
seeded, several crystals that grow along different axes

can be harvested in a single sublimation. As shown
in Fig. 5.25, rubrene crystals grow as needles of vary-
ing lengths and diameters, whereas other materials
(e.g. tetracene) and under different conditions (tem-
perature gradient, gas flow rate, gas composition,
etc.) grow as flakes and sheets. Doped and multicom-
ponent (i.e. binary, ternary, quaternary, etc.) crystal
mixtures can be grown simply by careful addition,
and homogeneous mixing of multiple organic sources
into the growth reactor (Karl, 1980). Doping and or-
ganic mixtures are achieved by using a carrier gas
during growth that accurately dilutes the multiple
components to their desired concentrations, similar to
the conditions used in organic vapor phase deposition
(OVPD) of thin organic films (see Section 5.4.2).
High quality, large single crystals are grown in a

furnace tube containing a temperature gradient con-
siderably smaller than used in thermal gradient puri-
fication. The source material is evaporated either in
vacuum or in a slowly flowing inert carrier gas into a
slightly cooled (<1°C) zone of the tube. There, nucle-
ation occurs adventitiously on irregularities on the
vessel walls. The crystals are allowed to grow slowly
(�0.1 mm/h) in a layer-by-layer mode due to the
shallow temperature gradient. Near-equilibrium
growth is essential to minimize the formation of dis-
locations due to strain, incorporation of impurities,
and to prevent dendritic growth.
Growth along a particular lattice direction can be

achieved by placing a seed at the cooler end of an
ampoule positioned within the sublimation zone. The
seed temperature is elevated slightly above its sub-
limation temperature to present a fresh growth sur-
face, and then the temperature is lowered to promote
nucleation at the seed surface. Thereafter, growth
proceeds along the lattice direction imposed by the
seed. Alternatively, the seed can be placed at the end
of a small heat sink such as a metal needle inserted
into the growth zone. Condensation preferentially
occurs at this cold point containing the seed.

Figure 5.24 Single crystals of the nonlinear optical material
benzophenone grown from seeded solution along the (110) direction.
The boules measure 1–2 cm in diameter (Sankaranarayanana and
Ramasamy, 2005).

Reprinted from J. Crystal Growth, 280, Sankaranarayanana, K. & Ramasamy,
P., Unidirectional seeded single crystal growth from solution of benzophenone,
467, copyright 2005, with permission from Elsevier

Figure 5.25 Centimeter-long needles of rubrene grown by physical
vapor transport (de Boer et al., 2004).
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The geometry in Fig. 5.7 is not ideal for the growth
of large crystals, which can only controllably occur
within a narrow zone where the temperature differ-
ence allows for slow, near equilibrium growth. For
this purpose, vessels are used that have two parallel
surfaces (called plate sublimators); one controlled at
the sublimation temperature and the other in close
proximity that is at the condensation temperature,
perhaps only a fraction of a degree lower than the
sublimation plate. Numerous crystals can nucleate
over the large surface area for condensation, and can
grow to large volumes, as in Fig. 5.26.

Single crystals have been extensively used as the
channel materials for organic thin film transistors as
a means to achieve very high field effect mobilities,
with selected results found in Table 5.2. To fabricate
the transistors (with details on structures provided
in Chapter 8), the single crystals are mechanically
attached to the gate dielectric and the device con-
tacts. The mobilities are generally higher than
achieved for similar materials directly deposited
from the vapor or solution phase (Reese and Bao,
2007).

While single crystals are useful for understanding
fundamental properties, they must be individually
positioned between contacts. Further, they must be
handled with care to avoid surface damage as well as
generation of bulk defects that can be induced by
flexing or stretching during device fabrication.
An example procedure for fabricating organic tran-
sistors using rubrene crystals grown by physical
vapor transport is shown in Fig. 5.27. The base layers
of this bottom gate/bottom contact configuration
(see Chapter 8) form a flexible stamp used to pick up
the rubrene single crystal flake. The substrate and gate
dielectricmaterial is theflexible elastomer, PDMS.Once
the gate, drain and source contacts along with the gate
insulator are deposited, the flexible stamp picks up the
organic crystal which adheres to it by van der Waals
forces. The crystal itself is 0.2–1.0 mm thick along the c-
axis of rubrene. The dimensions along the basal a–b
plane are approximately 2–3 mm on a side. The gentle
pick-up of the crystal avoids strain and flexing that
inevitably degrade the crystal quality.
An interesting feature of this stamp transfer process

is that it is both reversible and repeatable. Thus, the
crystal can be attached and released numerous times,
orienting it along different axes to measure the field
effect mobility as a function of crystalline direction.
A polar plot of the mobility is shown in Fig. 5.28,
which is a compilation of measurements taken by
rotating the sample through two entire 360° cycles.
The points, obtained from both the linear and satur-
ation transistor operating regimes over both cycles
shows the reproducibility, and hence non-destructive
nature of stamp transfer. Interestingly the highest
mobilities of 4.4 cm2/V s are obtained along the bb -
axis, which is four times that along the ba -axis. This is
consistent with the closer molecular spacing of 7.2 Å
along bb, vs. 14.4 Å along ba.

~ 1 cm

~ 2 mm

Figure 5.26 A 2 mm thick by 10 mm long pyrene single crystal grown by
plate sublimation (Karl, 1980).

Table 5.2 Mobilities measured for OTFTs that employ single crystal channels. From Reese and Bao (2007)

Channel material Growth process Charge carrier Mobility (cm2/V s) Structurea Gate dielectric

Pentacene Vapor Hole 2.2 TC, TG Parylene

Tetracene Vapor Hole 2.4 BC, BG PDMS

Anthracene Vapor Hole 0.02 BC, BG SiO2

CuPc Vapor Hole 1 TC, TG Parylene

FCuPc Vapor Electron 0.2 TC, BG SiO2

TCNQ Vapor Electron 1.6 BC, BG Air gap

DT-TTF Solution Hole 1.4 BC, BG SiO2

CH4T Solution Hole 0.2 BC, BG SiO2

TIPS-Pn Solution Hole 0.17 BC, BG SiO2

Anthradithiophene Solution Hole 1.0 BC, BG SiO2

a BC = bottom contact; TC = top contact; BG = bottom gate; TG = top gate.
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We caution that field effect mobilities obtained
from the transistor characteristics are not equivalent
to time-of-flight mobility measurements as described
in Section 4.4.3. Indeed, the field effect mobilities are
extracted from measurements of the conductivity
along the surface of the organic at its interface with
the gate insulator. Hence, the field effect mobility
depends on preparation, contact quality, pressure ap-
plied to the organic (Nisikawa et al., 2006), and inter-
face contamination from the environment (Pflaum
et al., 2006). Hence, very high room temperature tran-
sistor mobilities (>5 cm2/V s) occasionally claimed for
these values should be viewed with caution, since
they may not reflect an intrinsic material property.

5.4.2 Thin film growth

Soft materials enable many different methods for
deposition. This ability lies at the heart of their versa-
tility. Self-assembled, epitaxial, and quasiepitaxial

structures can develop on a variety of surfaces with-
out the constraints of lattice matching that dominates
the structures of “hard” materials such as covalently
bonded semiconductors. Given the range of possible
deposition methods available to organics, and the
variety of structures that can be achieved, in this
section we necessarily confine ourselves to a discus-
sion of only the most commonly used methods. Both
deposition from vapor (whether in vacuum or in an
inert gas) and from solution are described. The inter-
ested reader is directed to the literature to find out
about other methods, using what follows as an intro-
duction to the topic.

5.4.2.1 Vacuum thermal evaporation

Thermal evaporation in vacuum is by far the most
commonmeans for depositing small molecule organic
thin films. The configuration used for VTE is illus-
trated in Fig. 5.29. The organic source material is load-
ed into a “boat,” or crucible, that is resistively heated
in a high vacuum chamber to the source evaporation
temperature. Materials that either sublime or evapor-
ate from the liquid phase at elevated temperatures are
compatible with VTE. By co-evaporating two or more
materials from different crucibles, blends and doped
films are controllably produced. Sequential depos-
ition of several materials results in the growth of
multi-layer structures whose functionalities are deter-
mined by composition and layering scheme. The rate
of film growth and the total thickness deposited in real
time are typically measured by a quartz crystal thick-
ness monitor positioned near the substrate. The

Source(a)

(b)
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Substrate

Organic crystal

100 μm

500 μm

Initiate contact

Complete lamination

Drain

Dielectric

Top view

Figure 5.27 Fabrication of a rubrene single crystal field effect transistor.
(a) Preparation of the stamp comprising a flexible PDMS substrate, gate
electrode, 2–4 mm thick PDMS gate dielectric and the source and drain
electrodes. All electrodes are Ti/Au, where the Ti is used for adhesion to
the PDMS. These base layers are used as a stamp. (b) The organic crystal is
picked up by the stamp along one edge, and then adheres by van der
Waals forces to the electrodes. The images at right are of the device before
and after organic channel attachment. The arrow in the center
image shows the direction of attachment of the crystal after making initial
contact along the edge at the lower right corner (Sundar et al., 2004).
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Figure 5.28 Field effect mobility as a function of rubrene crystal
orientation relative to the source-drain direction. The ba and bb crystal axis
directions are indicated. Mobilities are obtained from both the linear
(black squares) and saturation (red squares) regimes of transistor
operation. Also shown are photographs taken at several different
orientations (Sundar et al., 2004).
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monitor can also be used in a feedback loop to
control the temperatures of the crucibles, thus pro-
viding highly controlled film deposition. Alterna-
tively, the film properties can be measured and
controlled using optical absorption in either reflec-
tion or transmission modes, or by ellipsometry. For
these purposes, an optical beam is obliquely inci-
dent onto the substrate surface, and the intensity
and spectrum of its specular reflection is measured
using a photodetector and monochromator placed
opposite to the light source at the angle of
incidence.

The substrate is positioned at a sufficient distance
from the thermal sources to prevent heating, and to
ensure uniform thickness and composition of the
deposit. On the other hand, the distance must
be much less than the ballistic range of the evapor-
ated molecules from the crucible. To achieve
high uniformity, the source-to-substrate distance
should be at least three to five times the maximum
substrate diameter, although this becomes impracti-
cal for very large substrates used in manufacturing
displays, lighting or solar cells. Table 5.3 lists the
approximate substrate sizes use in display manufac-
turing. The use of linear evaporation sources and
other strategies (see below) can relax this distance
requirement. To improve uniformity even further,
the substrate is rotated at a few revolutions per
minute around an axis that is off-center from the
crucible orifice. The preferred orientation is shown in
Fig. 5.29 where the organic materials are evaporated
upward toward the substrate. This avoids dust within

the chamber from falling onto the substrate surface,
and also prevents the organic source from falling out
of the crucible, or boat.
VTE is done in a high vacuum environment, typic-

ally ranging from 10�6 torr, to ultrahigh vacuum
(UHV) approaching 10�11 torr. When deposition oc-
curs at UHVs (loosely defined as pressures, P < 10�8

torr), the process is known as organic molecular beam
deposition (OMBD).
The mean free path of the background gas mol-

ecules, mfp, should be much larger than the chamber
size in a vacuum deposition system. From kinetic
theory,

mfp ¼ kBTffiffiffi
2

p
πd2P

; ð5:14Þ

where d is the background gas atomic or molecular
diameter. The mfp is plotted vs. pressure in Fig. 5.30
for common background gases. In most deposition
systems, the background gases with the highest par-
tial pressures are H2 and N2. At P < 10�6 torr, then
mfp > 10 m, which is considerably larger than cham-
bers used in VTE.
The concentration of contaminants in the high vac-

uum environment is very small, and hence the purity
of the starting organic material is maintained, and
even improved by evaporation (Salzman et al.,
2005). As in the case of gradient sublimation, vacuum
pumps used in VTE should avoid organic oils used in
mechanical rotary pumps that rough the chamber
from atmospheric pressure, and in high vacuum

Substrate

mask

Host
Heater

Dopant

Thickness 
monitor

Vacuum

Figure 5.29 Schematic of the basic elements of a vacuum thermal
evaporation system.

Table 5.3 Approximate “mother” glass substrate sizes used in display
manufacturing

Substrate generationa Dimensions (in mm)b

1 300 × 400

2 400 × 500

3 550 × 650

4 680 × 880 or 730 × 920

5 1000 × 1200 or 1100 × 1300

6 1500 × 1800

7 1900 × 2200

8 2200 × 2400

9 2400 × 2800

10 2850 × 3050

11 3200 × 3600

a The generation is typically labeled as “Gen,” that is, a generation 10
substrate is referred to as Gen 10. As a rule of thumb, the substrate area
(in m2) is roughly equal to its generation.
b Actual sizes depend on manufacturer. Thicknesses also vary, but are
typically 0.3–0.7 mm.
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diffusion pumps. The most convenient pump for
rapid, high vacuum pumping is the turbo pump,
although it is not effective in removing the lightest
gasses such as H2. Capture pumps such as cryopumps
are also clean and fast, although care must be taken
during regeneration to avoid contact with vapors that
are released frommany pumping cycles of potentially
toxic organic compounds. It is also important to use
crucible materials (e.g. Mo, W, ceramics) that do not
react with the evaporant, and that the evaporation
temperature be kept well below the decomposition
temperature of the organic compound.
The evaporation rate is exponentially dependent on

temperature, viz.

revap ¼ r0 expð��Hvap=RTÞ; ð5:15Þ

where �Hvap is the enthalpy of evaporation. Hence,
the rate can be adjusted between 0.01 Å/s and
100 Å/s with only a small change in crucible tempera-
ture. In Table 5.4 we list the evaporation enthalpies of
a few example compounds commonly found in or-
ganic electronic devices.
Growth rates of 0.1–10 nm/s are commonly used

since achieving precise thickness control at higher
rates is challenging in depositing the thin layers
(�100 nm) used in organic electronic devices. If the
rate is too slow, a high concentration of impurities is
incorporated into the films in systems with only mod-
est vacuums. In a study of film quality, OLED hole
and electron transporting layers of α-NPD and Alq3,
respectively, were grown at rates of from 0.01 to 1000
nm/s at a system base pressure of <10�6 torr
(Matsushima et al., 2012). The growth rate was varied

by positioning the substrate at distances 0.5–18 cm
from the molecular source boat, while also varying
the source temperature. With the exception of the
charge mobilities, almost all of the film properties,
including surface roughness, PL lifetimes, and
morphology measured by X-ray diffraction, were un-
affected over this six order of magnitude variation in
deposition rate. The most significant change was a
three-fold increase in hole current in α-NPD by a
factor of three as the rate increased to 10 nm/s, com-
pared to a decrease in electron current in Alq3 by a
factor of 0.17. This is attributed to changes in bulk
mobilities related to morphology within these films.
Optical birefringence measurements indicate that the
planar α-NPD molecule forms more ordered stacks in
the vertical direction at the higher rates, whereas it is
likely that the more isotropic Alq3 simply becomes
more porous. Indeed, very high deposition rates are
likely to yield a high density of voids not found in
layers that are deposited more slowly. That is, the
adsorbed molecules have more time to seek equilib-
rium positions within the film before being buried at
energetically unfavorable locations by subsequently
arriving molecules.
Although this tradeoff between film quality and

deposition rate is weak for α-NPD and Alq3, it may
be more pronounced in other molecular systems.
While manufacturing throughput depends on a high
rate to complete the film deposition in a minimum
amount of time with thickness variations of < 10%,
this need must be balanced against the rigorous de-
mands for high performance devices. With these con-
siderations in mind, �10 nm/s is a practical upper
limit to the deposition rate in most circumstances.
In-line organic source boats illustrated in Fig. 5.31

are used for deposition on very large substrates. In
this configuration, the substrate is held close to a boat
of comparable width. The substrate is translated over
the boat opening throughout the layer growth. The
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Table 5.4 Enthalpies of evaporation of several common organic
compounds (Shtein et al., 2001)

Material Function �Hvap (kcal/mol)

DCM2 Fluorophore 110

PtOEP Phosphor 128

Ir(ppy)3 Phosphor 166

CBP Electron Transport 143

Alq3 Electron transport 138

α-NPD Hole transport 139

CuPc OPV donor 176
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film thickness is determined by the width of the
plume, W, and the velocity of the translating sub-
strate, v, via d = Wrevap/v. For multilayer structures,
the substrate is translated from source-to-source
placed in a series along the length of the vacuum
chamber, each containing a different organic species.
Doped films are grown by placing two or more linear
sources in close proximity, and then tilting them such
that the deposition plumes overlap at the substrate
plane. The substrate can be oriented as in Fig. 5.31
(bottom-up evaporation), or the entire system can be
rotated by 90° to allow for the substrate to stand
vertically as it is translated—a relatively compact
configuration that is convenient for handling the lar-
gest substrates.

In-line sources have proven effective for the
manufacture of large OLED displays (typically Gen
8 and larger). They do, however, present challenges
beyond those encountered using point sources. Care
must be taken to ensure complete overlap of the
evaporants when doping thin films to avoid vari-
ations in dopant concentrations at the edges of the
deposit. Also, the thin film thickness depends on the
control of two variables: evaporation and substrate
translation rate.

Film morphology (i.e. its roughness, crystalline
order and orientation, etc.) can be controlled by vary-
ing the deposition rate, molecular structure and com-
position, and substrate temperature from below room
temperature to as high as �100°C. A dramatic dem-
onstration of the effects of deposition rate on morph-
ology is shown by the X-ray diffraction pole figures of
PTCDA grown on a glass substrate at room tempera-
ture in Fig. 5.32. These pole figures reveal the crystal-
line texture of the film by plotting the intensity of the
intermolecular, (102) Bragg reflection as a function of
polar angle with respect to the film normal. Rapid,
non-equilibrium growth at a high deposition rate of
50 Å/s results in a surprisingly high degree of order.

The double-lobed x-ray intensity pattern aligned to
the 0–180o polar axis, and with peaks at ±11° from the
substrate normal in Fig. 5.32a reveal a twinned crystal
whose (102) planes are tilted at these same angles
(Forrest et al., 1984). In contrast, at a lower deposition
rate of 2 Å/s shown in Fig. 5.32b, there is no apparent
pattern in the X-ray contours. This suggests that the
film is a randomly oriented powder in the substrate
plane, that is, it is amorphous.
As can be inferred from the discussion of quasiepi-

taxy in Section 2.6.2, the kinetics of growth are critical
factors in determining morphology. The order at high
growth rates is indicative of rapid self-assembly that
occurs under non-equilibrium conditions: nucleation
begins at only a few locations around the substrate
followed by rapid and ordered growth that covers the
substrate surface. Pretreatment of the substrate (e.g.
by handling, rubbing, etc.) may in fact template a
directionality to the substrate, whereby there is a
preferred alignment direction that results in the low-
est crystal energy (Yang et al., 2015). At lower depos-
ition rates, the molecules have an opportunity to
move along the substrate surface, creating random

Heated Linear Source

Substrate 
Translation

Substrate

Effusion Slot

Evaporant
plume

Figure 5.31 Schematic layout of a linear source evaporation system. The
source boat is uniformly heated above the source sublimation temperature.
The molecules exit the effusion slot, forming a large plume that covers the
substrate as it is translated to achieve full coverage.
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50Å/s

2Å/s

Figure 5.32 X-ray pole figure of the (102) PTCDA diffraction intensity
vs. polar angle. A 100 nm thick film is deposited at (a) 50 Å/s and
(b) 2 Å/s. Each contour in (a) corresponds to a 10%, and in (b) to a 1%
difference in X-ray intensity between adjacent contours (Forrest et al., 1984).

Reprinted from Forrest, S. R., Kaplan, M. L. & Schmidt, P. H. 1984. Organic-on-
inorganic semiconductor contact barrier diodes. II. Dependence on Organic
Film and Metal Contact Properties. J. Appl. Phys., 56, 543 with permission of
AIP Publishing.
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nanocrystalline piles that are not oriented relative to
each other (see Fig. 5.32b). The rate dependent order-
ing is also reflected in the out of plane hole mobility
measured for these same samples with results in
Fig. 5.33. The mobility increases with deposition
rate, corresponding to more ordered and extensive
crystalline stacks. This is expected since single crystals
lack high angle grain boundaries that result in carrier
scattering, which would be reflected in a decrease in
charge mobility.
The order in the films in Figs. 5.32 and 5.33 arise

from a combination of adventitious templating by the
substrate, as well as by the strong tendency of PTCDA
to assemble into large crystalline “rafts” with mol-
ecules lying flat, or near flat on the glass surface.
Deposition of very thin layers of PTCDA and other
molecules with similar tendencies to self-order can
thus be used as templates that drive the order of
subsequently deposited layers that have weaker inter-
molecular interactions. Indeed, such templates can be
used to force molecules in the adlayer to lie flat on the
template, whereas they would ordinarily stand on
edge, or vice versa, depending on the adlayer mol-
ecules interactions with the template (Lassiter et al.,
2010, Yang et al., 2015). Intentional manipulation of
order and orientation of the thin film structure is
critical to device performance, resulting in increased
emission efficiency in OLEDs, power conversion effi-
ciency of OPVs, and the conductive properties
of OTFTs.
While exogenous layers can form a template to

control the morphology of subsequently deposited
films, the range of control is limited. That is, a struc-
ture that is forced by the template eventually relaxes
into its equilibrium crystal structure as the thickness
of the adlayer is increased. Relaxation, in turn,
results in accumulation of disorder. Hence, the layer
should only be deposited to a thickness that is within

the Matthews–Blakeslee strain limit discussed in
Chapter 2. Lattice relaxation is exemplified by an
H2Pc film deposited onto a 20 nm thick ordered
PTCDA template layer pre-deposited on a glass
substrate. Micrographs of the H2Pc film surface and
cross sections for various layer thicknesses are
shown in Fig. 5.34. The layer grown directly on glass
(Fig. 5.34a and f) shows no preferred order, with crys-
talline needles distributed in random directions.
Cross-sectional views of the films grown on template
layers show a preferential orientation of the domains
perpendicular to the surface. The crystal facets are
also apparent in the corresponding plane views.
However, the thickest films (>300 nm, Figs. 5.34d, e,
i, and j) show that the domains diverge from a com-
pletely vertical aspect. These micrographs, along with
X-ray diffraction data, indicate that the H2Pc molecu-
lar layers in the thinner films lie flat on the similarly
flat lying PTCDA layer, while as the H2Pc film thick-
ness is increased, the structure relaxes into its α-phase
equilibrium, herringbone crystal habit. This tendency
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Figure 5.33 Out of plane hole mobility vs. deposition rate. Comparing
this result to that in Fig. 5.32, higher rates result in increasing order, and
hence a higher charge mobility (Forrest et al., 1984).
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H2Pc(120 nm)
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H2Pc(300 nm)
/PTCDA (20 nm)
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Figure 5.34 Plane and cross-sectional SEM views of H2Pc films
grown on a bare glass substrate (a, f) and at various thicknesses on a
20 nm thick, pre-deposited PTCDA template layer (b–e; g–j) (Sakurai
et al., 2005).
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to assume its equilibrium structure as the film thick-
ness is increased is illustrated in Fig. 5.35.

While the films in Figs. 5.34 were grown in UHV by
OMBD, templating appears to be independent of the
level of vacuum. Indeed, it has also been observed in
films grown via OVPD. It is simply a result of the
balance of forces between the substrate and the layers
grown on its surface. These forces are modified by
either increasing or decreasing the van der Waals at-
traction between the adlayer and the template, or with
the original substrate. Numerous template molecules
have been employed, although planar aromatic hydro-
carbons such asPTCDA,NTCDA, and largermolecules
with similar structures appear to be themost effective at
creating order in subsequent layers. This is due to their
extended π-systems that form highly attractive surfaces
to a range of conjugated molecular structures.

5.4.2.2 Organic molecular beam deposition

The UHV process of OMBD has led to unprecedented
advances in the ultraprecise control over both the
thickness and morphology of small molecule organic
materials (Forrest, 1997). This is primarily a result
of the uniformly controlled heating of organic
source materials in an ultraclean environment using
Knudsen evaporation cells that ensure both con-
trolled material flux as well as in situ purification of
the source material The UHV environment also leads
to nearly complete elimination of the incorporation of
impurities during film growth.

To preserve the purity of the starting or sourcemater-
ial, the incorporation rate of exogenous contaminants
must be substantially less than the film growth rate.
From kinetic theory, the time for a monolayer (ML) of
background gas atoms with partial pressure, P, to be
adsorbed onto a substrate surface is (Weston, 1985)

τML ¼
Nsurf

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2πmgkBT

p
κP

; ð5:16Þ

where Nsurf is the density of surface atoms required to
form a complete monolayer, mg is the mass of the gas
molecule, and κ � 1 is the atomic sticking coefficient
(i.e. the ratio of atoms that stick to a surface to those
incident on it). Equation 5.16 is plotted in Fig. 5.36
assuming that the principal residual gas in a vacuum
system is H2, N2, or H2O, where κ = 1, andNsurf = 1014

molecules/cm2. The time required to adsorb a mono-
layer of H2 is τML � 20 s at a background pressure of
10�7 torr, and 40 min at 10�9 torr. Since N2 and H2O
are somewhat more massive, their presence can lead
to additional contamination, albeit at a somewhat
reduced adsorption rate. Some morphologies are op-
timally produced on cooled substrates, in which case
the substrate itself serves as a sync, or pump, for
background impurities (Forrest, 1997). The plot in
Fig. 5.36 shows that cooling to 100 K reduces the
monolayer diffusion time by nearly a factor of two
from its value at room temperature. To minimize the
incorporation of impurities, it is important to employ
the fastest growth rate possible that is compatible
with achieving the desired film morphology and
thickness control. Practical growth rates in UHV
thus lie in the range from 0.1 to 5 ML/s.
Films of Ga phthalocyanine chloride (GaPcCl)

grown at a rate of 0.5 Å/min on (001) KBr substrates
at a base vacuums 3 × 10�9 torr show a higher degree
of crystalline order than films grown at only 5 × 10�6

torr (Tanigaki et al., 1991). Furthermore, scanning
tunneling microscope images reveal layer-by-layer
growth when PTCDA is deposited on graphite in
UHV, whereas clumping into islands is prevalent at
lower vacuum (Forrest et al., 1994). It was speculated
that impurities and water incorporated during
growth at lower vacuum provide sites for crystal

α-H2Pc

Flat-lying
H2Pc 

20 nm PTCDA template

3.58 Å

3.34 Å

Figure 5.35 Crystal structure evolution of an H2Pc film on a PTCDA
template on glass as the H2Pc film thickness increases. Molecular
plane spacings for the two possible film structures are shown. After
Sakurai et al. (2005).
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nucleation, leading to island growth. Maintaining the
source material at elevated temperatures in UHV for
long periods, as is done in conventional OMBD sys-
tems, reduces moisture, and hence leads to improved
source purity.
UHV systems employ stainless steel chambers, as

in Fig. 5.37. Typically, growth occurs by evaporation
of the source material in a background vacuum ran-
ging from 10�9 to 10�11 torr using highly purified
organic source material heated from a Knudsen cell
(Herman and Sitter, 1989). The evaporant is colli-
mated by passing through a series of orifices, after
which it is deposited some distance away (�10–20
cm) on a substrate held perpendicular to the beam.
The molecular flux is controlled by a combination of
oven temperature that is maintained above the sub-
limation temperature of the source but well below its
decomposition temperature, and amechanical shutter
that can switch the beam flux from “on” to “off.”
Structures consisting of alternating layers of different
compounds are grown by sequentially shuttering the
beam flux from more than one Knudsen cell (So et al.,
1990, So and Forrest, 1991).
Samples enter and exit the OMBD chamber via

vacuum load locks, avoiding times needed to pump
the system down to UHV. The source materials are
stored in the Knudsen cells for extended periods of
time at temperatures somewhat below the evapor-
ation temperature in the UHV environment. Since
many of the organic molecular materials are hygro-
scopic, vacuum storage at elevated temperatures

leads to thorough drying and outgassing of the
sources, thereby achieving material purity over the
long term exceeding that of the source materials ini-
tially loaded into the chamber.
Due to the volatility of many organic materials,

high throughput pumps are employed to achieve
UHV. As in VTE, diffusion and other oil-based
pumps should be avoided since the oils can contam-
inate, and even react with the organic compounds.
A preferred arrangement is to use a high capacity
cryopump during growth, and an ion pump between
growths to maintain UHV. The chamber itself is lined
with liquid N2 filled shrouds on which residual gases,
and particularly H2O are condensed (or gettered).
This combination can lead to a base pressure of 5 ×
10�11 torr.
Varying the substrate temperature is one means for

controlling film structure (Vincett et al., 1981, Debe
et al., 1988, Mobus et al., 1989, So et al., 1990, Forrest
et al., 1994). At low substrate temperatures, the stick-
ing coefficient of impurities and residual gas atoms
approaches unity (cf. Fig. 5.36). High deposition rates
can minimize impurity incorporation.
The substrate temperature can also be used to con-

trol the molecular desorption rate, thereby enabling
ML growth of organic molecular materials and het-
erostructures (Yoshimura et al., 1991). Molecular layer
deposition (MLD) is similar to atomic layer epitaxy
(ALE) used for growing inorganic semiconductor
multiple quantum well structures, where the growth
of each layer is self-terminating due to the

LN 2LN 2

Knudsen cell

LN2 Shrouds

RHEED Gun

Figure 5.37 OMBD chamber used in the deposition of organic thin films in an ultrahigh vacuum environment (Forrest, 1997).

322 MATERIALS PURITY, GROWTH, AND PATTERNING



thermodynamic conditions and the composition of
the molecular constituents. In Fig. 5.38 we show the
MLD growth of PMDA alternated with DNB. These
molecules have considerably different desorption
temperatures (Tdesorp) from the substrate and each
other. When the substrate temperature is Ts > Tdesorp,
the molecular sticking coefficient is κ ≪ 1, preventing
deposition. MLD proceeds by first depositing mol-
ecule A whose binding energy (EA-B = kBTA-B) to mol-
ecule B is higher than that of the molecule to itself (e.g.
EB-B = kBTB-B < EA-B). When the substrate temperature
is adjusted to TB-B < Ts < TA-B, only a single mono-
layer of molecule B is deposited on a layer of molecule
A. To deposit a second ML of molecule A, the sub-
strate temperature is changed to TA-A< Ts< TB-A, and
the process is repeated. This combination of steps
results, therefore, in the saturated growth of single
monolayer films in an alternating layer-by-layer
mode by controlling the substrate temperature while
introducing a beam of molecules of the desired
composition.

The MLD process applied to PMDA and DNB in
Fig. 5.38 utilizes the strong bonding between
carbonyl-oxy-carbonyl groups of PMDA to the

amino group in DNB vs. the relatively weak bond
energies of these functional moieties to themselves.
At Ts = 50°C, the thermal energy is greater than the
intermolecular binding energy of DNB (Ts > TB-B),
thereby permitting only a single, saturated ML of
DNB to deposit on an initial layer of PMDA where
Ts < TA-B (see Fig. 5.38a). However, growth of PMDA
on DNB at Ts = 50°C < TA-A is halted only by closing
the shutter positioned between the molecular effusion
cell and the substrate, as indicated in Fig. 5.38b. When
the substrate temperature is increased to Ts = 65°C,
DNB is desorbed (Fig. 5.38c). The alternate process of
saturated single monolayer growth of PMDA on DNB
is therefore achieved at Ts = 80°C, as shown in
Fig. 5.38d. This procedure is slow since the tempera-
ture must be stabilized between each layer deposition,
although it can be effective for achieving controlled
layer-by-layer growth.
One further advantage of UHV growth is that sev-

eral in-situ film diagnostics can be employed both
during and immediately after growth (Herman and
Sitter, 1989). In particular, reflection high energy electron
diffraction (RHEED) provides in-situ and real time
information of the thin film crystalline structure
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Figure 5.38 Molecular layer deposition of PMDA (open ellipses) and DNB (filled triangles) using temperature to control the layer saturation. Separate
shutters A and B are positioned immediately above the evaporation sources for PMDA and DNB, respectively, enabling independent control of their
molecular fluxes (Yoshimura et al., 1991).
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(Haskal et al., 1992, Tada et al., 1992). Residual gas
analysis (RGA) is used to determine the molecular
species as well as any contaminants within the
OMBD chamber, and also measures the film-substrate
adhesive energy by thermal desorption spectroscopy.
Given its combination of ultrahigh purity and in

situ diagnostics, OMBD has led to significant ad-
vances in our understanding of growth dynamics as
well as fundamental optoelectronic properties of or-
ganic molecular crystals. Many of these same advan-
tages have been effectively used in growing extremely
high quality inorganic semiconductors such as GaAs
and InP using the analogous process of molecular
beam epitaxy.

5.4.2.3 Organic vapor phase deposition

OVPD differs from VTE since the molecules are evap-
orated into a hot inert carrier gas (e.g. N2 or Ar) that
transports them to a cold substrate where adsorption
occurs (Baldo et al., 1998a, Shtein et al., 2001). The
pressure of a carrier gas during growth imparts kin-
etic energy to the molecules adsorbed onto the sub-
strate, as well as resulting in diffusive transport of the
molecules in the gas phase. The additional kinetic
energy (beyond that provided by temperature) allows
the adsorbate to seek the most energetically favorable
attachment sites on the underlying layers, while dif-
fusive transport randomizes the direction of inci-
dence. The combination of these and other attributes
discussed below give OVPD the ability to control film
morphologies that are not possible using other
growth methods.
The pressure within the chamber typically ranges

from 0.1 torr to 1 atm, with flow rates having a low
Reynold’s number such that laminar flow is established.
The Reynold’s number (Re) is a dimensionless ratio of
the inertial to viscous forces. For a kinematic viscosity, ν,
and a volumetric flow rate of the gas, _V , then,

Re ¼
_VD
vA

: ð5:17Þ

Here, D is the chamber diameter and A its cross-
sectional area. For “fully developed” laminar flow,
Re < 2300, whereas turbulent flow ensues at Re >

4000. Intermediate Reynold’s numbers correspond to
the transition flow regime. Typically in OVPD, Re �
1–10, or well within the laminar flow regime.
The OVPD apparatus is shown schematically in

Fig. 5.39. The hot inert carrier gas infuses a boat con-
taining the organic source material, uniformly evap-
orating it into the chamber where the solute (i.e. the
molecules) are further diluted in the inert gas (the
solvent) stream. The chamber itself is heated, such

that no condensation occurs on its walls. This is in
contrast to VTE where the chamber walls are cold.
Hence in VTE, material accumulates in areas other
than the substrate, ultimately resulting in inefficient
materials use, and the necessity for periodic chamber
cleaning to remove thick deposits. These eventually
flake off the walls, creating dust within the vacuum
environment. In OVPD, however, the hot chamber
walls are free of deposit, and thus never require clean-
ing. Furthermore, the infusion of hot gas throughout
the source material, which is often a powder with low
thermal conductivity, uniformly volitilizes molecules.
This results in thermal equilibrium within the source
cell whereby the molecules form a saturated vapor
whose concentration is easily controlled via adjust-
ment of the cell temperature. In contrast, evaporation
in vacuumoccurs only at pointswhere the organic is in
contact with the heated source cell. The evaporation
rate can abruptly change as materials settle into voids
developed during sublimation. This makes the depos-
ition rate irregular and more difficult to control.
In vacuum, the molecules travel along ballistic tra-

jectories (i.e. along the line of sight) from the evapor-
ation source to the substrate. This differs from OVPD
where the ballistic range of the evaporated molecules
is very short. Here, the ballistic range is the distance
between the evaporation source and where the mol-
ecules reach their terminal velocity and, hence, no
longer follow straight, line-of-sight paths. Kinetic the-
ory can be used to estimate the ballistic range which
limits the dimensions of the source cell and chamber.
When molecules are evaporated from the source cell
at Tsource � 200–500°C, they undergo collisions with
the residual gas which results in their deceleration
and loss of kinetic energy. For a molecule of radius r
≪mfp, the position of the molecule of massM vs. time

Boundary
layer

Heated chamber wall

Porg

Tcell
Source

cell

Carrier
gas Cooled

substrate

V
·

X

δ

Figure 5.39 Schematic diagram of an OVPD chamber. The source
material is located in the inert gas stream, allowing for equilibrium pick-up
of the molecules. These are carried in a hot-walled chamber by the
carrier gas to a cooled substrate where they are physisorbed. Immediately
above the substrate is a diffusive gas boundary layer (shaded region)
(Shtein et al., 2001).
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from evaporation in the absence of significant exter-
nal forces is

xðtÞ ¼ v0τð1� e�t=τÞ; ð5:18Þ
where τ is the characteristic time it takes to reach
terminal velocity, and v0 is the initial velocity of the
molecule at the source. Assuming all intermolecular
collisions are elastic (which is not necessarily the case
due to the internal degrees of freedom of motion of
the molecules), then (Kubo, 1971)

τ ¼M=α ¼ M
Pπr2

3
16

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2πkBTg

mg

s
ð5:19Þ

where α is the drag constant of the molecules used in
their equation of motion, and Tg is the temperature in
the vacuum chamber. Again, from kinetic theory,

v0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8kBTsource

πM

r
; ð5:20Þ

which gives a ballistic range of a molecule of mass,M:

RB ¼ 3
4

kB
Pπr2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M
mg

TsourceTg

s
: ð5:21Þ

As an example, we consider the evaporation of mol-
ecule withM = 300 amu at a pressure of P = 0.1–1 torr,
and where the principal background gas is N2 with
mg= 14 amu, giving RB � 0.4–4 mm. Hence, in OVPD
the molecules remain in the vicinity of the source until
they are swept out by the carrier gas, allowing for the
source itself to be supersaturated with molecular
vapor. Material pick-up by the carrier gas occurs in
a controlled, equilibrium environment rather than in
the kinetic regime of VTE.

Under equilibrium conditions, the supply of organ-
ic species is limited either by the flow velocity of the
carrier gas or by the rate of evaporation. Material
evaporates from the surface of the organic solid at
rate, revap, given by (Shtein et al., 2001)

revap ¼ kevap � Peq
org: ð5:22Þ

where the equilibrium vapor pressure of the organic
material is Peq

org, and kevap is a kinetic constant of pro-
portionality. Vapor re-condenses at a rate, rcond, pro-
portional to the pressure of organic in the source cell,
Porg, viz.

rcond ¼ kcond � Porg: ð5:23Þ

where kcond is a kinetic constant for condensation.
Organic vapors are carried out of the source at a
rate, r, that is proportional to the volumetric flow

velocity of the carrier gas, and the concentration of
organic vapor in the source cell, Porg=RTcell:

r ¼ V
� � Porg

RTcell
: ð5:24Þ

Here, Tcell is the evaporation cell temperature, and R is
the ideal gas constant. From this analysis we obtain
the partial pressure of the organic evaporant in the
carrier gas stream:

Porg

Peq
org
¼ kevap

V
�
=RTcell þ kcond

: ð5:25Þ

As noted above, the pressure is related to evaporation
rate, which in turn is exponentially dependent on the
enthalpy of evaporation of the organic species, viz.

Peq
org ¼ P0 � expð��Hvap=RTcellÞ; ð5:26Þ

where P0 is an empirical constant specific to each
compound.
At high evaporation temperatures and sufficiently

low gas flow velocities, the vapor and solid in the
source region equilibrate (i.e. Porg � Peq

org), and the
concentration of organic exiting the source is constant.
The resulting flux of organic species in the equilib-
rium evaporation regime is thus proportional to the
vapor pressure and the carrier gas flow rate. At the
other extreme of low evaporation temperature and
high gas flow, the carrier gas sweeps the organic out
of the source region as quickly as it evaporates, for-
cing the system away from equilibrium. In this case,
the concentration of organics in the gas stream is
proportional to revap, and inversely proportional to
_V . In the kinetic evaporation regime, therefore, the
flux of organic material leaving the source is inde-
pendent of the carrier gas flow. Figure 5.40 illustrates
how the vapor pressure of organics exiting the source
varies with temperature and flow rate in both the
equilibrium and kinetic evaporation regimes.
In addition to the two modes of evaporation,

there are two regimes of deposition—equilibrium-
and transport-limited. Similar to evaporation, in
equilibrium-limited deposition the substrate tempera-
ture is sufficiently high to establish dynamic
adsorption/desorption equilibria between the solid
and the gas phases. Since the probability of conden-
sation increases with decreasing surface temperature,
the substrate should be kept sufficiently cold to en-
sure a molecular sticking coefficient, κ � 1.
As the carrier gas transports the organic vapors

from the source to the substrate, a stagnant boundary
layer of thickness, δ, develops above the substrate
across which organic molecules must diffuse prior to
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condensation (see Fig. 5.39). Thus, the film deposition
rate depends on the relative rates of the convective
and diffusive transport within the boundary layer.
The molar rate of transport of organic molecules in
the convection-limited regime is given by

rconv ¼
PorgV

�

RT
; ð5:27Þ

where Porg and T are the partial pressure of the organ-
ic vapor and the temperature of the carrier gas in the
deposition chamber, respectively. The rate of diffu-
sion across the boundary layer is (Shtein et al., 2001)

rdiff ¼ Dorg �
Porg=RT

δ
: ð5:28Þ

The net rate of deposition, rdep, across the boundary
layer is, then

rdep ¼
Porg

RT
� V

�

1þ V
�
δ=Dorg

ð5:29Þ

with

δ ¼
ffiffiffiffiffiffiffiffi
ν � x
V
�

s
; ð5:30Þ

where x is the radial distance from the axis along the
plane of the substrate holder. Equation 5.29 indicates
that, at low carrier gas flows the deposition rate is
limited by convection, while at the higher gas flows it
is limited by diffusion across the stagnant boundary
layer, which contracts quadratically with V

� �1.
A simple, practical design of a laboratory-scale hori-

zontal OVPD reactor is shown schematically in
Fig. 5.41. The furnace tube (quartz) is surrounded by
a multiple zone furnace, with the hottest zones toward
the gas and source inputs to the left, and the coldest
zone near the substrate. This sets up a thermal gradient
similar to that used in thermal gradient sublimation
that forces diffusion of gases and evaporants toward
the cold substrate. The substrate itself is actively cooled
to prevent re-evaporation. Each molecular source ma-
terial is held in a source container within its own tube
or “barrel” to prevent cross-contamination. The source
barrel is valved at its output to regulate flow of a
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Figure 5.40 Gas transport regimes (kinetic vs. equilibrium) in OVPD and their dependence on thermodynamic conditions within the chamber (Shtein
et al., 2001).

Reprinted from Shtein, M., Gossenberger, H. F., Benziger, J. B. & Forrest, S. R. 2001. Material Transport Regimes and Mechanisms for Growth of Molecular Organic
Thin Films Using Low-Pressure Organic Vapor Phase Deposition. J. Appl. Phys, 89, 1470 with the permission of AIP Publishing
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Figure 5.41 Schematic illustration of a laboratory OVPD reactor.
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source material into the main furnace tube. The valve
must be designed to withstand the reactor temperat-
ures which can be > 500°C. The source barrels are fed
with their own carrier gases, joining an additional
dilution gas stream in the main tube. Since the gasses
enter from the hot end of the furnace, they are heated
before arriving in the source and growth zones.
A shutter positioned in front of the substrate can be
included to further interrupt growth, although consid-
erable source control is afforded by the barrel valves
alone. Thermocouples are placed within the source
barrels and at the substrate to monitor temperatures
in each zone.

The gas dynamics can be measured in situ, and in
real time using laser induced fluorescence (LIF) and
ellipsometry (Rolin et al., 2012, 2014). In LIF, a laser
beam locally excites organic species dissolved in the
carrier gas while transiting the hot reactor vessel,
resulting in fluorescence emission whose intensity
and spectrum can indicate the organic concentration
and gas temperature, respectively (see Fig. 5.42). At P
< 1 torr typical of OVPD, the boundary layer extends

to a distance of δ > 10 cm from the cooled substrate
surface in a chamber with a diameter of 25 cm. The
calculated flow pattern in the vicinity of the substrate
in a vertical OVPD chamber showing the extent of the
boundary layer is illustrated in Fig. 5.43 under typical
conditions used in organic film growth.
Most practical organic optoelectronic devices use

multi-component or doped thin films. Because gas
diffusivity is high, host and dopant molecules inter-
diffuse in the deposition chamber en route to the
substrate, provided that the transit time is longer
than the characteristic diffusion time. It has been
shown that complete intermixing is achieved when
the chamber length is approximately equal to its
diameter (Lunt et al., 2009). An alternative for achiev-
ing mixing is to use a shower-head gas diffuser that is
placed in close proximity to the substrate, well within
the boundary layer itself (Schwambera et al., 2002). In
both cases, the doping of one material into a second is
controlled by differentially regulating the introduc-
tion of the various species into a diluting gas stream
by adjusting the gas flow rate from each source cell, as
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Figure 5.42 Schematic of an OVPD vessel (length, L, radius, a) with a
laser induced fluorescence (LIF) monitor. Molecular concentrations from
pulsed material injection along the length of the tube are illustrated by the
spreading bell-shaped curves. Here, _V ¼ molar velocity, and PL =
photoluminescence from the molecular species. In LIF, a laser is used to
optically pump the molecules whose resulting PL is measured with a
photodetector. The intensity of the signal provides the concentration of
molecules in the laser beam path in real time, and the temperature is
determined by the peak PL wavelength (Rolin et al., 2012).

Reprinted from Rolin, C., Vartanian, G. & Forrest, S. R. 2012. Laser induced
fluorescence monitoring of the transport of small organic molecules in an
organic vapor phase deposition system. J. Appl. Phys., 112, 113502 with the
permission of AIP Publishing.
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Figure 5.43 Organic concentration c* in the OVPD chamber calculated
for a chamber pressure of 1.5 torr, N2 carrier gas flow rate of 200 sccm, and
an organic concentration of 7.5 μmol/m3. The position along the chamber
axis, z*, and radially, r*, are normalized to the chamber radius, and c* is
normalized to the total organic concentration. Arrows in the left and right
panels depict, respectively, the relative diffusive and convective fluxes of the
organic species. The lengths of the arrows indicate the magnitude of the
flux. Thin black contour lines above the substrate holder (the white “T”)
indicate the extent of the boundary layer, where the diffusive flux is opposite
to the direction of convective flux of the organic material (Rolin et al., 2014).

Reprinted figure with permission from Rolin, C., Song, B. & Forrest, S. R. Phys.
Rev. Applied, Mass transport through the carrier gas boundary layer in organic
vapor phase deposition. Phys. Rev. Applied, 1, 034002. Copyright 2014 by the
American Physical Society.
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well as the temperature of the carrier gas. By adjust-
ing the gas flow rate, a high degree of stability and
control over the relative concentration of species is
possible. This situation cannot be easily achieved
using only temperature control employed in VTE
due to the exponential dependence of evaporation
rate on temperature (cf. Eq. 5.15).
The morphologies of α-NPD thin films in Fig. 5.44

illustrate the surface morphologies attained under dif-
ferent thermodynamic conditions used in OVPD. At
Tcell = 270°C, a carrier gas flow rate of > 10 standard
cubic centimeters per minute (sccm), and a deposition
rate< 1 nm/s, lead to molecularly smooth films, simi-
lar to those grown by VTE. For higher evaporation
temperatures and deposition rates, the films roughen
due to incorporation of >20 nm diameter spherical
clusters. Increasing V

�
reduces the deposition rate,

thereby resulting in smoother films.
Homogeneous nucleation occurs when organic mol-

ecules in the gas phase undergo rapid cooling in
proximity to the substrate within the boundary

layer. If the boundary layer becomes supersaturated
with the organic solute, homogeneous nucleation cre-
ates an aerosol of organic clusters within the inert
carrier gas. The clusters settle onto the substrate, pro-
ducing rough surfaces in Fig. 5.44. Larger deposition
rates increase the organic concentration near the cold
substrate, and hence the number of clusters increases.
Cluster growth is reduced by maintaining a sharper
temperature gradient near the substrate, or by using
higher carrier gas flows where the mass transfer rate
to the substrate exceeds the cluster formation rate.
Considerable control over morphology can be

asserted well before gas phase nucleation is observed.
Indeed, it is precisely the ability to fine tune morph-
ology that makes OVPD a powerful growth technique
in organic electronics. Figure 5.45 provides a matrix of
CuPc thin film morphologies accessible to OVPD as
the substrate and source cell temperatures are varied
at a fixed flow rate. In this matrix. The gas flow rates,
deposition times and pressures are held constant for
all samples. Except for Tcell = 460°C and Tsub = 2°C
where the high-evaporation rate and rapid cooling
near the substrate result in an aerosol of particles,
the surface texture shows a monotonic dependence
on temperature. The arrows point in the direction of
conditions closer to equilibrium. That is, the introduc-
tion of molecules into the gas stream exponentially
slows with a decrease in cell temperature. Thus, ad-
sorbed molecules have a longer duration to seek low
energy (near-equilibrium) surface sites before being
buried by subsequently arriving material. Similarly,
increasing the substrate temperature adds kinetic en-
ergy to the surface molecules, allowing them to move
more quickly to sites of lower energies. Films gener-
ated near to equilibrium show a needle-like morph-
ology, indicating the growth of crystallites that
protrude above the otherwise flat film surface.
Amorphous films are produced far from equilibrium.
Figure 5.46 shows the complementary data ob-

tained at fixed temperatures, but at varying carrier
gas flow rates. These micrographs are in order of
increasing rate (from Fig. 5.46a to d), and hence to-
ward less equilibrium growth conditions. As in
Fig. 5.45, near-equilibrium growth results in long
and narrow crystallites, whereas at high flow rates,
the growth is far from equilibrium, resulting in flat
and amorphous film morphologies.
Apparently, the presence of a carrier gas during

deposition and the independent control of multiple
chamber pressure and temperature conditions can be
exploited to create a broad variation in thin film
morphology. Thus, the films can approach an equilib-
riummorphology, depending on the balance between
kinetic and the diffusion limited conditions.

Figure 5.44 Atomic force micrographs of 200 nm thick α-NPD films
deposited on silicon by OVPD. Each scan is a 5 μm square, with a vertical
range of 50 nm. Films are deposited at rates of (in order, from top to
bottom): 0.84, 1.07, and 1.18 nm/s, having rms surface roughnesses of
0.8 nm, 3.6 nm, and 4.5 nm, respectively (Shtein et al., 2001).

Reprinted from Shtein, M., Gossenberger, H. F., Benziger, J. B. & Forrest, S. R.
2001. Material Transport Regimes and Mechanisms for Growth of Molecular
Organic Thin Films Using Low-Pressure Organic Vapor Phase Deposition. J.
Appl. Phys, 89, 1470 with the permission of AIP Publishing
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An example of the different morphological control
exerted by OVPD compared to VTE is the growth of
CuPc on a microcrystalline ITO surface shown in
Fig. 5.47. Local strain imparted by the ITO results in
a Stranski–Krastanov growth mode, whereby a thin
wetting layer gives way to long crystalline protru-
sions that rise well above the film surface, similar to
the morphology in Fig. 5.46a. The directional depos-
ition of by VTE results in shadowing of the evaporant
by the protrusions leaving voids in the film (see
Fig. 5.47a). Indeed, this is observed in the SEM
image in Fig. 5.47b of a PTCBI/BCP/Ag composite
layer deposited onto the CuPc surface. Voids are
clearly apparent to the right of each protrusion since
the deposition source is offset slightly to the left of the
center of the image. Directional deposition is also

accessible in the kinetic growth regime of OVPD.
However, in the diffusive regime, the molecular paths
within the boundary layer are randomized, resulting in
complete conformal coating of the surface features
(Fig. 5.47c), shown for OVPD grown PTCBI in
Fig. 5.47d. There are also no voids in the cross-sectional
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Figure 5.45 Scanning electron microscope (SEM) images of CuPc films grown on ITO vs. substrate and source cell temperatures at a constant The carrier
gas flow rate is 100 sccm, and the chamber pressure is 0.45 torr (Yang et al., 2005b).
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Figure 5.46 SEM images of the surface morphologies of CuPc obtained
at flow rates of (a) 100, (b) 125, (c) 150, and (d) 200 sccm at constant
source and cell temperatures.

(a)

(d)(c)

(b)

Figure 5.47 Deposition by (a) VTE or the kinetic regime of OVPD results
in directional trajectories from source to substrate. If there are
irregularities on the substrate surface, directional deposition can result in a
coating (shaded regions) that leaves voids and gaps. (b) SEM image of
OVPD-grown CuPc nanocrystalline protrusions resulting from strained
Stranski–Krastanov growth on a polycrystalline ITO substrate. The CuPc is
coated with a layer comprising PTCBI/BCP/Ag grown by VTE. Voids are
visible to the right of each crystallite. (c) In the diffusive OVPD growth
regime, the adsorbed layer conformally coats the substrate surface,
burying the irregularities. (d) SEM image of a CuPc film as in (b), coated by
a 50 nm thick layer of PTCBI showing complete substrate coverage. Inset:
Cross-section of the film showing the absence of voids. Scale bars (white)
in the SEM images are 500 nm (Yang et al., 2005a).

First publication in Nature Materials, 2005.
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image in Fig. 5.47d, inset. Such morphological control,
ranging from uniform blends to nanocrystallites
(Yang et al., 2007), to continuous crystalline layers
extending across entire substrate surfaces (Lunt
et al., 2007) are made possible by varying conditions
used during growth. In Chapters 6–8 we show that
this leverage over morphology provides a means for
creating thin film structures that result in higher
performance OLEDs (Zhou et al., 2005), transistors
(Shtein et al., 2002), and solar cells (Yang et al.,
2007, Song et al., 2014).
While hot OVPD reactor walls prevent condensa-

tion, if two materials with widely different eva-
poration and decomposition temperatures are
co-deposited, the low evaporation/decomposition
temperature species can potentially decompose on
contact with walls heated to prevent adsorption of
the species with the higher evaporation temperature.
To prevent decomposition, the different layers can
be evaporated in separate chambers held at temper-
atures appropriate to the particular species being
evaporated, with the substrate translated between
the chambers as required. When two such materials
must be co-doped into a single film, their widely
different sublimation and decomposition temperat-
ures may be accommodated by decreasing collisions
with the chamber walls by increasing the carrier gas
flow rate. Alternatively, a lamellar protective gas
“curtain” injected along the periphery of the furnace
tube can minimize molecular collisions with the
walls. These complexities do not exist in VTE depos-
ition, where each species is separately heated to its
individual evaporation temperature and then is bal-
listically transported through the cold-walled vac-
uum chamber to the substrate.

5.4.2.4 Film deposition from liquid solution

Casting films from the solution phase is widely used
for the deposition of large molecular weight or low
decomposition temperature materials that cannot be
deposited from the vapor phase. Hence, solution pro-
cessing has been almost universally adopted for the
deposition of polymers and many fragile, or large mo-
lecular weight species. The organics must be soluble to
be deposited from solution, which may require chem-
ical modification or functionalization. This modifica-
tion may, in turn, adversely impact the optical and
conductive properties of the molecule, since the solu-
bilizing groups may sterically hinder or alter the
desired molecular packing and film morphology.
Spin-on and casting are the two most frequently

used means for solution deposition. Additional
means include spray-on, uniform spreading using a

doctor blade, slot dye coating, and attachment of free
standing films by lamination. Solution casting entails
the feeding of the solubilized molecules onto a sub-
strate that is either stationary, or is translated beneath
the solution source (Siemann, 2005). The spin-on
method is accomplished by placing a drop of solvent
containing the solute onto a substrate that is rapidly
rotated. Ultrathin films are produced by the competi-
tion between centrifugal force that draws the film
toward the substrate edges where the excess is eject-
ed, and evaporation of solvent that results in an in-
crease in viscosity as the film solidifies.
Determining film thickness vs. spin rate is compli-

cated by the interplay between fluid flow in the sur-
face plane, and evaporation. The change of film
thickness, hf, with time, t, of a liquid with initial
viscosity, η0, and density, ρ, on a disc rotating at
angular velocity, ω, is (Emslie et al., 1958)

dhf
dt
¼ �

2ρω2h3f
3η0

: ð5:31Þ

This is counterbalanced by the evaporation rate
(Bornside et al., 1987):

rev ¼
cDgpsMs

η1=2g ρRT

" # ffiffiffiffi
ω

p
xs0 � xg
� �

: ð5:32Þ

Here, c is a constant,Dg is the diffusivity of the solvent
in the gas phase, ps is the vapor pressure of the pure
solvent at temperature T, ηg is the kinematic viscosity
of the gas, Ms is the molecular weight of the solvent,
xs0 is the initial mass fraction of the solvent to the
polymer solute, and xg is its mass fraction in equilib-
rium with the gas phase. From these two expressions,
we obtain the film thickness when the fluid flow
ceases (i.e. the wet film becomes immobile and resist-
ant to further changes in thickness) (Hall et al., 1998):

hwet ¼ 3η0
2ρ2ω3=2

cDgpsMs

η1=2g ρRT
xs0 � xg
� �" #1=3

: ð5:33Þ

Since the final film thickness is determined by evap-
oration only, we have

hf ¼ hwet 1� xs0ð Þ / η0
ω3=2

� �1=3
1� xs0ð Þ: ð5:34Þ

That is, the film thickness dependence on rotational
velocity follows 1=

ffiffiffiffi
ω

p
. This dependence is illustrated

in Fig. 5.48 for the case of polystyrene of different con-
centrations (and hence initial viscosities) in a toluene.
The functional dependence on rotational velocity

holds for a wide range of film thicknesses, from
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hundreds of microns to less than 10 nm, with typical
rotational velocities from 500 to 5000 rpm.While spin-
on deposition is useful for laboratory demonstrations,
it is not scalable to substrate sizes that exceed a few
tens of centimeters. Also, solvent flow around sharp
edge features on a patterned substrate can cause non-
uniformities in film thickness that can affect the de-
vice properties. Conversely, balancing film viscosity,
temperature, and rotational speed can planarize an

otherwise irregular surface (Bornside, 1990). Spray-
coating or doctor blades that are translated across
the substrate surface can produce nanometer thick
films on substrates without size limitations.
Monolayer deposition control, and even layer-

by-layer growth can be achieved by solution
casting using the Langmuir–Blodgett (L-B) technique
(Blodgett and Langmuir, 1937). This method is
based on casting a single layer of molecules onto the
surface of a shallow trough filled with water. The
molecules are functionalized with a hydrophilic unit
on one end, and a hydrophobic unit on the other. By
withdrawing a substrate with a hydrophilic surface
from the trough, a single layer of molecules attaches
to the substrate surface. The surface energy of the
molecules on the substrate must be greater than that
on the water. As shown in Fig. 5.49a, this method is
capable of applying one monolayer at a time until the
desired total film thickness is achieved. Furthermore,
the functionality and orientation of the molecules can
be varied layer-by-layer by choosing whether to sub-
merge or withdraw the substrate from the solution at
a particular step. Several molecular orientations that
can be achieved by variations in the dipping sequence
are shown in Fig. 5.49b. To deposit a continuous,
nearly defect-free film, barriers surrounding the
trough are moved inward to exert pressure on the
floating monolayer of source molecules. After each
translation of the substrate into the solution, the

Monolayer Air Monolayer Air Monolayer Air

Liquid Sample
Barrier

Liquid
Barrier

Liquid
Barrier

(a) Hydrophilic surface Hydrophilic surface Hydrophobic surface

(b) Hydrophobic surfaces

Figure 5.49 Langmuir–Blodgett process for layer-by-layer growth of molecules having a hydrophilic end group (circles) and a hydrophobic tail. (a) Using
a substrate with a hydrophilic surface, a monolayer of molecules is attached as the substrate is withdrawn from the solution. On re-submergence, the now
hydrophobic surface picks up a second ML of hydrophobic molecules. Alternatively, a hydrophobic surface picks up the ML during submersion. The
submersion/withdrawal cycle can be repeated many times to build up thick films one monolayer at a time. After each cycle, barriers at the edge of the tough
are moved inward to maintain an unbroken monolayer on the solution surface. (b) Various layer orientations that can be assembled on a hydrophobic
surface depending on the direction of motion of the substrate relative to the solution.
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Figure 5.48 Polystyrene (PS) film thickness vs. spin speed for different
PS concentrations in a toluene solution. From bottom, the wt% of PS in
toluene is 0.5, 1, 2, 4, 6, 8, 10, 15, 20, and 30. The straight lines
corresponding to Eq. 5.33, at T = 303 K, mg = 0, ηγ = 0.1553 cm2/s, c =
0.5474, ρ = 0.87 g/cm3, Ms = 92 g/mol, ps = 0.029 atm, Dg = 0.086
cm2/s, and η0 is an inverse function of ms0 (Hall et al., 1998).
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barriers are moved to eliminate gaps due to depletion
of the molecules now attached to the substrate.
While capable of depositing films many thousands

of monolayers thick, this technique has several limita-
tions. The molecules, substrate and solution must be
chosen to create a space-filling monolayer on each dip
of the substrate that is free of defects such as tears or
gaps, and to ensure that the orientation of the mol-
ecules in solution is uniform. Also, the surface of the
solution must be unperturbed to ensure a defect-free
molecular raft. Hence, the process is slow and imprac-
tical for coating large surface areas. A different strategy
based on selecting charged molecules circumvents
some of the shortcomings of the L-B technique. Here,
alternating layers of cationic and anionic molecules are
picked up using a charged, or neutral dielectric sub-
strate (Iler, 1966). This method has been used to select-
ively deposit monolayers of large molecules and
polymers as illustrated in Fig. 5.50 (Decher, 1997).
A shortcoming of solution deposition is the diffi-

culty in growing multilayer structures where each
layer has a different composition. After depositing
the first film and removing all of the residual solvent
by drying in vacuum or at elevated temperatures, the
second layer is then deposited. However, if a similar
solvent is used for the second layer as for the first, it
can redissolve the first layer, thereby creating defects
or non-uniformities in the film. To prevent layer
dissolution, the second layer must use an “orthogon-
al” solvent, that is, a solvent that does not interact
with the first deposited film. Examples of two orthog-
onal classes are hydrophilic and hydrophobic solv-
ents (Gong et al., 2005, Meerholz, 2005). There is a
third class of hydrofluoroether-based solvents that
can also be introduced to provide further process
flexibility (Zakhidov et al., 2008, Lassiter et al., 2013),
although these have not been exploited to a signifi-
cant extent.
Even by the use of three orthogonal solvents, the

compositions and complexities of multilayer structures
that are needed to achieve high performance electronic
devices are severely limited. Hence, other approaches
have been sought to meet this challenge. One example
is to harden (or cure) the deposited layer by cross-
linking using thermal or ultraviolet (UV) radiation,
making it resistant to attack by subsequent solvent
exposure. Alternatively, a film can be protected by
capping it with a continuous, chemically inert layer
prior to subsequent solvent-based depositions. This
strategy has been employed, for example, in solution-
processed tandem organic solar cells, whereby the
intervening ZnO layer serves the dual purpose of pro-
tecting the first cell deposited on the substrate, as well

as providing a transparent charge injection layer sep-
arating the two sub-solar cells forming the stack (Gilot
et al., 2007). Similarly complex structures use using
metal nanoparticle layers combined with a material
such as PEDOT:PSS that is water soluble (and hence
impermeable to organic solvents used in depositing
the top and bottom cells) prevent penetration of the
solvent from the upper to the lower cells (see Fig. 5.51)
(Hadipour et al., 2006, Che et al., 2018). Although bar-
rier layers can prevent deterioration of active device
regions, even small defects or irregularities can result
in pin-holes that allow penetration of solvents into the
underlying layer. Furthermore, the insertion of such
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Figure 5.50 Method for layer-by-layer deposition of high molecular
weight compounds using electrostatic selection. (a) Each beaker contains a
different solution: 1 contains the polyanion, 2 a wash, 3 polycation, and 4 a
wash. (b) Moving the functionalized substrate between the beakers
alternately deposits a single polyanion and polycation layer, building up the
structure as shown. (c) Schematic diagram of the distribution of molecules
within each layer, using the same color scheme for anionic (blue) and
cationic (red) species as in (a) and (b) (Decher, 1997).

From Decher, 1997. “Fuzzy Nanoassemblies: Toward layered polymeric
nanocomposites,” Science, 277, 1232. Reprinted with permission from AAAS.
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barriers is incompatible with device operation, and
hence their use can limit design flexibility.

Finally, solvents can dissolve or physically damage
small molecule layers that have been previously
vacuum-deposited onto a substrate. When combining
solution and vapor-deposited compounds, it is pre-
ferred to start by depositing the solution-based struc-
ture, followed by vacuum deposition of the small
molecule layers.

From the foregoing discussion, we see that solution
deposition is generally incompatible for use in devices
with more than just a few functional layers. Never-
theless, solution processing remains attractive due to
its compatibility with patterning via ink-jet printing,
as well as its potential for low cost deposition over
large substrate areas. Indeed, when it is followed by
vacuum deposition of small molecule based multi-
layers, complex and functional layer systems and de-
vices can be achieved. While providing constraints in
device engineering, many promising methods for
avoiding its limitations have been devised, making it
an essential process in organic electronics.

5.5 Post-growth control of structure

Often the desired morphology is not achieved during
deposition. Indeed, the kinetics of growth often pre-
vent molecules from finding their lowest energy,
equilibrium positions within the solid, resulting in
microcrystalline or even more frequently, amorphous
thin film morphologies. To drive the film away from
these unstable, or metastable morphologies to one
closer to equilibrium, various post-deposition anneal-
ing strategies have been developed for both polymers
and small molecules. The principle of annealing is
to impart energy into the solid over a duration
sufficiently long to allow the molecules to locally
rearrange into phase-segregated crystallites in a struc-
ture closer to equilibrium. The methods used gener-
ally fall into two categories: thermal annealing and
solvent vapor annealing (SVA).
The processes and effects of annealing of a solution-

cast film are illustrated in Fig. 5.52. The source solu-
tion comprising one or more molecular species dis-
solved in a solvent is deposited onto a substrate
where it assumes a non-equilibrium morphology.
Then the energy is added by either heating (thermal
annealing) or by exposure to a solvent vapor in a
sealed vessel (SVA). The molecules are able to migrate
over limited distances within the film, allowing them
to reorganize into a structure that is closer to equilib-
rium. If there is more than one molecular species, they
may phase separate into entangled regions. Inde-
pendent of the number of species, the annealed sam-
ple can develop crystalline domains that vary in size
from nanometers to micrometers. The crystallites may
also be separated by intervening amorphous regions,
depending on the annealing conditions used. Similar
processes can also be applied to vapor-deposited ma-
terials. In the following, we will explore both thermal
and solvent annealing in greater detail. Indeed, struc-
tural annealing is a powerful method that can lead to
remarkable improvements in organic solar cells and
transistors, both of which require a degree of crystal-
line order to achieve high performance.

Source solution

Non-equilibrium morphology

Film coating

Solvent vapor annealing

Thermal annealing

Near-equilibrium film
morphology

Figure 5.52 A mixture of the material to be deposited and the solvent provides the source solution. The as-deposited material assumes a non-equilibrium
morphology (top). Using either solvent vapor or thermal annealing, the film morphology reorganizes into a structure closer to equilibrium (bottom).

Bottom contact

Bottom cell
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Figure 5.51 Schematic of a tandem solar cell consisting of two sub-cells
deposited using similar organic solvents, and an ultrathin metallic
nanoparticle charge recombination zone combined with a thicker, water
soluble transparent PEDOT:PSS hole conducting layer. The PEDOT
prevents penetration of the organic solvent used in preparing the top cell
from dissolving the pre-deposited bottom cell. The arrow indicates the
incident solar radiation.
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5.5.1 Thermal annealing

Thermal annealing of mixtures of the small molecules,
CuPc and PTCBI is shown in Fig. 5.53. Homogeneous
blends of 4:1 CuPc:PTCBI were thermally annealed
while the surface was confined to its as-grown flat
morphology by a 100 nm thick Ag film (Peumans
et al., 2003). Cross-sectional SEM images of films an-
nealed at different temperatures are presented in
Fig. 5.53a-d, along with spatial “maps” that simulate
the structural evolution during annealing in
Fig. 5.53e-h. The as-grown homogeneous mixture in
Fig. 5.53a and e forms nanocrystalline domains con-
sisting nearly exclusively of pure regions of each
molecular constituent. The calculation assumes an
equilibrium configuration is achieved when the sum
of the free energy of all contacts between dissimilar
molecules is minimized. The internal film structure is
modified by annealing even though the film surface is
held flat by the Ag cap.
In addition to forming clusters, annealing promotes

crystallization within the domains themselves.
Figure 5.54 shows X-ray diffraction patterns of the
same blends immediately after growth, and following
annealing for 15 min at 400 K, 450 K, 500 K, and
550 K. Several peaks emerge after annealing at 450 K
and above. These peaks become more intense at high-
er annealing temperatures, indicating the growth of
CuPc crystalline domains within the blends. It is in-
ferred, therefore, that PTCBI is being excluded from
the C60 domains. No peaks are observed that can be

attributed to PTCBI. This suggests that domains con-
taining this species are amorphous, and they may also
contain residual C60 molecules. It was found that
surfaces without an Ag capping film roughen consid-
erably on annealing at these same temperatures and
times, and large crystalline needles emerge from the
surface at high temperatures.
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Figure 5.53 Scanning electron micrographs of 4:1 CuPc:PTCBI films annealed under different conditions. (a) As-deposited, and annealed for 15 min at
(b) 450 K, (c) 500 K, and (d) 550 K. (e–h) Monte Carlo simulations of the equilibrium configurations of a 1:1 CuPc:PTCBI mixture obtained at the
temperatures corresponding to the micrographs immediately above. These configurations are based on the cohesive energy of each molecule, viz.
ECO ¼ E0expð��Hvap=RTÞ, where E0 is a constant (Peumans et al., 2003).
First publication in Springer Nature, 2003.
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Figure 5.54 X-ray diffraction patterns of 1:4 CuPc:PTCBI films annealed
at different temperatures. The lattice d-spacings refer to diffraction from
the CuPc crystal planes indicated. The domain size of (12±1) nm is
calculated from the width of the diffraction peaks, and is consistent with
calculations in Fig. 5.53 (Peumans et al., 2003).
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Similar crystallization has been observed after an-
nealing OPV active regions consisting of P3HT mixed
with PC61BM. Both the individual constituents as well
as the blends crystallize on heating to just above the
melting temperature of P3HT (Tm = 205°C), or the
PC61BM glass transition temperature (Tg = 155°C) (Ma
et al., 2005, Verploegen et al., 2010). The Tg is the
temperature where an amorphous (glassy) solid
changes to a molten or elastic-like phase.

Crystallization of a polymer maintained at or above
its melting or glass transition temperatures for time t,
is described by the Avrami equation (Augis and
Bennett, 1978):

VðtÞ ¼ Vð0Þ 1� exp � ktð Þnð Þ½ �; ð5:35Þ

where k is the reaction rate given by

k ¼ k∞exp ��E=kBTð Þ: ð5:36Þ
Here, n is a dimensionless exponent in the range 1–3
that roughly corresponds to the dimensionality of the
crystallites of volume V(t) formed during annealing
over time, t,�E is the activation energy for annealing,
and is a constant (Avrami, 1940).

Crystallization starts from a “germ” nucleus that
exists in the as-grown film. The nuclei arise from
native structural heterogeneities that develop during
deposition or synthesis, or they can form around ex-
trinsic impurities or substrate defects. Once heated,
crystallites nucleate around these irregularities and
grow until the entire film volume is consumed. The
dimensionality of the growth depends not only on the
temperature (and time), but also on the density of
nucleation sites. In the case of heterogeneous nucleation
in Fig. 5.55, a high density of nucleation sites prevents
lateral growth over large distances. This confines the
crystallites, which must therefore grow vertically into
an ordered orientation.

5.5.2 Solvent annealing

Control over crystallization following film growth
can also be achieved when the deposit is exposed to
a solvent, or its vapor. Indeed, SVA can lead to highly
controlled nucleation and growth of crystallites in
both polymer and small molecular weight solids.
This process is typically used in conjunction with
solution deposited films. During the initial film de-
position, rapid evaporation of the solvent freezes the
film into a morphology far from its most stable state.
Once the film is free of its initial solvent, it is exposed
for several minutes to the vapors of a second solvent
of different composition from the first. The secondary

solvent molecules penetrate the film, enabling the
molecules to seek a configuration closer to equilibrium.
Exposure to the solvent, DCM, of the active regions

of solution-deposited DPASQ capped with VTE-
grown C60/PTCBI films provides a dramatic example
of the morphological modifications that films can
undergo by SVA (Zimmerman et al., 2013). The
small DCM molecules induce 2D, inhomogeneous
spherulitic growth of crystals that proceeds rapidly
along the substrate plane, radiating out from nucle-
ation sites within the DPASQ film. When capped with
C60 and then subsequently exposed to the solvent
vapor, crystallites form in the DPASQ that align to
self-assembled nanocrystalline domains that spontan-
eously form during vacuum deposition of the C60

layer. Indeed, C60 has a strong tendency to crystallize
on almost any surface into close-packed layers.
The crystallization of the underlying amorphous

layer whose domains are aligned to the overlying crys-
tal is an example of inverse quasiepitaxial growth. As in
the case of conventional quasiepitaxy (Section 2.6.2),
there is no well-defined commensurate relationship
between the first layer and the cap. Inverse

Amorphous
region

Crystalline
region

Substrate Substrate

Substrate Substrate

Substrate Substrate

Substrate Substrate

Figure 5.55 Two different modes proposed for crystallization of
PC61BM as inferred from X-ray data. (left) Nucleation at a low density of
germ nuclei, with an Avrami exponent of n = 1.8, and (right) at a higher
density of sites with n = 1. The higher exponent is indicative of nearly
two-dimensional (2D) growth, whereas n = 1 suggests ordered one-
dimensional domain growth (Verploegen et al., 2010).

Copyright © 2010 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim
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quasiepitaxy differs since alignment of the underlying
layers to the cap occurs following growth of the cap. In
conventional quasiepitaxy, alignment is to the sub-
strate. This suggests that there is a strong energy-
driven tendency to crystallize even when a confining
cap is present—a situation similar to that in Fig. 5.53.
The crystalline texture andmorphological properties

of an inverse quasi-epitaxial DPASQ/C60 structure are
elaborated in Fig. 5.56. A brightfield transmission elec-
tron micrograph as well as an optical micrograph of a
spherulitic crystal structure formed during SVA are
shown in Fig. 5.56a. The DPASQ aligns to the prede-
posited C60 cap, but is not in perfect registry, as indi-
cated by the DPASQ diffraction spots that lie slightly
off of the C60 rings in Fig. 5.56b. However, when the
asymmetric DPASQ is blendedwith its symmetric mo-
lecular analog, DPSQ, in a 4:6 ratio, the diffraction
spots decorate the C60 diffraction rings shown in
Fig. 5.56d. The micrographic image of the dendritic
structure is shown in Fig. 5.56c. This indicates that
inverse quasiepitaxial growth does not proceed along
the substrate plane, but rather perpendicular to it.
The morphological studies of Fig. 5.56 lead to the

growth scenario in Fig. 5.57a. The upper layer (circles)
depicts the self-assembled nanocrystalline cap C60

layer, and the lower squaraine layer (blue rectangles)
shows the direction of fast crystallization (arrows)
either in the film plane (thus forming a spherulite,
Sph.), or into the film bulk (resulting in inverse
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C60(311)
(220)
(111)

(111)

100 nm 100 μm

100 nm 50 μm
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Figure 5.56 (a, c) Transmission electron micrographs and (b, d) selected area electron diffraction (SAED) patterns after solvent vapor annealing
(SVA) of (a, b) DPASQ/C60/PTCBI spherulite structures, and (c, d) blended squaraine/C60/PTCBI layers. (a) There is a relatively unstructured surface
morphology in the spherulite. (c) Irregularities (arrows) suggest phase separation of the blend. Inset optical micrographs show (a) a spherulite and
(b) dendrite formation due to phase separation in the blend. (b) The SAED pattern of DPASQ/C60 spherulites show the presence of single-crystal
DPASQ and polycrystalline C60 with DPASQ lattice registrations at the (020), (031), and (032) C60 planes (circled). (d) SAED pattern of the blended
film shows decoration of the C60 diffraction rings with DPASQ crystallites (Zimmerman et al., 2013).

Reprinted with permission from Zimmerman, J. D., Lassiter, B. E., Xiao, X., Sun, K., Dolocan, A., Gearba, R., VandenBout, D. A., Stevenson, K. J., Wickramasinghe,
P., Thompson, M. E. & Forrest, S. R., Control of inteface order by inverse quasi-epitaxial growth of squaraine/fullerene thin film photovoltaics. ACS Nano, 7, 9268.
Copyright 2013 American Chemical Society.
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Figure 5.57 Illustration of the crystallization during SVA of (a) DPASQ/
C60 and (b) a blended DPSQ:DPASQ/C60 bilayer. The arrows show the
direction of crystalline domain growth, initiated at the interface between
the squaraine and C60 (Zimmerman et al., 2013).

Reprinted with permission from Zimmerman, J. D., Lassiter, B. E., Xiao, X.,
Sun, K., Dolocan, A., Gearba, R., VandenBout, D. A., Stevenson, K. J.,
Wickramasinghe, P., Thompson, M. E. & Forrest, S. R., Control of inteface order
by inverse quasi-epitaxial growth of squaraine/fullerene thin film photovoltaics.
ACS Nano, 7, 9268. Copyright 2013 American Chemical Society.
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quasiepitaxial growth, i-q-e). In the blended squar-
aine in Fig. 5.57b, the squaraine layer phase separates
into nanocrystalline DPASQ-rich areas (blue rect-
angles) that interdiffuse into the C60, and the DPSQ-
rich areas (red rectangles).

The impact that molecular order at interfaces has on
charge recombination dynamics was discussed in
Chapter 4. In general, a high degree of order between
molecules increases conductivity and exciton diffu-
sion, but it can also increase charge recombination.
A balance between these competing processes has
been achieved by SVA of small molecule OPV cells,
whereby disorder at the interface is pinned, although
order is developed within the bulk of the contacting
layers (see Section 7.4.3). This apparently complexmor-
phological tradeoff is obtained by capping the amorph-
ous squaraine film with a vacuum deposited C60 layer.
Adjacency ofmolecules at the interface is not disrupted
by subsequent exposure to the solvent vapor that re-
organizes the bulk layer structure, thereby nucleating
the growth of conductive nanocrystalline channels
(Zimmerman et al., 2012). Similar strategies for using
SVA has also been applied to polymer OPVswith simi-
lar success at manipulating the nanomorphologies of
donor–acceptor blends (Li et al., 2007). The process is
now frequently used to improve performance of de-
vices where crystalline order is advantageous.

Finally, SVA can control crystallinity to allow for
high conductivity in the channels of organic field effect
transistors. For example, when the solution processed
hole conducting organic small molecule, triethylsily-
lethynyl anthradithiophene, is exposed to 1,2-dichlor-
oethane, the morphology changes from an amorphous
morphology attained on spin-coating, to a polycrystal-
line structure whose grains are as large as 1 μm in the
transistor channel. The consequence of crystallization
is an increase in the transistor field effect mobility
from 0.002 cm2/V s for the as-spun-on sample, to
0.2 cm2/V s after SVA—a 100-fold improvement. The
changes observed on SVA do not strongly depend on
the polarity or the boiling temperatures of the solvents
employed (Dickey et al., 2006). This provides further
evidence that the solvent vapors act simply by mech-
anical intercalation between the larger molecules, al-
lowing them to move to more energetically favorable
locations during the process.

5.6 Film patterning

The primary goal in film growth is to cover the sub-
strate surface with a highly uniform and pure layer
(or layers) of the desired composition and morph-
ology, using minimal energy andmaterials. However,
almost every conceivable electronic device requires

patterning to define its active area. This entails the
definition of electrode size and shape, and often the
active organic material itself must be patterned to
provide a well-defined path for optical, current or
thermal transfer. Pattern sizes ranging from tens of
nanometers to centimeters are common for optoelec-
tronic components, ranging from quantum-effect de-
vices to large area lighting appliances and solar cells.
An illustration of the challenges faced in patterning

of electronic devices is in defining the red (R), green
(G), and blue (B) pixels that comprise a full color OLED
display. These sub-pixel elements can be as small as 10
μm, depending on the resolution and overall size of the
display (larger displays have larger pixels since the
viewer is positioned farther from the screen). An ex-
ample of the sub-pixel arrangement of an OLED dis-
play, and a cross section illustrating the patterning
challenges is shown in Fig. 5.58. A display requires
patterning of millions of very small pixels precisely
spaced across very large (several meters) substrates at
�100% yield. Pixel yield is the ratio of functioning
devices to the total number fabricated. Furthermore,
materials used for one device (or pixel) must not cross
over into the region of its neighbor. This cross-
contamination inevitably decreases the color purity of
the image. Hence, the multiscale fabrication challenges
for patterning very small devices over very large sub-
strates are peculiar to the field of organic electronics,
which uniquely benefits from scaling spatial dimen-
sions over many orders of magnitude.

5.6.1 Shadow mask patterning

The most common means for patterning organic de-
vices grown from the vapor phase, and for depositing
contacts to solution processed thin films, is via the use
of shadow masks. The mask is comprised of a thin
metal such as Mo. The mask apertures through which

ETL
EML

Cathode

Anode
HTL

Figure 5.58 An integrated R, G, B pixel (left) that comprises a side-by-
side arrangement of the three color pixels. ETL = electron transport layer,
EML = emission layer, and HTL = hole transport layer. A microscopic
image of the light emission from a full color OLED display (right). Note that
there are two small green pixels for every larger red and blue emitting
pixel. This helps to balance color and lifetime in the display.

5.6 FILM PATTERNING 337



material is deposited are defined by conventional
photolithography. The mask is placed in close proxim-
ity, or in contact with the substrate in the direction
facing the evaporation sources. In VTE, the evaporant
travels ballistically along a line of sight from source to
substrate, depositing through the mask apertures. The
pattern resolution is determined by the thickness of the
mask, t, the width of the aperture,w, the distance from
source to substrate, h, the separation between themask
and the substrate, s, and the linear dimension of the
source, l (see Fig. 5.59a). Directly behind the aperture,
the deposit reaches its full thickness that is monitored
in real time with a quartz crystal microbalance. Due to
the finite dimensions of s, t and l, some material is
deposited in the shadowed area, forming a penumbra
of deposit of width (Shtein et al., 2003)

r � ðsþ 2tÞl
2h

ð5:37Þ

As the pattern size decreases, spreading of the de-
posit beneath the mask becomes a larger fraction of w,
ultimately limiting the achievable pattern resolution.
To improve resolution (i.e. byminimizing r), the mask
thickness, t, and s also must be decreased, while l is
increased, although this latter dimension is fixed by
the size of the vacuum system.

One limitation of shadow mask patterning is that
the aperture width and its distance to an adjacent
aperture are limited to approximately the mask thick-
ness. But as the mask gets thinner, its mechanical
rigidity decreases, thereby making it more difficult
to handle. Also, deposition through a shadow mask
results in inefficient materials use since the deposit
that falls in areas outside of the apertures is wasted.
And the mask must be frequently cleaned to prevent
clogging, which is a particularly acute problem for
masks with very small apertures.
In spite of these limitations, shadow mask pattern-

ing is the dominant process used in production of
OLED displays, and is currently used on substrates as
large as Gen 8.5 (Table 5.3) to manufacture high reso-
lution displays as large as 77” diagonal. Very large
shadowmasks need to be placed beneath the substrate
as in Fig. 5.59a to prevent particles from falling onto the
substrate surface. The mask must be held in intimate
contact with the substrate by magnetic or electrostatic
attraction. In the latter case, the substrate andmask are
oppositely charged during deposition, and then are
separated by reversing the electric field. Figure 5.59b
shows an array of small (�8 μmwide) squares of Alq3
patterned using shadowmaskswhere s� 0 μm (Shtein
et al., 2003). The penumbra around the center pattern is
due to the finite mask thickness.
Shadowmask patterning can also be used in OVPD,

although it is more challenging to achieve high reso-
lution due to the non-ballistic trajectories of the arriv-
ing molecules. Since s	mfp (cf. Eq. 5.14), the molecule
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Figure 5.59 (a) Shadow mask configuration used in patterning thin
films by VTE, where molecular trajectories from source to substrate are
ballistic. (b) Micrograph of a high resolution array of Alq3 squares
deposited through a shadow mask with w = 7.5 μm and s << w ~ 0 μm
(Shtein et al., 2003).

Reprinted from Shtein, M., Peumans, P., Benziger, J. B. & Forrest, S. R. 2003.
Micropatterning of organic thin films for device applications using organic vapor
phase deposition. J. Appl. Phys, 93, 4005 with the permission of AIP Publishing
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Figure 5.60 (a) Illustration of shadow mask patterning via OVPD. The
arrows show the molecular paths as they arrive at the substrate within the
boundary layer. (b) Micrograph of an array of Alq3 squares achieved by
shadow mask patterning in OVPD at 0.1 torr N2 background gas pressure,
with w = 7.5 μm, t = 3.5 μm, and s < 1 μm (Shtein et al., 2003).

Reprinted from Shtein, M., Peumans, P., Benziger, J. B. & Forrest, S. R. 2003.
Micropatterning of organic thin films for device applications using organic vapor
phase deposition. J. Appl. Phys, 93, 4005 with the permission of AIP Publishing
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undergoes several collisions with the carrier gas mol-
ecules within the boundary layer before reaching the
substrate, as shown in Fig. 5.60a. This has the effect of
spreading the deposit beyond the line-of-site distance,
r. By clamping the mask to the substrate, the pattern
definition can equal that attained by VTE, as shown in
Fig. 5.60b. Indeed, it has been calculated that patterns
as small as 1–2 μmare possible using shadowmasks in
the OVPD environment (Shtein et al., 2003).

5.6.2 Photolithographic patterning

Patterning conventional semiconductor devices at the
nanometer scale uses photolithography, a photograph-
ic process whereby a photosensitive polymer (the
photoresist) is spread onto the surface to be patterned.
There are many variations to this mature process, in-
cluding the use of positive or negative resists, multi-
layer resists, pattern lift-off, and so on. Three principal
variants of the photolithographic process are illustrated
in in Fig. 5.61, which we only briefly describe here. We
refer the interested reader to the extensive literature on
this subject for more details (see Further reading).

When using a positive photoresist (Fig. 5.61a), the
desired pattern is exposed to UV irradiation of the
resist through a mask. The UV light breaks the photo-
sensitive bonds in the polymer, making it vulnerable
to solvent attack. The sample is dipped into a solvent
developer that dissolves the exposed areas, leaving
the unexposed regions untouched (“what shows,
goes”). The remaining photoresist pattern is the
baked (i.e. cured) to render it chemically inert to pro-
cess chemicals that are used on the underlying

substrate to replicate the pattern in the exposed
areas. Thus, pattern replication proceeds by dipping
the sample into an acid, or exposing it to a reactive gas
that selectively attacks the semiconductor, but not the
resist. By this means, the open areas of the resist
establish the same pattern in the semiconductor,
with pattern resolutions down to 10 nm. The final
step is the removal of the photoresist by a second
chemical exposure, this time using one that does not
damage the underlying semiconductor.
Negative photoresists simply reverse the process,

that is, the UV exposed areas cross-link the photopoly-
mer whose patterns then remain when developed
(Fig. 5.61b). Lift-off is the third process whereby a
hard layer (e.g. a metal or a dielectric) coats the semi-
conductor along with the pre-patterned resist surface
(Fig. 5.61c). The resist is dissolved away beneath the
coating, leaving it in exposed areas of the semiconduct-
or where the resist was previously removed. Lift-off
provides high resolution patterning ofmetals and insu-
lators that are coated across the entire substrate surface.
A major advantage enjoyed by photolithography is

its very high resolution, and the ability to sequentially
add or substrate layers in a multi-step patterning
campaign, with each layer aligned to the previous
pattern to within only a few tens of nanometers.
Hence, extraordinarily complex electronic circuits
have benefitted from the flexibility and versatility of
this highly evolved patterning technology.
Unfortunately, photoresists are seldom employed

in the patterning of organic semiconductors (except in
preparation of the substrate surface prior to organic
film deposition) due to the likelihood of damage from
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Active Layers
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UV Mask
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Figure 5.61 Process flow for photolithographic patterning. (a) Positive photoresist (PR), (b) negative resist, and (c) photoresist lift off.
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the wet chemistry involved in resist deposition, de-
velopment and removal. Organic semiconductors are
often attacked by the same solvents as those used in
photolithography. This has led to modifications of
conventional photolithography to achieve similarly
high resolution patterning of organics.
One method of achieving nanometer-scale features

in small molecular weight semiconductors is to pre-
pattern the substrate surface itself using conventional
photolithography prior to deposition of the active
organic layers. By deposition of the organic on the
resulting substrate ridges or troughs, the film repli-
cates the morphology of the underlying topography,
as shown in Fig. 5.62a. A problem occurs when the
organic is incident from a non-normal direction, as
illustrated in Fig. 5.63a. This results in shadowing
from one of the sidewalls of the feature, breaking the
deposit on only one feature edge, but giving continu-
ous coverage on the opposite sidewall. While this
may not be a problem for resistive organics where
lateral conductivity along a sidewall is low, pattern-
ing a metal contact by this method to define the
device area results in shorts between adjacent devices.
To confine deposited patterns at the micron scale

while avoiding conductive line breaks or shorts, one
can use the in situ shadow mask illustrated in
Fig. 5.62b (Tang, 2001). A trapezoidal opening is cre-
ated in either the photoresist itself, or in a pattern
etched into the underlying substrate. The trapezoid
is formed using a two-level photoresist system, where
two chemically distinct resists are sequentially depos-
ited. The top photoresist is exposed, developed and
cured. This exposes the underlying resist layer which
is uncured or softer than the top layer. Then a second
solvent that only dissolves the lower resist creates the
undercut. Alternatively, the first resist is coated with a
metal or dielectric, which is then patterned using
conventional photolithography to create openings to
the resist. The metal acts as a mask that is undercut by

the solvent or acid etchant of the underlying layer.
Once the undercut is formed, the organic semicon-
ductor is directionally deposited to form the patterns,
as shown in Fig. 5.63b.
Patterning contacts on an organic semiconductor

using an undercut mask proceeds as follows: The
organic is deposited by rotating the substrate relative
to the evaporation source. This covers the substrate
across the entire base of the approximately trapezoid-
al resist opening. Next, the contact metal is direction-
ally evaporated such that its edges are confined only
to the dimensions of the trapezoidal openings, there-
by preventing metal shorts across the organic film
pattern.
Deposition on substrate features can result in very

high-resolution patterns without exposing the organic
to often-damaging wet chemistry required in photo-
lithography. However, the patterning is limited to
only one or two levels. Complex electronic systems
almost invariably require many levels of patterning of
insulators, metals, and the active semiconductor
layers themselves. As we will see in the following
section, precision patterning of complex organic

(a) (b)

Figure 5.63 (a) Incomplete sidewall coverage of a substrate feature due
to off-center deposition of the incident molecules. (b) A reentrant trench in
the substrate can produce a self-aligned deposited pattern when the
incident molecular flux is normal to the surface. If at an angle, the
coverage of the base of the feature can be complete. The coatings are
shown in dark blue, the patterned substrate in light blue, and the incident
molecular flux by arrows.
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PR Deposition Exposure
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PR Develop Organic Deposition

Figure 5.62 Photolithographic patterning to achieve very high resolution vacuum deposited organic structures. (a) Deposition on a photolithographically
patterned resist layer, and (b) deposition on an undercut feature forming an in situ shadow mask.
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structures can be achieved by the direct, additive
printing of materials, rather than full surface depos-
ition followed by material removal by conventional
processes.

5.6.3 Laser induced thermal imaging

Rapid microscale patterning of multiple organic layers
over large areas is required for many applications,
none more challenging and relevant than the separate
deposition of the micron-scale red, green and blue
emitting layers required in full color OLED displays.
Closely spaced R, G, and B pixels based on both poly-
mers (Lee et al., 2002) and small molecules (Lamansky
et al., 2005) can be patterned by laser induced thermal
imaging (LITI) shown in Fig. 5.64. LITI is based on the
local thermal evaporation of the organic material held
in intimate contact with the target substrate. The light
emitting polymer (LEP) used in the OLED active re-
gion is deposited on a transparent sheet with a light-to-
heat conversion (LTHC) layer that consists of a mater-
ial that strongly absorbs at the wavelength of a high
power, focused laser beam scanned across its surface.
The LTHC transfers the heat thus generated to the LEP,
which delaminates from the donor sheet while attach-
ing itself to the substrate. After printing, the sheet with
LTHC and active semiconductor layers are replaced.
This can be done in a continuous, roll-to-roll procedure
for mass production of patterned substrates.

For the process to proceed quickly with uniform
adhesion of the active semiconductor to the substrate,
the laser power must be high and completely ab-
sorbed by the LTHC layer, which also must have a
high thermal conductivity. The active organic mater-
ial must be transparent to the laser radiation to avoid
damage. Illumination from 1 W to 10 W Nd:YAG

lasers (at 1.06 μm wavelength) is sufficient to deposit
material after only a few milliseconds (Lamansky
et al., 2005). Effective heat transfer layer materials
include graphite or carbon black. An important criter-
ion is that the LEP must have a higher surface energy
on the target substrate than on the LTHC layer such
that the material is readily transferred. Furthermore,
the strength of the film must be sufficiently low to
allow for a clean break at the edges of the heated
region to achieve high pattern resolution; conditions
that limit the range of materials that are suitable for
LITI. Rapid RGB pixel patterning has been demon-
strated with edge resolutions and positioning accur-
acies of only a few microns using both small
molecules and polymers as target organic semicon-
ductors (Lee et al., 2004).

5.6.4 Nanoimprinting and stamping

Due to the low intrinsic conductivity of organic
semiconductors, the device area is determined by
the overlap of the anode and cathode contacts. Several
strategies have been developed to rapidly pattern
contacts at the micron (or smaller) scale. Patterning
the contact that is pre-deposited onto the substrate
(e.g. ITO) is done using photolithography prior to the
deposition of the organics. However, patterning of the
top contact presents a greater challenge since it must
avoid processes that degrade the underlying organic
semiconductor. Commonly, patterning is achieved
using deposition of the metal through a shadow
mask whose resolutions are often insufficient for
many applications, and is problematic when depos-
ition is over a very large substrate area (see
Section 5.6.1).
To avoid these limitations while achieving

nanometer-scale resolution, the dry process of trans-
fer printing has been developed. For example,
“cold-welding”metal transfer has very high pattern
resolution, and is adaptable to a variety of device
types, including OLEDs, OPVs and thin film tran-
sistors. An illustration of two methods of cold-weld
metal transfer—one additive and the other
subtractive—is shown in Fig. 5.65 (Kim et al., 2000,
Kim and Forrest, 2003).
Cold welding involves applying pressure across an

interface between two metallic surfaces. When the
pressure is sufficiently high to break through energy
barriers due to surface contamination, oxides or deb-
ris, the interface barrier collapses, bringing the now
pristine metal atoms from each layer into contact. The
electron systems are shared across the interface,
which effectively disappears across the “perfect”

Donor film

Substrate

Organic

Scanning laser beam

Figure 5.64 Patterning of OLEDs using laser induced thermal imaging.
LEP is the light emitting polymer. Adapted from Lee et al. (2002).
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bond (Taylor et al., 1991). The interfacial collapse oc-
curs within only a few tens of picoseconds once a
threshold pressure is exceeded.
In the subtractive process in Fig. 5.65a, the cathode

metal is deposited on the organic layers, covering the
full substrate surface. Next, a hard stamp (e.g. Si) is
prepared by photolithographically defining and then
etching protrusive features that are shaped into the
desired contact pattern. The stamp is subsequently
coated with the same metal as used for the cathode,
using a layering scheme that ensures that the metal
strongly adheres to the stamp surface. The stamp is
pressed against the substrate to create a cold-weld
bond between the metal on the protruding stamp
surface and that on the organics. Sufficient pressure
is applied to shear the metal at the sharp stamp edges,
thereby separating it from the continuous metal blan-
ket on the organic. The stamp and substrate are then
parted, lifting away material that was under pressure.
The adhesion of the metal to the organic must be
weaker than to the stamp for the separation to be
complete. The subtractive method creates a “nega-
tive” pattern, similar to the use of a negative photo-
resist in photolithography.
The subtractive method has been used to demon-

strate passive matrix OLED displays (Kim et al.,
2000). Given the need to shear the underlying films,
very high pressures (> 100 MPa) are required, which
are impractical when applied over large substrate
areas. Nevertheless, the pattern resolution achieved
is very high. Figure 5.66 shows edge definition down
to only a few tens of nanometers for a cathode formed
on an organic layer surface.

To reduce the pressure of contact formation, the
additive method, which is analogous to a positive
photoresist process, has been developed (Kim and
Forrest, 2003). In Fig. 5.65b, a soft elastomeric stamp
comprised of a material such as PDMS replaces the
hard stamp used for subtractive patterning. To form
the stamp, a solution containing the elastomer in a
solvent is poured into a mold and cured. Peeling the
hardened stamp form the mold produces protrusions
whose highest surfaces are in the shape of the desired
material to be transferred. Next, an adhesion reduc-
tion layer is deposited onto the stamp. This layer
consists of a material such as BCP or pentacene that
reduces the adhesion of the layer to be transferred
from the stamp to the organic. Hence, the layer is
easily and completely released from the stamp when
it contacts the target substrate. The substrate prepar-
ation itself is also different than for subtractive pat-
terning. Rather than depositing the metal at its final
thickness onto the active organics, only a thin (�5 nm)
strike layer of the metal is deposited. The full thickness
of the contact metal is deposited onto the stamp itself.
By pressing the stamp against the strike layer, a cold
weld bond is formed. When the stamp is detached
from the organic thin film, the metal contact is left
behind. The thin strike layer metal is removed by
exposing the surface to a light dry etch such as an
Ar+ plasma that selectively removes the thin metal
without attacking the underlying organic layer.
The pressures required to form a bond by the addi-

tive process are significantly lower (�100–200 kPa)
than for the hard stamp used in subtractive bonding.
This difference is due to the conformal compliance of
the soft stamp, allowing it to “flow” around dust
particles or other surface irregularities that prevent
intimate contact when harder stamp materials are
employed (Cao et al., 2005). While the pressures ap-
plied are very low and hence are practical for use over
large substrate areas, a disadvantage of the use of
soft stamps is the considerably reduced pattern
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Figure 5.65 Cold-weld metal transfer by (a) the subtractive method
whereby metal deposited onto the organic layers is “lifted-off” using a hard
stamp, and (b) the additive method that transfers the metal electrode from
the stamp to the substrate by cold-welding to a very thin (~5nm) “strike
layer” pre-deposited on the substrate. Following transfer, the contacts are
isolated by removing the strike layer by plasma etching. (c) An OLED passive
matrix array using whose contacts are defined by subtractive patterning.

Metal cathode

Organic layer 
500 nm 

Figure 5.66 Edge of a metal cathode patterned by subtractive cold-weld
bonding (Kim et al., 2000).

From Kim, C., Burrows, P. E. & Forrest, S. R. 2000. Micropatterning of Organic
Electronic Devices by Cold-Welding. Science, 288, 831. Reprinted with
permission from AAAS.
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resolution that results from distortions of the stamp
when even a slight pressure is applied. An edge reso-
lution of�1–2 μm is common, as shown by the micro-
graph in Fig. 5.67. To increase the resolution, a stiffer
composition of the stamp (e.g. h-PDMS) can be em-
ployed, although this results in a concomitant increase
in pressure required to form the cold-weld bond.

The ability of a material to preferentially adhere to
the substrate or the stamp is critically dependent on
the surface energies of the various materials. Care
must be taken in selecting adhesion-reduction mater-
ials to ensure clean and complete release of the trans-
ferred material from the stamp. Similarly, in the
subtractive process, very strong adhesion between
the metal and the stamp ensures that the pick-up of
the metal from the organic surface is complete.

It is difficult to overestimate the versatility and num-
ber of uses that stamp transfer of material provides. It
has been used not only for the application ofmetals, but
also for the transfer of the active organic layers them-
selves (Kim et al., 2005). Furthermore, it is useful for
patterning contacts on distorted or shaped surfaces,
such as in transferring photodiode contacts in hemi-
spherical focal plane arrays (HFPA) shown in
Fig. 5.68. The array consists of active organic layers of
the photodiodes that are sandwiched between two or-
thogonal arrays of contacts patterned by cold-weld
bonding. Each cross-point in the array is independently

addressed by the corresponding row and column elec-
trodes. Such an array is useful in forming high defin-
ition images using only a single convex lens, similar to
the architecture of the human eye (see Section 7.2.2).
The soft organic materials allow for deposition on arbi-
trarily shaped surfaces that serve application needs
inaccessible using conventional, brittle semiconductors.
Cold-weld bonding allows for patterning on shaped
surfaces at very high feature resolutions.
The process for fabricating the HFPA is shown in

Fig. 5.69.A stamp is producedwith longparallel ridges
coatedwith a thin (�10 nm), semitransparentAu layer.
The stamp is placed in a hemispherical mold through
which vacuum is applied to draw it into the required
shape. The topological transformation of the stamp
from its original 2D plane into a three-dimensional
(3D) hemisphere introduces considerable strain that
does not damage themetal strips since they onlyweak-
ly adhere to the stamp. Thus, they are allowed to slip
along the ridges as shear forces are applied during
shaping. It is interesting to note that shear-slip strain
relief inspired by this process has also been applied in
the fabrication of HFPAs employing inorganic (GaAs)
photodiodes (Fan et al., 2019).

(c)

(a)

(b)

200 μm

2 μm

5 μm

Figure 5.67 Additive patterning using a soft (PDMS) stamp. (a) The
stamp consists of an array of protrusive dots formed by injection into a
mold. (b) Edge of the stamp exactly replicating depressions in the mold.
Notice the rounded, rough edges. (c) Transferred metal contact onto an
organic layer surface (Kim and Forrest, 2003).

© 2003 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5.68 (a) Schematic illustration of a passive matrix hemispherical
focal plane array (HFPA) where the metal contacts on the surface of a pre-
formed transparent plastic hemisphere are applied on opposite surfaces of
the active photosensitive organic layers to form an addressable, passive
matrix detector array. A simple lens and the imaged object are also
shown. (b) A 1 cm diameter HFPA fabricated by cold-weld contact transfer
(Xu et al., 2008).

Reprinted from Organic Electron., 9, 1122, Xu, X., Davanco, M., X.Qi &
Forrest, S. R., Direct Transfer Patterning on Three Dimensionally Deformed
Surfaces at Micrometer Resolutions and Its Application to Hemispherical Focal
Plane Detector Arrays. Copyright 2008 with permission from Elsevier.
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The transparent, thermoformable, glycol-modified
PET (PETg) substrate is shaped using the same mold
by heating while applying vacuum. The mold is
cooled, freezing the substrate into a hemispherical
shape. A thin Au strike layer is deposited along the
outer surface of the hemisphere. The substrate and
stamp are then joined in the mold (lower left,
Fig. 5.69), at which point the vacuum is released. The
relaxed elastomeric stamp presses against the strike
layer, completing the cold-weld transfer. After a brief
exposure to an Ar+ plasma to remove the strike layer
that electrically shorts the contact stripes, the organic
active layers forming the photodiode are deposited
across the full hemispherical surface. The top contact
array, consisting of a thicker Au layer, is then applied
using the same strike layer/cold-weld processwith the
stamp now rotated 90° relative to the first contact
array. The resulting device shown in Fig. 5.68b is a
passive matrix array of detectors with orthogonal
row and column contacts used to address each pixel.
The lower contact array employs a semitransparent

Au layer that reduces light coupling into the detectors.
While ITO is a more transparent anode material, it is
brittle and hence cannot endure the stress of distortion
into a spherical shape. To solve this problem, ITO can

be deposited after the substrate is thermoformed into a
hemisphere. This is followed by deposition of a thin
metal strike layer, and then cold-welding an array of
thick Au lines using the additive process in Fig. 5.70.
The strike layer is removedusingAr+ plasma, leaving a
thick array of Au columns on top of the ITO. The ITO is
removed from the regions between theAu lines using a
suitable selective etchant that does not attack the Au
lines that serve as a resist. Thefinal step is removing the
Au using a different etchant that does not attack the
ITO. Completion of the array by organic deposition
and attachment of the top, thick Au array of row con-
tacts follows the conventional process in Fig. 5.69. The
transparent ITO contacts, along with the detector ac-
tive region and orthogonal Au contacts of the com-
pleted HFPA, are shown in Fig. 5.70b.
While we have described only one transfer and

nanoimprint process, transfer patterning has taken
many diverse forms that have been developed for
use of fragile materials that are incompatible with
conventional lithography. It has proven to be a versa-
tile process that is scalable to large substrates. The
interested reader is directed to the substantial litera-
ture on this subject for further details (Quake and
Scherer, 2000, Rogers and Nuzzo, 2005).

Si
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Si master with photoresist 
patterned on it

Pour PDMS prepolymer and
cure

Remove PDMS elastomer 
from master
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Deform PDMS + metal using 
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Evaporate metal on 

PDMS stamp

Substrate Strike 
layer

Metal Pattern

Bring hemisphere to stamp Release vacuum
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Withdraw Stamp and 
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Figure 5.69 Process sequence for fabricating the hemispherical focal plane array in Fig. 5.68. The top two rows show the fabrication of the soft elastomeric
stamp consisting of an array or ridges and troughs. It is formed into a hemisphere by applying vacuum from a mold following deposition of the contact metal
onto the stamp. The bottom row shows the transfer process of the metal contact lines onto the transparent plastic hemisphere. The hemisphere itself is
thermoformed by heating above its softening temperature and drawn by vacuum into the same mold. A thin strike metal is deposited onto its full surface. The
thin, semitransparent contact array is transferred from the deformed stamp followed by removal of the strike layer by Ar+ plasma etching. Not shown is the
following full surface deposition of the organic photodetector layers over the metal contacts, followed by a second strike layer. The entire sequence is then
repeated, with the second contact array positioned perpendicular to the first, thus completing the passive matrix (Xu et al., 2008).

Reprinted from Organic Electron., 9, 1122, Xu, X., Davanco, M., X.Qi & Forrest, S. R., Direct Transfer Patterning on Three Dimensionally Deformed Surfaces at
Micrometer Resolutions and Its Application to Hemispherical Focal Plane Detector Arrays. Copyright 2008 with permission from Elsevier.
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5.6.5 Inkjet printing

Inkjet printing has become an ubiquitous means for
printing, copying and reproducing documents and
graphics for home, office, and business. It is a mature,
high image resolution technology based on the pre-
cise projection of ink droplets of only a few picoliters
from a nozzle onto a substrate (typically paper or
plastic) held a few millimeters away. Since dye com-
pounds used in ink jet printers are similar to those
used for electronic applications, it is reasonable to
adapt the technology for the printing of organic de-
vices. Indeed, such an adaptation has been underway,
with modifications to conventional inkjet print en-
gines to suit the peculiar properties of electronic poly-
mers and soluble small molecules. While many
organics have been optimized as optoelectronic ma-
terials, their use in inkjet patterning requires that their
fluidic (i.e. rheological) properties also be suitable for
precise droplet formation and deposition. This added

performance criterion is not always compatible with
the optoelectronic characteristics of the material, and
hence inkjet printing of electronic devices has, to this
date, not entered mainstream industrial use. Never-
theless, progress is being made, motivated by and the
maturity, flexibility and resolution of the process.
Several inkjet printing engine designs have been

developed. Thermal inkjet heads contain a small heat-
er within the nozzle injection system, as shown in
Fig. 5.71a. The temperature of the fluid containing a
solvent and a suspension of the electronic material is
heated, forming a bubble. As the bubble expands, it
forces a small amount of fluid out, projecting it to-
ward the substrate. The rheological properties of the
suspension must be suitable for controlled droplet
formation at temperatures required to create the bub-
ble without degradation of the semiconducting sol-
ute. This criterion limits the range of materials that
can be adapted for printing, and hence is not gener-
ally used in electronics applications.
An alternative approach employs a piezoelectric

transducer within the fluid container, Fig. 5.71b.
A voltage is applied to the transducer, resulting in its
flexure that reduces the container volume, thus expel-
ling a precise volume offluid. Themethod is fast (a few
milliseconds are required to deflect the piezoelectric
diaphragm) and highly precise. It is also non-
destructive of the materials in the suspension. Piezo-
electric inkjet printing is therefore a preferred means
for local deposition of organic semiconductors.
The highest pattern resolution attainable via inkjet

printing when the fluid, nozzle and deposition pro-
cesses are optimized is � 50 μm. The ability to
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Figure 5.71 Two inkjet print head designs. (a) Thermal and (b)
piezoelectric inkjet printing engines.
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Figure 5.70 (a) Patterning of ITO using a metal mask applied by
additive cold-welding. (b) A completed HFPA using an ITO bottom contact
array. The ITO array is faintly visible running nearly vertically, and the top
Au contacts are the opaque, nearly horizontal lines in the image. Inset:
Image of the HFPA (Xu et al., 2009).

Reprinted from Xu, X., Mihnev, M., Taylor, A. & Forrest, S. R. 2009. Organic
Photodetector Arrays with Indium Tin Oxide Electrodes Patterned Using
Directly Transferred Metal Masks. Appl. Phys. Lett., 94, 043313 with the
permission of AIP Publishing.
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consistently generate droplets of a well-defined vol-
ume depends on several properties of the solvent–
organic semiconductor solution (or “ink”), including
its surface tension, viscosity, temperature, wetting
properties on both the nozzle and substrate surfaces,
and its tendency to form precipitates or clusters that
can clog the very small nozzle orifices. For example, if
the surface tension is too high, droplet separation
from the nozzle is uneven, and if it is too low the
fluid can spray out of the nozzle without forming a
droplet of the desired size. Surface tension in the
range 20–70 mN/m is optimal to achieve controlled
inkjet printing.
Likewise, viscosity plays a significant role in drop-

let formation. Figure 5.72 shows the droplet ejection
process, where a tail forms on the droplet as well as
on the fluid retained at the nozzle orifice. The droplet
breakup distance, bu, depends critically on the viscos-
ity of the fluid. If bu is too long due to a high viscosity,

the drop volume is larger than required, causing the
resulting deposit to exceed the desired dimensions, or
resulting in fluid splatter at the substrate. Additional-
ly, a long droplet forms a non-spherical droplet
whose tail can break up into multiple segments, there-
by creating several additional droplets that trail the
primary drop. Typical fluid viscosities that are opti-
mal for high resolution printing are in the range
1–50 cP. An overly viscous fluid leads to poor separ-
ation of the droplet tail from the nozzle and nozzle
clogging.
Complicating these processes is the formation of

threads connecting the droplets due to viscoelasticity
of the suspension. When a viscous fluid is passed
through a small orifice, the shear stress at the surface
of the orifice causes the viscosity to increase. This
feature of a non-Newtonian fluid is known as
shear thickening. A Newtonian fluid is one where the
viscosity is invariant across its flow field, independent
of external stresses (e.g. shear). The opposite effect is
known as shear thinning whose occurrence depends
on the composition and rheological properties of
the suspension. Fluid thickening is particularly
troublesome since it can completely prevent separ-
ation of the droplets, and can clog the very fine nozzle
opening.
Pattern formation also depends on the interaction

between the fluid and the target substrate surface. The
relative surface energy of the substrate and the fluid
determines if the fluid flows, or beads up. In Fig. 5.73a,
the fluid is in contact with a wettable surface, that is,
where the interfacial surface energy between the fluid
and the solid, σsl, is greater than the surface tension of
the solid and the ambient, σsg, in which case the contact
angle is θ< 90°. In the opposite case where σsg > σsl, the
surface is non-wetting and the droplets form beads that
attempt to minimize their contact area with the

Time0 3 µs 42 µs
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Head
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Figure 5.72 Silicone oil droplet formation and ejection from a nozzle visualized using flash photography with a frame spacing of 3 μs. The width of the
droplet is 4 μm and the primary tail is ~ 25 μm long (van der Bos et al., 2014).
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Figure 5.73 Fluid on a (a) wetting and (b) non-wetting substrate surface.
(c) Drying pattern of a droplet that exhibits the “coffee stain” effect.
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substrate, see Fig. 5.73b. The contact angle depends on
these surface energies via the balance of forces ex-
pressed by the Young equation (Israelachvili, 2011):

σsg ¼ σsl þ σlgcosθ: ð5:38Þ

Here, σlg is the energy difference between liquid and
the surrounding atmosphere. This balance of forces
gives rise to a range of film morphologies that depend
on materials properties, including the composition of
the solvent and polymer and their relative concentra-
tions, the substrate morphology (e.g. the crystal face
to which the droplet is attached, and roughness), and
substrate surface preparation (e.g. its level of hydro-
phobicity or hydrophilicity). For example, the surface
can be functionalized using wetting agents such as
OTS or self-assembled monolayers with functional
groups that specifically modify the substrate surface
energy. Other means include exposure to oxygen or
fluorine-based plasmas (see Section 8.6.1).

As the solvent evaporates, the surface energies
also determine the final shape of the deposit. An
example is the “coffee ring effect” illustrated in
Fig. 5.73c, where the polymer piles up near the
edge of the deposit, as is the case of the thick dark
residue of particles that are left behind when coffee
is spilled onto a flat surface (Deegan et al., 1997).
This profile results from pinning of the edge of the
droplet to its initial position on the substrate, com-
bined with preferential evaporation of the solvent at
the periphery of the liquid/solid interface where
molecules can escape with little chance for re-
adsorption. This contrasts with the center of the
deposit where re-adsorption on the large surface is
relatively efficient. Hence, a net flow of solvent
radiating from the center to the edges develops,
carrying the solute (e.g. the polymer) that ultimately
piles up along the edge, creating an uneven thick-
ness profile. Edge accumulation can be reduced by
exploiting the Marangoni effect, whereby a mixture
of two solvents with different boiling points creates
a reverse flow from the edge to the center of the
liquid deposit (Hu and Larson, 2006). In this case,
the latent heat of evaporation of the solvents re-
duces the temperature in the center of the droplet.
Since surface tension decreases with increasing tem-
perature, cooling creates a diffusive flow from the
(warmer) edges toward the center. When two solv-
ents are used, the higher boiling point constituent
moves toward the edges, with the lower boiling
point solvent depleted rapidly from the center.
This dynamic balance sets up Marangoni flow that
prevents large concentrations of the solute from

accumulating anywhere within the droplet as the
solvent evaporates.
Surface irregularities and rounded profiles are un-

desirable side effects of the rheological properties of
the solvent-solute mixture, and can never be com-
pletely eliminated in the inkjet deposition process.
Hence, their presence ultimately limits the feature
resolution, although many strategies have been em-
ployed to minimize their impact (Sirringhaus et al.,
2006). One is to print into confined areas defined by
polymer “wells” patterned on the substrate surface.
The active organic inks are deposited into the appro-
priate well that confines the material. This method has
been developed for printing red, green and blue light
emitting layers of OLEDs in full color displays, as
shown in Fig. 5.74. Contacts are subsequently depos-
ited to complete the device (Kobayashi et al., 2000).
Although many of these strategies facilitate the

printing of small electronic patterns, inkjet techniques
have not yet been adopted for widespread application
in organic electronics. As noted above, the difficulty
in synthesizing a material that leads to high device
performance with a stability that is required for most
electronic applications, while also optimizing its rheo-
logical properties to make it suitable for inkjet depos-
ition, represents a complex materials design challenge
that in many cases has been unattainable. Yet the
promise of inkjet printing to generate devices with
the same ease as document printing continues to mo-
tivate considerable research in this area.

5.6.6 Organic vapor jet printing

The method of organic vapor jet printing (OVJP) is
analogous to inkjet printing except that it is a dry,
rather than a solution-based process. OVJP enables
the direct, high-resolution, rapid patterning of

Red Green

Substrate

Blue

Figure 5.74 Inkjet printing of a full color OLED display into an array of
wells used to confine the ink within each pixel.
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molecular organic semiconductors on a variety of
substrates (Shtein et al., 2004). Like OVPD used in
deposition over entire substrate surfaces, OVJP is in-
herently a local deposition technique whereby a hot
inert carrier gas is seeded with organic vapor and
then expanded through a microscopic nozzle to
form a collimated beam of gas that carries molecules
through a vacuum or low pressure environment. The
organic molecules are accelerated by the lighter car-
rier gas, exiting the nozzle at hyperthermal velocities.
When the resulting heterogeneous beam impinges on
a cold substrate, the carrier gas quickly disperses.
However, due their greater mass, the organic mol-
ecules retain their axial momentum, resulting in a
confined deposit profile.
The deposition profile is controlled by the shape of

the gas jet and substrate temperature (which deter-
mines the sticking coefficient), avoiding the need for
liquid solvents or droplet-confining wells. The pat-
tern itself is “written” by translating the substrate
beneath the nozzle array. Consequently, this method
broadens the choice of substrate material and shape,
while reducing deposition and patterning of the or-
ganic layer to a single step. OVJP takes advantage of
the high organic-to-carrier gas molecular mass ratio
to achieve high resolution patterning. The method
has been successfully used for depositing multi-
colored OLEDs for both lighting (Arnold et al.,
2008) and displays (McGraw and Forrest, 2013),
and in defining the channels of organic thin film
transistors (Shtein et al., 2004).
The OVJP concept and apparatus are schematically

illustrated in Fig. 5.75a. Themolecular organic sources,
A andB, are heatedwhile an inert carrier gas (e.g.N2) is
injected into the source cells, picking up the organic
vapor and expanding it through a collimating nozzle.
Although the carrier gas flow field rapidly diverges
due to the proximity of the substrate to the nozzle
outlet, the relatively heavy organic molecules acquire
trajectories substantially more collimated than the
volatile carrier gas that escapes laterally along the sub-
strate plane. The interplay between diffusive and con-
vective transport at the nozzle orifice that ultimately
dictates pattern shape is determined by such factors as
nozzle radius, a, nozzle-to-substrate separation, s, and
the deposition chamber pressure, PL. The scaling is
usually such that s, the pattern resolution, and the
molecular mean free path (mfp) at PL are of the same
magnitude, as indicated in Fig. 5.75b. Hence, down-
stream from the nozzle, transport is intermediate be-
tween continuum and molecular flow.
The gas jet monotonically diverges after exiting

the nozzle. When a substrate is placed close to
the nozzle, the jet is further dispersed relative to the

free-expanding beam due to a stagnation front
formed immediately above the surface. This axial
enrichment of the jet by the organic molecular spe-
cies constitutes a key feature of OVJP. Since s � mfp
at PL, the organic molecules suffer few collisions
within the nozzle-substrate gap. Assuming fully de-
veloped flow inside the nozzle, a low (<1% molar)
concentration of the organic species and incompress-
ible flow, the organic molecules travel radially out-
ward from their original position in the nozzle by a
distance χ (Shtein et al., 2004):

χ

a
¼ mg

M
s

mfp
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
3
�cs mfpð Þ
�ua2

r
; ð5:39Þ

where mg/M is the carrier gas-to-organic molecular
mass ratio, �c is the mean molecular thermal velocity,
and �u is the mean flow velocity inside the nozzle.
The first term in Eq. 5.39 is due to horizontal mo-
mentum transfer to the organic molecules from col-
lisions with the diverging carrier gas, while the
second term is the scaling of the radial diffusion to
the convective transport rate normal to the substrate.
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Figure 5.75 (a) Conceptual diagram of an OVJP apparatus. (b) Nozzle
and exit gas flow defining the variables described in the text. The example
of an Alq3 molecule swept through the nozzle in a hot N2 carrier gas is
shown. (c) Plot of the normalized molecular beam width, χ/a, vs. the
background pressure, PL , with the optimum pressure resulting in a
minimum deposited feature size. (d) Normalized substrate-to-nozzle
separation distance, s, as a function of PL. The various flow regimes
encountered are noted (Shtein et al., 2004).
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Equation 5.39 shows the relative influence of process
conditions on pattern resolution. In particular, given
that mfp = kBT/2σPL, where σ is the cross-sectional
area of the molecule (in the hard sphere approxima-
tion), the pattern dispersion has a minimum at some
value of PL, as shown in Fig. 5.75c. The maximum
resolution is achieved when PL is in the range 1–50
torr, typical of OVJP. Equation 5.39 also suggests
that pattern resolution is enhanced by the use of a
lighter carrier gas (e.g. He instead of N2). Practically,
�u is fixed by the desired deposition rate via the
concentration of the organic vapor. Thus, for a
given nozzle radius, a, the remaining adjustable
parameters are s and PL.

The operating conditions for maximum pattern
resolution are plotted on the process diagram,
Fig. 5.75d, where the operating line dictates values
of s for any given PL. For example, to maintain high
pattern resolution (χ=a! 1) even at large separation,
s, the downstream pressure, PL, must be decreased.
The region above the operating line represents print-
ing in the diffusion-limited regime, while the region
below corresponds to convection-limited transport.
Finally, the local dynamic pressure in the region be-
tween the nozzle and the substrate generally exceeds
PL, and scales inversely with s.

Details of the flow calculated by direct simulation
Monte Carlo (DSMC) are shown in Fig. 5.76a and b.
The vertical velocity component of the flow field is
plotted as a color-map in Fig. 5.76a, with the corres-
ponding trajectories of the carrier gas and the organ-
ic molecules (in this case, Alq3) plotted in Fig. 5.76b.
The velocity map shows the acceleration of the flow
through the nozzle, reaching �200 m/s at the nozzle
exit. The stagnation front lies immediately above the
substrate surface where the dynamic pressure gen-
erally exceeds the ambient pressure, PL. The heavy

organic molecule trajectories, however, cross the car-
rier gas flow lines, resulting in a well-defined
deposit.
Directional deposition is demonstrated in the

micrograph in Fig. 5.76c for a pentacene line printed
on SiO2 using a 50 μmdiameter nozzle at a deposition
rate >300 Å/s and s = 35 μm (Shtein et al., 2004). The
central line demonstrates that flat deposit profiles are
achieved. Furthermore, SEM images reveal that the
pentacene crystallites to the left and right of the jet
axis tilt in toward the molecular source. Seeding the
organic molecules in a fast-flowing carrier stream at
hyperthermal velocities determines the incident mo-
lecular kinetic energy. This decouples the film crystal-
lization dynamics from surface temperature, leading
to highly ordered films even on relatively cold sub-
strates. This effect has important implications for the
performance of devices such as polycrystalline chan-
nel TFTs (Shtein et al., 2002), and it significantly
broadens the choice of substrates to include fragile
and/or bio-compatible materials.
For this technology to be practical, the rate of or-

ganic deposition must be sufficiently fast to enable
high resolution printing on large area substrates in
times comparable to that of competing methods such
as deposition through a shadowmask. Inkjet printing
of documents is, in fact, quite rapid due to parallelism
arising from print heads comprising more than 1000
nozzles. Efforts have therefore focused on the scale-
up of OVJP print heads from single nozzles, to nozzle
arrays using Si fabrication-based photolithographic
methods (McGraw et al., 2011, McGraw and Forrest,
2012). The print head is mounted on a feed-through
flange mounted on a high vacuum chamber. Nitrogen
carrier gas is supplied to the head via a heated metal
manifold that connects it to the feedthrough. The
manifold in Fig. 5.77a consists of tubes that contain
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Figure 5.76 (a) Calculated velocity flow field beneath an OVJP nozzle. (b) Trajectories of the molecules and carrier gas illustrating the “focusing” of the
molecular deposit beneath the nozzle orifice. (c) Electron micrograph of a pentacene transistor channel grown by OVJP. The upper image is a plane view of
the deposit with several dots grown adjacent to the channel stripe. The cross-section view (below) shows how directional flow from the nozzle results in
pentacene nanocrystalline growth entrained along the gas streamlines as in (b) (Shtein et al., 2004).
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separate organic vapor sources needed for a particu-
lar application. Each tube is independently heated to
the sublimation temperature of the material contained
within a glass or Pyrex vial within the tube. Hot
carrier gas enters the vial, picks up the organic
vapor, and carries it through a microfluidic channel
plate (Fig. 5.77b) to the print head. A chilled substrate
holder sits below the manifold. It is translated in two
dimensions parallel to the substrate plane to “draw”

the desired organic pattern.
The microfluidic gas distributor in Fig. 5.77b car-

ries the organics from the source vials, mixes them
with other compounds in situations where dopants
or mixtures are required, and transports the mol-
ecules to the nozzle arrays in Fig. 5.77c. The nozzles
are formed by etching the silicon-on-insulator (SOI)
wafer device layer along the (111) Si plane, extend-
ing down from the top wafer surface. Rectangular
nozzle orifices are defined by the intersection of the
etched zone with the SOI wafer oxide layer, creating
nozzles only a few microns wide. Since the process

technology is Si-based, large arrays containing >1000
precisely placed and shaped nozzles can be fabri-
cated using this approach.
Using 10 μm wide nozzles located within 10 μm of

the substrate, organic features as narrow as 16 μm
have been achieved. Figure 5.78a shows fluorescent
images obtained from Alq3 stripes drawn using this
nozzle geometry, with an intensity map shown in the
inset. The dependence of the feature size for the 10 μm
wide nozzle on its distance from the substrate, s, is
shown in Fig. 5.78b, along with the deposition profiles
shown in the inset. The profile for the nozzle, aswell as
its dependence on s is fit well by DSMC. Importantly,
these simulations suggest that a profile as narrowas 1.5
μm can be achieve with a 0.5 μm wide nozzle posi-
tioned at s = 1.5 μm (McGraw et al., 2011). As noted
above, lines becomewider and their edges become less
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Figure 5.77 (a) Scalable print head and substrate holder assembly
(McGraw et al., 2011). (b) Microfluidic plate that directs and mixes organic
vapors from the cylindrical material containers in (a) to the nozzle arrays.
(c) Electron micrographs of a Si nozzle array consisting of 20 μm wide by
200 μm long nozzle slits. A detailed view of the nozzle and sidewall is shown
in inset. The substrate is translated parallel to the long nozzle axis, leading to
~ 20 μm wide deposits (McGraw and Forrest, 2012).

Reprinted from McGraw, G. J. & Forrest, S. R. 2012. Fluid Dynamics and Mass
Transport in Organic Vapor Jet Printing. J. Appl. Phys., 111, 043501 with the
permission of AIP Publishing
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Figure 5.78 (a) Fluorescent emission from an array of Alq3 stripes
printed by OVJP. The stripes were deposited at a N2 carrier gas flow rate of
2 sccm and a nozzle-to-substrate separation of s =10 μm. Inset:
Photoluminescence intensity profiles vs, position along a path
perpendicular to the lines. (b) Feature size, χ, as a function of nozzle-to-
substrate distance, s, and N2 flow rate. Simulated deposition feature sizes
(lines) match the experimentally observed trends. Inset: Normalized
thickness of an Alq3 line measured using a profilometer (exp). The
measured profile agrees with the simulated deposition profile generated
for a 10 μm nozzle width, flow rate of 2 sccm, and s = 5 μm (sim 1).
Simulations suggest that a 0.5 μm nozzle positioned at s = 0.5 μm can
produce lines as narrow as 1.5 μm wide (sim 2) (McGraw et al., 2011).

Reprinted from McGraw, G. J., Peters, D. L. & Forrest, S. R. 2011. Organic
vapor jet printing at micrometer resolution using microfluidic nozzle arrays.
Appl. Phys. Lett., 98, 013302 with the permission of AIP Publishing
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well definedwith increasing s. For a 10μmwidenozzle
and s = 10 μm, a diffuse edge of material extends
approximately 4 μm beyond the line boundary. This
degree of “overspray” iswithin the tolerances required
for high definition display patterning.

Based on experimental results, the speed of printing
of large organic electronic appliances can be esti-
mated. For example, an array of 3000 nozzles, each
with a 20 μm by 800 μm orifice, can simultaneously
pattern 30 nm thick red-green-blue emissive layers to
produce a full color, high definition 60” (1 m2) OLED
display in approximately 25 s (McGraw et al., 2011).
Multiple vapor streams can be integrated into a single
print head to allow for the deposition of a full color
pixel triad in a single pass without a loss of printing
speed. The 3000 nozzle array would have a width of
810 mm, which can be produced using standard Si
fabrication processes.

The most significant challenge to the large scale
implementation of OVJP is the control of the nozzle-
substrate distance, s, which determines the degree of
parasitic material overspray into neighboring regions
of the substrate beyond those directly targeted. As
discussed, s < 10 μm is optimal for printing very
small features. Yet this must be maintained over
large, rapidly translated substrates where dust, pre-
patterned topographic features, surface roughness
and other surface irregularities can interfere with the
print head. Also, the gas exiting the nozzle in close
proximity to the substrates imparts a high sideways
velocity that can sweep the organic molecules laterally

before they can adsorb onto the substrate, as in
Fig. 5.76. Several strategies have been developed to
counteract lateral spreading, including shaping the
nozzle to include relief that reduces the sideways gas
acceleration beneath the nozzles, actively removing
the exhaust by local application of vacuum (i.e.
“skimming”), and placing dielectric barriers on the
substrate between printed regions similar to wells
used in liquid-based inkjet printing (McGraw and
Forrest, 2013).
Confinement of nozzle flow into the desired area

can also be accomplished by supplying a guard flow,
as shown in Fig. 5.79. Here, a concentric nozzle is
employed, with the center nozzle conducting the mo-
lecular source and its carrier gas, and the outer annu-
lar nozzle conducting an additional hot carrier gas
(Biswas et al., 2010). The outer guard flow provides
hydrodynamic pressure that “focuses” the molecular
beam, preventing excessive spreading. This approach
may also prevent the entrainment of contaminants
into the molecular jet, allowing for deposition of
device-quality materials even in atmospheric environ-
ments. A heavier gas than the carrier (e.g. Ar) is
particularly effective at confinement of the central
molecular jet.
Visualization of the effects of guard flows is

shown in the simulation based on the Navier–Stokes
equations for fluid transport in Fig. 5.80. This ana-
lysis provides evidence, as experimentally con-
firmed, that guard flows both focus the molecular
beam while preventing ingress of species from the
environment.
Fabricating arrays of concentric nozzles for printing

over large areas complicates nozzle design and
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Figure 5.79 Guard flow nozzle showing the central region where the
organic source material is carried by a hot N2 gas to the substrate. The
outer annulus carries hot N2 that serves as the guard flow. The circles
surrounding the nozzle assembly represent the heating elements (Biswas
et al., 2010).
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fabrication. Further, the increased gas flow from the
guard beam added to that of the organic source beam
slow the removal of the large gas volume between the
nozzle and substrate; a problem that becomes increas-
ingly acute as the number and density of nozzles
increases.
OVJP has several advantages over liquid-based

inkjet printing. While it is compatible only with mol-
ecules that can be evaporated, no molecular modifi-
cation is required to specifically adapt a species for
use in vapor jet printing. The very high feature reso-
lution approaching 1 μm makes it suitable for a wide
range of transistor and light emitting device pattern-
ing scenarios. Also, the absence of surface tension
produces a predictable deposit profile. Since the pro-
cessing is free of liquid solvents, there is no interaction
such as re-dissolution with previously deposited
layers. Indeed, OVJP presents no constraints beyond
those encountered in VTE or OVPD. Hence, wide
flexibility in device design and materials choice is
compatible with this dry printing method.

5.6.7 Other patterning techniques

There are numerous forms of rapid printing that have
been developed for the graphics and print publication

industries. Several of these technologies are also
adaptable to patterning organic electronic devices.
After all, the inks used in graphics printing are closely
related to organic semiconductor materials. Hence, it
is logical to assume that similar printing techniques
can be useful in both applications. Yet, there are im-
portant differences that distinguish these two printing
regimes. Organic electronic devices demand precise
control of the morphology of the printed region, and
often require extremely high pattern resolutions when
compared to passive printed media. In both instances,
high throughput leads to low cost. Here we discuss
several printing technologies that are adaptable to
organic semiconductor device applications. Each has
its benefits and limitations, but in general none has
been developed to the extent that would warrant their
use in volume device manufacturing. The various
methods are introduced roughly in terms of their
maximum throughput.
Screen printing (throughput � 2–3 m2/s) is widely

used for printing fabrics, signs, and other large graph-
ical images. Thus, it has been adapted to very high
speed and simple, low resolution printing of organic
semiconductors and even metallic contacts. Two real-
izations of screen printers are illustrated in Fig. 5.81.
Figure 5.81a shows screen printing to a flat plate, and
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Figure 5.81 A screen printing apparatus for printing on (a) sheets and (b) rolls (Kipphan, 2001).
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Fig. 5.81b is from a flat plate to a cylindrical roller.
A silk screen with a fine mesh is placed in proximity
(1–2 mm, typical) to the substrate on which the ma-
terial is to be deposited. To create a pattern, a stencil
material (typically a plastic or metal film) is embed-
ded into the screen, or is placed onto its surface to
mask those areas that are not to be printed. A semi-
viscous electronic polymer or metal paste is then
loaded onto the film surface and is pushed through
the mesh by a rubber blade (often called a doctor blade
or squeegee) that deforms the screen into contact with
the substrate. The blade is translated at several centi-
meters per second across the substrate. The fluid
penetrates the un-masked regions of the screen, leav-
ing behind the desired pattern which is dried to re-
move excess solvent. The solution containing the
molecular solute rides in front of the blade and is
continuously replenished to avoid gaps in the printed
pattern. Screen printing resolution is limited by the
screen mesh openings, which are typically �100 μm,
although smaller meshes have been produced. The
highest pattern resolution is approximately twice this
dimension. Also, the method favors thicker films that
are limited by the size and thickness of the mesh.
Viscoelastic effects can also affect film uniformity, simi-
lar to that encountered in inkjet printing.

Given its limitations, screen printing is not widely
used to pattern organic electronics. Nevertheless,
given its very low cost and high speed, research la-
boratories have pursued its use for printing metal
contacts, OPV bulk heterojunctions (Shaheen et al.,

2001, Brabec and Durrant, 2008), OLEDs (Pardo
et al., 2000, Lee et al., 2009), and OTFT active regions
(Bao et al., 1997, Rogers et al., 1998).
Offset printing (throughput � 5–30 m2/s) is a form

of lithographic printing whereby the ink is applied to
the plate, or in Fig. 5.82, the plate cylinder. The pat-
tern to be printed is defined on the plate by having
inked regions that are oleophilic (and hence hydropho-
bic), and hydrophilic ink-repellent regions. The plate
is prepared by applying inks from the inking unit on a
surface that has initially been treated with a film of
water from the dampening unit. Dampening the cy-
linder ensures that no ink will transfer to the regions
that should not be printed. The patterns are then
transferred from the plate onto the blanket cylinder,
which ultimately delivers the pattern to the substrate
that rolls over the surface of the final, impression
cylinder.
Offset printing is the most common form of print-

ing, resulting in features that are finer than screen
printing, typically 10–50 μm. Importantly, for organic
electronics, the control of film thickness of from
0.5–1.5 μm is quite high compared to other high vol-
ume printing technologies. Also, registration of mul-
tiple layer patterns can approach 10 μm, allowing for
a modest level of circuit complexity. The advantages
of offset printing are somewhat countered by the
complexity of the system comprising multiple con-
tacting elements, and controlling the chemistry of
the inks and dampening solutions in ways that are
compatible with high device performance, yield and
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Figure 5.82 Schematic of an offset printing apparatus (Kipphan, 2001).
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pattern resolution. Offset printing has been used in
producing PEDOT (Zielke et al., 2005) and metal na-
noparticle ink-based (Fukuda et al., 2015) transistor
source and drain contacts, as well as for transparent
OPV electrodes (Kim et al., 2015).
Flexographic printing (throughput � 10 m2/s) is a

variation on letterpress printing, and is shown sche-
matically in Fig. 5.83. The image to be printed on the
substrate is first embossed on a roller consisting of a
soft material such as a hardened rubber or photo-
polymer that can hold ink on its surface, or absorb
the ink. The printing plate itself is held on a hard
cylinder or plate to give it structural stability. Prior
to transfer to the plate, the ink is first spread over a
cylinder containing a high density of ink-retaining
wells. This ink-transporting cylinder is known as an
anilox roller. The ink has a low viscosity compared to
that used in offset printing since it must be retained
by the roller and the printing plate. The uniformity
of the liquid layer is maintained by a doctor blade.
The printing plate finally transfers the inks to the
substrate to form the desired image.

The combination of low-viscosity fluid with the
soft, elastic printing plate, which is distorted under
the contact pressure with the substrate, results in a
low-resolution image. Flexography bears similarities
with so-called pad printing (Kipphan, 2001), as well
as the additive soft-stamping process described in
Section 5.6.4 that also suffers from lower resolution
than hard-stamping methods due to stamp distor-
tion. Thus, feature sizes �100 μm are typical of
flexographic printing, which is at least two orders
of magnitude larger than achieved by soft stamp
transfer done on a batch, substrate-by-substrate pro-
cess. Flexography has been used to generate diacry-
late gate dielectrics in polymer thin film transistors
(Cosnahan et al., 2018). However, given its pattern
resolution limitations, it has not been widely ex-
ploited in the patterning of organic electronic
devices.
Gravure printing (throughput � 50 m2/s) differs

from offset printing in that the image to be transferred
is etched or engraved into the plate or cylinder, as
shown in Fig. 5.84. The wells thus formed are filled

Printing substrate
Impression cylinder (hard)

Elastic printing plate with
raised image elements

Plate cylinderPrinting
plate
(soft)

Anilex roller

Ink supply
(chambered doctor
blade system) Cells of the anilox roller

filled with ink
Inked up
image element

Figure 5.83 Schematic of a flexographic printing apparatus (Kipphan, 2001).

Impression cylinder/roller

Gravure
cylinder

Blade

Ink fountain

Image elements are equally
spaced but differ in area and
volume (variable depth and
variable area)

Figure 5.84 Schematic of a gravure printing apparatus (Kipphan, 2001).
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with ink, with the excess removed by a doctor blade.
The gravure plate transfers the ink to the substrate
that is forced against the impression roller. The
amount of ink and the resolution of the pattern is
determined by the width and depth of the wells.
Sidewall control is essential since ink residues can
clog the wells or otherwise decrease the pattern reso-
lution achieved. However, the wells themselves are
well adapted to retaining low viscosity fluid, whereas
in offset printing, the viscosity must be sufficiently
high for the oleophilic regions to maintain pattern
definition. The technique is capable of printing layer
thicknesses < 1 μm.

The engraving or etching process to create the
image on the cylinder is costly, and each change in
image (corresponding to a particular circuit or device
layout) requires the fabrication of a new cylinder. Fur-
thermore, each separate layer (e.g. the R, G, and
B pixels in a display) requires a separate cylinder or
plate precisely aligned to the others in the production
chain. Countering this complexity is the extremely
high throughput of gravure printing. Features tend to
be large due to the limited precisionwithwhich the ink
wells can be fabricated, and the low viscosity fluid that
makes pattern confinement difficult. Feature sizes of
75 μm or larger are common, making this technique
most appropriate for contact deposition or for the ac-
tive regions in large area devices such as OLED light-
ing sources (Kopola et al., 2009, Hernandez-Sosa et al.,
2013) and solar cells (Kopola et al., 2011, Voigt et al.,
2011). Very high resolution patterns (< 10 μm feature
sizes) of the polymer gate dielectric in thin film
transistors have been achieved using precise engraving
of the gravure cylinder. This microgravure process
also demonstrated linear throughput speeds of nearly
1 m/s (Kang et al., 2012).

We conclude this discussion with a comparison of
several printing methods in Table 5.5. While they
remain at an immature stage of development for
electronics applications, they continue to be of interest
due to a primary promise of organic electronics—that

of manufacturing large-scale devices and circuits on
flexible substrates at extremely low cost. The inherent
similarities between inks used in creating graphical
images and those used as electronic materials will
continue to motivate development of high-speed
printing for use in manufacturing of on-demand, or-
ganic electronic appliances.

5.7 Roll-to-roll production of organic
electronics

A significant driver of low cost electronics is the fab-
rication of devices in a continuous process, where
circuits and complex devices are rapidly produced
“by the meter” rather than currently employed,
substrate-by-substrate semiconductor batch pro-
cesses. Increased output is enabled by continuous,
roll-to-roll (R2R) manufacturing that employs one of
the many rapid print patterning methods discussed in
previous sections. Most of these patterning processes
are already implemented, or can readily be adapted to
the R2R environment.
Roll-to-roll, also referred to as reel-to-reel or web

processing, is a general term that implies fabrication
of the devices and circuits on a substrate by rapidly
translating it from process to process in a continu-
ous, uninterrupted manner. The processes them-
selves include the addition, subtraction, annealing
(either thermally, by illumination, or solvent expos-
ure), and patterning of multiple layers that comprise
the electronic or photonic devices. Hence, while pro-
cess speed is enhanced by continuous web-based
manufacturing schemes, it becomes challenging to
achieve high tolerance alignment of patterns on suc-
cessive layers, simply due to the short residence
time of the substrate at each process step, as well
as the tendency to distort (via stretching, compres-
sion, twisting or other mechanical stress) the sub-
strate web as it proceeds through the various
manufacturing stages. Hence, web-based processing
is only practical where very high alignment

Table 5.5 Comparison of printing methods used for producing graphic images. Adapted from Sirringhaus et al. (2006)

Printing method Viscosity (MP) Layer thickness (μm) Feature size (μm) Throughput (m2/s) Feature registration (μm)

Screen 500–50,000 30–100 20–100 2–3 >25

Offset 40,000–100,000 0.5–1.5 10–50 5–30 >10

Flexography 50–500 0.8–2.5 80 10 <200

Gravure 50–200 0.8–8 75 60 >10

Inkjet 1–30 <0.5 20–50 0.01–0.5 5–20

OVJP N/A >0.01 1.5 1–2 5
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tolerances (<20 μm) are not required, or where auto-
matic, or self-alignment between layers is built dir-
ectly into the process flow. Furthermore, since most
active organic electronic materials degrade when
exposed to air or moisture, some or all of the fabri-
cation processes must occur in highly controlled, con-
taminant- and dust-free atmospheres—typically in
vacuum or in high purity nitrogen. Indeed, while
considerable work has focused on solution-based de-
position in ambient due to its simplicity, it is unlikely
that high performance and reliable devices and pro-
cesses can be realized under such conditions. In con-
trast, R2R vacuum coating of extremely high volumes
of materials is a standard process employed by the
food industry, and has even been successfully used
for organic electronic devices (Chaug et al., 2004).
Nevertheless, enclosing large processing lines in a
contamination-free environment can be difficult and
costly, making it convenient to do some of the pro-
cessing in separate chambers, whereby the web enters
and exits via differentially pumped plenums,
or where the entire web is included within the vac-
uum space. The last step in the fabrication sequence is
packaging or lamination to protect the electronic de-
vices. This is followed by cutting the web into discrete
device or circuit segments. The substrate segmenta-
tion is called singulation.
Several web processing system layouts are shown

schematically in Fig. 5.85. Roll-to-roll implies that the
substrate is thin and flexible, typically comprised of a
polymer such as PET or PEN, metal foil, very thin and
flexible glass sheet, or even paper. While glass is
brittle and fragile, if made sufficiently thin (<100
μm) it can be very flexible without being distorted
by stretching. Since it is extremely smooth and imper-
vious to atmospheric contaminants, if handled

carefully, flexible glass provides a nearly ideal sub-
strate for web processing. The substrate is deployed
from a feed reel through rollers to each process stage,
and then the finished product is collected by a take-up
reel (Fig. 5.85a). Lateral pattern registration is done at
the edge of the web, and is adjusted along its length
by active control of the tension. This is usually accom-
plished by rollers placed intermediate between pro-
cess stations. Their relative positions are actuated in
real time to dynamically tighten or loosen the web.
Another means to transport large substrates in a

continuous or semi-continuous fashion is sheet-to-
sheet, in which the substrates are already cut into
manageable sizes, and continuously transported
through a series of process stations (Fig. 5.85b). The
translation from the feed stack to the output stack is
via grippers, or robots that remove the substrate from
the previous station, and then place it in the next
while also performing the task of registration and
alignment required in multilayer fabrication pro-
cesses. This configuration has been widely adopted
by the OLED display industry, where multiple layers
are deposited in sequence on large, very thin glass
substrates. Sheet-to-sheet manufacturing systems can
extend to over 100 m in length to complete the multi-
layer film deposition process.
In the sheet-on-shuttle process (Fig. 5.85c), the sub-

strates are placed on a continuous carrier or track, each
substrate registered in its own fixture within the shut-
tle. The shuttle itself is translated using a gear mechan-
ism that ensures precise alignment at each process
position. Large substrates can be laid either horizon-
tally or held upright. If a process step requires physical
contact with the substrate (e.g. stamp patterning of
metal contacts), the shuttle must be sufficiently robust
to support the substrate as pressure is applied.

(a)

(d)(c)

(b)

Figure 5.85 Various web-based systems. (a) Roll-to-roll, (b) sheet-to-sheet, (c) sheet-on-shuttle, and (d) roll-to-sheet (Willmann et al., 2014).

Reprinted from Organic Electron., 15, 1631, Willmann, J., Stocker, D. & Dorsam, E., Characteristics and evaluation criteria of substrate-based manufacturing. Is roll-
to-roll the best solution for printed electronics? Copyright 2014 with permission from Elsevier.
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Finally, combinations of the substrate handling
processes in continuous or semi-continuous web en-
vironments is also possible, as shown in Fig. 5.85d.
There are many situations where these combinations
are essential; for example when some of the processes
in circuit fabrication require a controlled environment
whereas others do not. In this case, the web roll is
removed from one process line and moved to another
where sheet-based processing is more convenient.
This movement decreases the manufacturing line out-
put, or productivity, requiring the use of parallel sys-
tems to complete the slower process steps to ensure
that they keep pace with the more rapid processes.
That is, the rate of production is determined by the
slowest step in the continuous chain. Another consid-
eration is that the process may be continuous (e.g.
printing stripes by gravure printing on a roller) or
intermittent, in which case the substrate movement
pauses while the process occurs (e.g. deposition of
two dimensional patterns through a shadow mask).
The duration of a particular process step is called the
takt time, that is, the time that a machine must take to
complete the step. The takt time can refer to that
needed to complete a single step, multiple steps in a
series, or even the entire fabrication process itself.

Figure 5.86 shows several different fabrication con-
figurations that the substrate might encounter during
the process sequence. They fall into two categories:
contact and non-contact printing. Examples of contact
printing described in Section 5.6 include stamping,
gravure, or screen printing. Non-contact methods in-
clude inkjet and vapor jet printing. Full surface

deposition of films via vapor phase deposition (e.g.
OVPD and VTE), or liquid spray-on or spreading
with a knife edge (i.e. a doctor blade or squeegee)
are also compatible with continuously transported
substrates in web fabrication environments. The ap-
plication of materials can be done in either a flat sheet
or continuous, roller-based configuration.
An example of application of a multiple component

layer by slot-die coating is shown in Fig. 5.87. Here,
the electrode material, PEDOT:PSS, is combined with
a continuous flow of a donor–acceptor OPV mixture
of P3HT and PC61BM, allowing for the simultaneous

Roller

Printing
plate

Ink

Substrate

Impression
cylinder

Moving plate
Moving plate

Moving plate

(a)

(e)(d)

(b) (c)

Figure 5.86 Various printing configurations. (a) Contacting rollers; (b) roller-plate; (c) plate-plate; (d) non-contact planar; and (d) non-contact roller
printing (Willmann et al., 2014).

Reprinted from Organic Electron., 15, 1631, Willmann, J., Stocker, D. & Dorsam, E., Characteristics and evaluation criteria of substrate-based manufacturing. Is roll-
to-roll the best solution for printed electronics? Copyright 2014 with permission from Elsevier.

PEDOT:PSS
P3HT:PCBM

ITO + ZnO

PET substrate

Intermixed
region

Figure 5.87 Continuous, double slot-die coating of the OPV active
region along with the top cathode. When combined with the bottom
anode already applied to the plastic substrate, the OPV cell structure is
completed in a single process step (Sondergaard et al., 2012).
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deposition of two layers with significantly different
functions and rheological properties. This is layered
onto a PET substrate that supports the transparent
anode consisting of the metal oxides, ITO and
ZnO. Slot-die coating is similar to blade coating, in
that the layers are formed by a sharp edge that ensures
a constant thickness determined by the temperature,
viscosity, translation velocity, and the surface tension
(and hence the meniscus) of the liquid being spread
over the substrate surface. As in all liquid-based pro-
cessing methods, care must be taken in choosing com-
patible materials such that two or more layers do not
interdiffuse or dissolve. In Fig. 5.87, PEDOT:PSS has an
aqueous base, whereas P3HT:PC61BM uses an organic
(hydrophobic) solvent to minimize interactions be-
tween layers. Slot-die coating is potentially a high
productivity film deposition procedure, with substrate
speeds in the range 0.1–200 m/min.
Some of the stations along the processing line must

be devoted to metrology and control. These include in
situ film thickness measurement, pattern alignment,
and particle detection. These properties are moni-
tored in real time, with results fed back to adjust the
process flow to prevent it from producing large vol-
umes of useless, non-functional product. All semicon-
ductor manufacturing lines, whether done by batch or
web, require such process diagnostics to ensure a high
production yield of devices that perform at the re-
quired standard.
A further consideration is the method for rechar-

ging the deposition stations with fresh material. As
substrates are translated through each station, source
materials are consumed. To avoid halting the line to
refill materials reservoirs, the manufacturing lines
allow for continuous feed of materials to the depos-
ition site (e.g. roller or plate) from an external location.
Similarly, cleaning of components contained within
the system (e.g. shadow masks, screens, and print
heads) should also be an integral part of the systems,
since routine maintenance ensures maximum product-
ivity, as well as a minimum down time where the
system is taken off-line to restore it to optimal oper-
ational order. Perhaps the biggest single problem in
maintaining a web-based processing line is ensuring
that dust and other debris do not accumulate on the
substrate as it passes from station to station, or be-
tween rollers. Organic devices are typically only a
few tens to hundreds of nanometers thick. Hence,
even the smallest particles or irregularities on the sur-
face of the web can result in pinholes in the device
active regions, creating shorts or paths for the ingress
of contaminants. Defect densities of 100–1000m�2 with
radii ranging from 0.1 to 3 μm are commonly observed

on PET substrates, depending on the coatings applied;
a level that may prevent high productivity (Graff et al.,
2004). Furthermore, dust can cause substrate damage
during stamping or mask attachment where pressure
is applied to its surface.
To date, there has been insufficient research on R2R

processing to fully assess its usefulness in themanufac-
ture of organic electronic circuits. The equipment is
necessarily complex and large, and the consumption
of costly source materials is also an impediment to its
development. However, once devices, materials and
processes that can benefit from such large scale manu-
facture are defined, it is anticipated that research efforts
in this area will grow apace. The most likely applica-
tions to benefit from continuous R2R processing are
OPVs and low cost organic transistor circuits
(Sondergaard et al., 2012). Since the technologies lead-
ing to their successful and widespread deployment
have not yet been fully developed, it is understandable
that their use in large-scale manufacturing of devices
has not yet been realized. Nevertheless, one of the
major benefits of organic electronics is the promise of
very low cost circuits serving a diversity of custom as
well as low cost needs. Provided sufficiently high per-
formance can overcome the compromises that are in-
herent in continuous processing environments, R2R
and other web-based fabrication technologies may yet
become a mainstay in the manufacture of organic elec-
tronics (Forrest, 2004).

5.8 Packaging

The final step in the fabrication of an electronic device
or circuit is its packaging. This has several purposes:
the package protects the device from degradation due
to environmental exposure, it can be sufficiently large
and robust to make handling of the electronics con-
tained within it manageable, and it enables connec-
tions to an external circuit. The vulnerability of
organic materials to degradation when exposed to
oxygen (particularly in the presence of light) and
moisture makes some form of packaging imperative.
Packaging of flexible electronics (requiring flexible
packages) presents particular challenges.
For rigid displays used in many smartphones (see

Fig. 5.88), the device is deposited onto a glass substrate.
It is then sealed in an ultrahigh purity N2 environment
by ametal (or glass) lid to the substrate using a bead of
epoxy that is cured by brief exposure to UV light.
Alternatively, a cold-weld bond or solder seal is used.
The lid often contains a thin film desiccant such as

the hygroscopic compounds BaO or CaO, or a high
surface area zeolite that is deposited onto its inner
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surface. The desiccant scavenges the residual mois-
ture that is captured in the package during sealing.
Accommodation must also be made to provide elec-
trical access to the device via contacts pre-patterned
onto the substrate surface. The contacts must not be
shorted nor interrupted by the seal, nor can they
introduce leaks into the package interior. A moisture
indicator that changes color (e.g. CoCl2) or transpar-
ency (Ca) when it is saturated with water can also be
deposited inside the lid as a test of package integrity.
This latter step is useful in diagnosing the integrity of
the sealing strategy employed.

Packaging devices on flexible substrates provides
a far greater challenge than on rigid media
(Logothetidis, 2008). Metal foils can provide robust,
impermeable flexible substrates. However, they must
be coated with a planarizing polymer to overcoat
surface irregularities absent in plastic or glass foils.
On the other hand, plastic substrates are permeable to
moisture and oxygen, presenting only a weak barrier
to these contaminants that lead to irreversible degrad-
ation of device performance. For this reason, multi-
layer coatings shown in Fig. 5.89 that alternate
between a plastic and an inorganic oxide layer have
been developed for organic electronic applications.
Plasma deposition of oxides such as alumina
(Al2O3), AlOxNy, SiOxNy, or SiO2 are typically inter-
leaved with spin- or vapor-deposited parylene, PET,
or other acrylate (Affinito et al., 1996, Dennler et al.,
2006). The inorganic and organic layers are typically
only a few tens, and a few hundreds of nanometers
thick, respectively. If the encapsulated device emits or
absorbs light, the laminate must be transparent.

Such laminates have very low moisture permeation
rates that are limited by the density and size of defects
on the substrate. These defects are responsible
for pinholes in the inorganic layers. The layer

permeabilities themselves are no different than for
thicker films, which is generally too high to result in
device lifetimes greater than a few hundred to a thou-
sand hours. However, when placed in lamellar form
such as in Fig, 5.89b and c, the pinholes are non-
uniformly distributed at lowdensity in each of the inor-
ganic layers. A water molecule that enters the plastic
substrate will meander within the plane of a polymer
layeruntil itfindsapinhole thatallowsit to cross into the
next layer in the laminate. Hence, penetration of mois-
ture into thedevicevolume is retardedsimplydue to the
longer path a water molecule must travel to reach it
(Graff et al., 2004). In Table 5.6, we show the water
vapor transmission rate (WVTR) vs. number of pairs of a
0.34μmthickPMMA/0.037μmthick sputter-deposited
AlOx layer on a 177.7 μm thick PET substrate. This
organic/inorganic pair is known as a dyad.
The permeation rates for several substrates as well

as the expectations for various device applications
are shown in Fig. 5.90. The display industry standard
for an acceptable level of water permeation is

Glass, plastic or thin film encapsulation
Cathode

ETL

HTL

EML (Emitter/Host)

HIL
Anode

Thin film encapsulation barrier (for plastic)

Substrate (glass, plastic or metal foil)

Epoxy seal

Figure 5.88 Packaged OLED for lighting, showing its various functional
layers and two possible emitting surfaces. An epoxy seal is placed around
the package periphery, sealing the organic materials within.

Polymer

Oxide

Substrate

Device layers

Flexible 
overcoat

(a)

(b)

(c)

Figure 5.89 (a) Flexible OLED lighting panel demonstrator fabricated by
Konica-Minolta: (b) Schematic of a flexible (plastic) package on a
substrate comprising two dyads of a polymer/oxide barrier layer, and a
flexible encapsulating coating. (c) Transmission electron micrograph of the
cross-section of a 5 dyad barrier layer on a plastic substrate. The total
barrier layer thickness (vertical line) is 1.34 μm. The layers are produced by
Vitex Systems (Lewis, 2006).
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WVTR < 10�6 g/m2/day, which is met when five or
more dyads are employed. Unfortunately, the sub-
strate fabrication process can be expensive, ultimately
making the use of metal foil or thin glass substrates
preferable.
To complete the flexible electronics packaging, a

thin and highly flexible cover is required. While a
flexible glass or metal foil lid can be sealed to the
flexible substrate similar to the method used in rigid
substrate encapsulation, a bilayer of two foils bonded
together by an adhesive significantly limits the pack-
age flexibility. Alternatively, a laminate consisting of
alternating layers of an oxide and a thin polymer can
result in a barrier with properties similar to an analo-
gously prepared substrate in Fig. 5.89b. When the top
of the device is coated with a multilayer film, there is
no need for epoxy or solder sealing the edge of the
package. There is also no space within the package
between the device and its sealant. Thus, the entire
packaging process can be carried out in the same
system used to grow the device itself without expos-
ing the sensitive electronic layers to exogenous con-
tamination. Of course, deposition conditions must not
result in device degradation, and accommodation

must still be made to bring the electrical contacts to
a region outside of the device volume.
Finally, packaging and encapsulation on flexible (or

rigid) substrates can be made compatible with web
processing. A conceptual diagram of a web-based
device lamination system included at the end of a
R2R fabrication sequence is illustrated in Fig. 5.91.
As with all process steps, R2R packaging must be
carried out in a contaminant-free and controlled en-
vironment to ensure that no impurities are captured
within the package volume.

5.9 Summing up

In this chapter, we learned about the “how to” of organ-
ic electronics: that is, how to take a material from its
crude source to a large scale electronic device created on
a continuous web, ultimately leading to potentially low
cost and unique optoelectronic applications inaccessible
to other electronic technologies. There are many steps
from synthesizing the source material to its application.

Table 5.6 Water vapor transmission rate (WVTR) vs. lamellar substrate
structure on PETa (Graff et al., 2004).

No. of dyadsb WVTR (g/m2/day)

0 4.7

1 0.07

2 <0.005

3 <0.005

4 <0.005

5 ~10�6

a PET substrate thickness = 1.77 μm.
b The dyads comprise 0.34 μm PMMA/0.037 μm AlOx.

Device
requirements

Available
materials

Polymer
substrates

Traditional
barriers

Advanced
barriers

10–6 10–4 10–2

TFTs
LCDs,

electrophoretic

OLEDs,
OPVs

100 102

WVTR [g/m2/day]

Figure 5.90 Flexible package types (top) and requirements needed to be met by several different device types leading to their acceptable operational
lifetimes (bottom) vs. water vapor transmission rate. Advanced barriers are multilayer structures as in Fig. 5.89, traditional barriers are single layer
structures. LCDs and electrophoretic displays are not organic electronics-based, and thus are less susceptible to water damage. After Lewis (2006).

Figure 5.91 Schematic of R2R organic electronic encapsulation via
lamination between rollers in a continuous web process. The electronic
circuits are patterned on the underside of the top layer, and are combined by
pressure lamination with a flexible encapsulating “lid” deployed from the
lower roller. Both the substrate and lid materials must provide a barrier
against atmospheric contaminants. The seal can consist of an adhesive, or a
cold-weld bond between metal tracks on the substrate and lid.
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It starts with refinement of the crude material, to the
growth of thin films with precisely controlled morph-
ologies. Indeed, there has yet to be an instance in elec-
tronic or photonic technologywherepurity of the source
materials could be sacrificed without making unaccept-
able compromises in device performance and lifetime.
In this regard, organics are no different.

Once the layers are deposited in the desired scheme,
the devices must be patterned and ultimately pack-
aged. One of the most captivating attractions of organ-
ic electronics is their enablement of large devices such
as displays, lighting, solar cells and complex circuits
adapted for biological monitoring. Hence, they often
must be lightweight, conformal and flexible. While
these attributes offer many unique possibilities for ap-
plications not served by conventional inorganic semi-
conductor electronics, they nevertheless present
complicated challenges to materials and device engin-
eers. We have seen that organics can be deposited on
sharply curved substrates, resulting in detector focal
plane arrays that mimic the form and function of the
human eye. We have also shown that the similarity of
materials used in graphical and document printing,
and those used in organic electronics enable similar
and potentially very low cost patterning technologies
such as inkjet, gravure and offset printing.

While this chapter covered many of the materials
preparation, deposition and processing aspects com-
mon to all device types, the topics covered represent
only a small fraction of all the techniques available. In
fact, a unique feature of organic semiconductors is that
they have encouraged the development of an extraor-
dinarily wide range of processes from purification to
printing. Hopefully, this chapter has provided the
foundational knowledge that will be expanded in sub-
sequent chapters when discussing specific details of
devices in the remainder of this book.

Covering all aspects of this broad field would itself
be the subject of an entire book; hence this chapter is
meant only as an introduction. The reader is encour-
aged to learnmore about materials growth and device
fabrication processes by referring to the extensive
literature devoted to the subject. Several references
included in Further reading can serve as a starting
point for exploration of the materials science and
device engineering of organic semiconductors.
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Problems

1. Zone refining is an iterative process. It involves a thermal
scan across a material ingot and removing the
contaminated section at the end of a scan, and then
starting over until the desired purity is reached.
(a) Starting with Eq. 5.3 for the change in impurity

concentration at location x, derive the concentrations
after a single pass given by Eqs. 5.5 and 5.6.

(b) Similarly, in the limit of an infinite number of scans
(i.e. n!∞), show that the impurity concentration is
given by Eqs. 5.7–5.9.

2. Ultracentrifugation separates a mixture of particles
according to their densities, radii, etc. along a vial
containing a fluid of varying density along its length, L.
(a) Derive Eq. 5.13 for the radius of a fraction of a

population at position z along a vial.
(b) If the initial distribution of radii of nanoparticles of

constant density in a colloid is a Gaussian of width σi,
with a mean radius of hRi, plot R(z) after
centrifugation time, t, for a rotational angular
velocity ω using a centrifuge of radius, r. Assume a
linear density gradient of the solvent from ρtop at the
top, to ρbot at the bottom of the vial.

(c) Estimate the maximum time of centrifugation
needed to obtain a reasonable separation of the
population.

3. Derive Eq. 5.34 for the thickness of a spun-on film.
4. Patterning of displays employs vacuum thermal

evaporation (VTE) through a shadow mask. Assume
that a shadow mask of thickness, dM, with a square
opening of side a, is used in a VTE deposition system.
Furthermore, assume a source-to-substrate distance of D.
(a) Derive an expression that describes the peripheral

shape of the deposit based on all parameters in
Fig. 5.59a.
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(b) What is the relationship between the pattern width,w,
vs. a, D, dM and the mask-to-substrate distance dM-S

(as measured from the side of the mask facing the
substrate). Plot w/a vs. D for dM = 20 μm = a/2.

(c) What shape of mask opening would provide the
smallest pattern?

(d) What do you think is the smallest feature size
obtainable with a practical VTE deposition apparatus?
How does this compare to the highest resolution smart
phone pixel size?

5. Estimate the force required to pattern contacts across an
entire Gen 8 substrate using
(a) A hard stamp via the subtractive cold-weld process.

Assume that the contacts occupy 80% of the substrate
area (a number typical of a high resolution display).

(b) A soft stamp via the additive process.
(c) Do the same calculations in (a) and (b) for a R2R

system where the pressure is applied between 20 cm
diameter rollers, assuming a rigid glass substrate and
a contact area equal to 1% of the roller circumference.

6. Calculate the approximate melting temperature of an
anthracene dimer using the atom-atom potential
method, assuming that the anthracene molecules are
facially stacked directly on top of each other. Can this
material be evaporated without decomposition
(determined by the bond energy of a benzene ring)?

7. Assume that the rate-limiting step in a web process is
determined by the organic film printing rate by OVJP of 1
μg/s of Alq3. The process step consists of writing a
continuous, 40 μm wide stripe of material that is 300 nm
thick using a single 300 μm long by 20 μmwide nozzle.
(a) What is the nozzle-to-substrate separation (s) that

must be maintained to provide a deposit whose half
width is equal to the target half-width?

(b) What is the web printing rate limitation by this step in
meters per second?

(c) What control mechanismwould you use to maintain a
constant s to within ±2 μm? Provide details of
estimated response time limits of the mechanism.

8. One limitation of OVPD is that in depositingmaterials with
significantly different sublimation and decomposition
temperatures, the reactor walls must be maintained at a
temperature sufficient to prevent deposition of the
less volatile material, while it is kept low enough to
prevent decomposition of the lower temperature
material. One means to prevent decomposition is to
limit the collisions of a molecule travelling along the
reactor axis from having too many collisions with the
hot walls.
(a) Derive an approximate expression for the number of

collisions (N) a molecule will have from the point of
injection along the axis of a reactor tube of length L and
radius r. Here, we assume a N2 carrier gas velocity, v,
pressure, P, and reactor temperature, T. A molecule of
mass M is entrained (at low Reynold’s number, Re) in
the carrier gas having reached terminal velocity.

(b) Assuming L = 1 m long reactor tube with radius r =
10 cm, P = 0.1 torr, T=350°C, and a flow rate of 10
sccm, calculate Re. Is the flow laminar or turbulent?

(c) Assuming the same conditions as in (b) for a low
concentration of Alq3 molecules injected into the gas
stream, calculate N.

(d) If the reactor temperature is raised to 500°C
(approximately 50°C higher than the decomposition
temperature of Alq3), estimate the probability for its
decomposition prior to exiting the tube. Can you
suggest a means to decrease the probability of
decomposition?
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CHAPTER 6

Organic light emitters

“What we have here is a new form of light!”

Sherwin Seligsohn, visionary co-founder of Universal Display Corporation
on his first sight of emission from an OLED

Where would organic electronics be without the organic light emitting device, or OLED? It is hard to say.
Certainly, it would remain a topic of fascination and interest to physicists, chemists, and materials scientists.
The unique properties of organics are just too tempting to be ignored by the scientific community. This has
been the case for at least the last 70 years. But my guess is that only a relatively small group of scientists and
some engineers would be engaged in organic electronics scientific discoveries and applications, compared to
the enormous cohort that works on this topic today, and whose careers depend on its success. This
transformation was brought about by the invention of a relatively high efficiency, green bilayer diode, first
named an organic electroluminescent device (OED), but then renamed the more pronounceable and now
ubiquitously termed OLED. The success of OLEDs has led to a massive global industry in information
displays, and an emerging industry in lighting. Organic light emitting devices (or equivalently, organic
light emitting diodes) are rapidly overcoming competition from liquid crystal displays (LCDs) due to their
unparalleled attributes, from their simplicity, to brilliant emission colors, and finally to their very high
efficiency. And the many attractive features of OLED lighting, such as ultrahigh efficiency and color-tunable
light emitting panels that can possibly be produced at exceptionally low cost, give every indication that
OLEDs will soon find a major role in lighting our homes and businesses.
OLEDs are electroluminescent sources, in that current injection from the cathode and anode contacts

generates an exciton on the emissive molecules within the structure, which then radiate with up to 100%
internal quantum efficiency. The chapter begins with a brief discussion of the applications and basic operating
principles of the OLED that is treated from an historical perspective. When was electroluminescence first
discovered, and when was a device introduced that suggested this might actually be a practical source of
light? Next, we discuss basic, modern OLED structures and techniques for quantifying their performance in
their two main application spaces: displays and lighting. Indeed, how we think about color, lighting and
efficiency are considerably different for these two applications.
The discussions of OLED characteristics rely heavily on all of the fundamental aspects of organic optical and

electronic properties described in Chapters 3 and 4. As such, the discussion on OLEDs first presents principles,
and then provides example devices and their operation based on those principles. This organization provides
for a somewhat iterative treatment: devices introduced early in the chapter to demonstrate an architecture or
principle will sometimes reappear later when a deeper look is warranted to understand an underlying physical
mechanism of a class of materials or device structures. It is hoped that this revisiting of concepts throughout the
chapter will provide the reader with a deeper appreciation of how multiple problems are solved in light
emitting devices, sometimes using a single structure or material.
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6.1 OLED basics

An organic light emitting device (OLED) is a thin film
structure deposited on a supporting substrate that
emits light via the process of electroluminescence (EL).
The emission results from the radiative recombination
of electrons and holes injected from anode and cath-
ode contacts located on opposite sides of the organic
emissive medium. Hence, an OLED operates by bipo-
lar injection. The color of the light is determined by the
excitonic energy of the emitting molecule, and hence
the device can be designed to radiate across a wide
spectral range, from the infrared to the ultraviolet.
Emission can occur via either a fluorescent or phos-
phorescent process. Due to their ultrahigh efficiencies,

the range of possible emission colors achieved by
modification of the chemical structure of the emissive
molecule (i.e. the lumophore), and their potentially low
cost, OLEDs are finding widespread use in mobile
displays such as smart phones, computer tablets and
laptops, as well as in wall-mounted and roll-up tele-
visions (Tsujimura, 2012). Their high efficiencies and
color tunability have also led to applications in solid-
state lighting in the interiors of residences and busi-
nesses (Kassakian, 2013).
Practical applications almost universally employ

thin film (�100 nm total), multilayer small molecular
weight structures. As we have seen in Chapter 5, this
choice is driven by the ability to produce highly

OLEDs fall into two different categories: somewhat low efficiency fluorescent devices and up to 100%
efficient phosphorescent devices. Excitation of the fluorophores or phosphors depends on the spins of the
injected electrons. We discuss the statistics of singlet and triplet formation, and the resulting efficiency of
OLEDs using these chromophores.
Almost all efficient OLEDs use a doped emission zone, where energy transfer from the host, or charge

trapping by the dopant, localizes the excited state on the luminescent dopant molecule. It has been found that
dopedOLEDs,where the chromophore concentration is generally less than 10% (with lowdoping if theOLED is
fluorescent, and higher doping if it is a phosphorescent device), also have longer operational lifetimes than
OLEDswith “neat” emission zones containing only the luminescentmolecules themselves. Furthermore, as we
have seen in Chapter 4, doping the charge conducting regions with electron donating or accepting molecules
can reduce series resistance. Hence, conductivity-doped OLEDs tend to have lower operating voltages (leading
to higher power efficiencies) and again, longer lifetimes, than devices lacking this type of doping.
The remainder of the discussion on OLEDs treats practical realizations and problems encountered by devices

designed specifically for display and lighting applications. We will show examples of the countless clever ways
that technologists have found to optimize the emission color, efficiency and lifetime ofOLEDsused in a variety of
environments, somebenign andothers quite harsh. Of particular importance is optical outcoupling:when grown
on a conventional glass substrate, only�20%of the emitted light reaches the viewer.Anobviousway to improve
OLED efficiency, therefore, is to improve outcoupling from the glass substrate. This sounds simple, but in fact it
can be very difficult to extract a large fraction of the trapped light with simple, low cost solutions.
We complete our discussion by addressing a central concern of all organic devices: their reliability. Atoms

comprising organic compounds are covalently bonded, and hence the stability of the molecules is ultimately
limited by the weakest chemical bonds. Finding means to improve molecular robustness and stable device
architectures has been a major focus of contemporary OLED engineering. This is a particularly challenging
problem to address for high energy (i.e. blue) emitters, where the photon energy can exceed the bond energy
of many compounds. To understand the limitations to device reliability, therefore, we must develop an
understanding of the physics of failure: what are the fundamental mechanisms that lead to luminance loss in
OLEDs, particularly in the blue part of the spectrum? Of course, there are failure mechanisms that are not
fundamental but are equally difficult to eliminate, such as contact and layer delamination, impurity incorp-
oration, attack by the ambient, and so on. All of these factors are discussed in the latter sections of this chapter.
Finally, we close with a discussion of organic semiconductor lasers. There remains the open question of

whether or not electrically (rather than optically) pumped organic lasers are possible. We discuss the basic
principles of organic semiconductor lasers, and the challenges faced in electrical pumping. We will show that
its achievement remains a daunting challenge that has yet to be met in spite of numerous attempts at doing so.
Organic light emission is indeed an exciting topic. This chapter serves to provide both the fundamental aswell

as practical aspects of organic light emitters, with the hope of giving the reader the necessary tools to both
understand and innovate in this fast moving field that is of both scientific and commercial interest.
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purified source materials, a key criterion to achieve
long device operational lifetimes. Furthermore, the
ability to grow multiple layer structures with each
layer optimized for a particular purpose (e.g. charge
conduction, light emission, etc.) is also an essential
ingredient for achieving the highest performance.
The ease of deposition without concern for compati-
bility of the chemistry of a layer with others in the
stack makes small molecules most suitable for OLED
applications.

InChapter 5we showed that smallmolecularweight
thin films are primarily deposited by vacuum thermal
evaporation, and patterned into the desired structures
(e.g. pixelated displays) using shadow masks. There
are other potential technologies that can be employed
to grow the OLED structure, including organic vapor
phase deposition (OVPD), and various printing tech-
nologies such as organic vapor jet and ink jet printing.
The OLED can be deposited on a variety of substrates,
including glass, plastic or metal foils, or on semicon-
ductors serving as the transistor driving circuits. Since
OLEDs comprise amorphous organic thin films, there
is no requirement for lattice matching with the sub-
strate. This is a major differentiating characteristic of
OLEDs with other LED technologies based on the
InGaN or InGaP materials systems, where epitaxial
growth is an essential ingredient for high performance.
This feature provides extraordinary flexibility in the
choice of materials used to form the OLED stack.

The high resolution patterning of theOLED film dur-
ing deposition permits devices emitting in different
spectral ranges to reside in close proximity on the
same substrate. Hence, integration of a very high dens-
ity of red, green and blue pixel triads onto a very large
area substrate all deposited in a single growth cycle
results in low cost production of displays with millions
of pixels. Again, this is different than what can be
achievedusingLEDswhere red,greenandblueemitters
must all be separately attached onto a substrate; a pro-
hibitively costly process that prevents their use in high
information content, large area displays.

We have seen that most organic semiconductors are
dyes similar to those used as pigments in fabrics, in
inkjet printed documents, or as paints. These synthet-
ic processes often lend themselves to production in
large batches at low cost. This feature, however, does
not readily translate to electronic materials that are
carefully optimized to precisely achieve a desired
emission color through chemical modifications that
are not always easy or efficient to synthetically access.
Further, they need to be tailored for deposition within
a narrow range of conditions that are compatible with
other materials deposited in complex, multilayer de-
vice structures. Ultrahigh purity required for long
device lifetime, and to avoid exciton quenching or

charge recombination at defects, can involve time
consuming and costly synthesis. Hence, while
OLEDs have the potential for being inexpensive, as of
this writing they have not shown a clear cost advan-
tage over the incumbent LCD technology.
The organic materials and the processes used in

their synthesis or deposition are environmentally
friendly when compared to many other illumination
or display technologies. The very low toxicity of most
organic thin films, the absence of hazardous metals
such as Hg or As found in fluorescent or LED lighting,
and the very low energy expense incurred during
production due to the low sublimation temperatures
of organics, leads to cost advantages and a reduced
environmental impact in their production. Since dis-
plays and lighting fixtures are very large area devices
with widespread consumer applications, minimizing
the environmental impact of their production, use
and disposal at the end of their life cycle are essential
to their broad adoption by the public.
OLEDs possess several distinctive features that

open up applications that other illumination technolo-
gies cannot access. For example, the OLED can be
made fully transparent such that when it is turned
off, it can serve as a window on buildings or in head-
up displays in automobiles, aircraft, etc. Due to their
high efficiency, they can achieve high intensitywithout
significant heating above ambient temperature. Since
the device itself can be arbitrarily shaped if placed on a
flexible substrate, it can be used as a lighting fixture
without requiring an expensive or bulky luminaire
used contain and shape the output of conventional
lighting sources. Their very low operating voltages
(2–10 V) also reduce power consumption. This makes
them compatible with low voltage driver circuits in
power-constrained mobile applications.
The list of advantages and opportunities afforded

by OLEDs is long and growing every day, which
helps to explain their popularity with the public.
First and foremost, however, OLEDs provide an
extraordinarily attractive display technology owing
to their brilliant emission colors, very high on/off
contrast ratio, ability to be shaped for a particular
aesthetic or practical purpose, and even rolled into
compact holders and stowed away when not in use.
Singlehandedly, OLEDs have provided impetus for
driving the robust research and commercialization of
many other synergistic organic electronic device tech-
nologies to be discussed in subsequent chapters.
A few images of OLED displays and lighting fixtures
are shown in Figs. 6.1 and 6.2, respectively. While they
do seem to represent “a new form of light” suggested
by the epigram to this chapter, they are really only a
new means for emitting light that opens up an unpre-
cedented array of opportunities for their use.
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Figure 6.2 The many forms and shapes that OLED lighting can take are a lighting designer’s dream. From top to bottom, left to right: Plextronics flexible
lighting panel, Phillips chandelier, Synqora chandelier, LG desk lamp fixtures, Kinetic Lights triangles, Osram light sphere, University of Michigan OLED spot
light, Orbeos transparent lighting panels.

Figure 6.1 The remarkable world of OLED displays. Clockwise from top left: Samsung 77” 4K curved TV monitor, LG rollable display, Samsung Galaxy
Edge smartphone, Apple iWatches, and transparent OLED showcase windows.
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The bilayer, thin filmOLED structure similar to that
in Fig. 6.3a, was introduced by Tang and VanSlyke
(1987). The OLED comprises a type II, staggered het-
erojunction (HJ) formed between an electron transport
layer (ETL) and a hole transport layer (HTL). Both the
ETL and HTL thicknesses are only a few tens of nano-
meters thick, resulting in a total device thickness (not
counting the substrate) of �100 nm. The charge trans-
port layers are sandwiched between a low work func-
tion, electron-injecting cathode, and a high work
function, transparent anode typically consisting of
ITO. The HOMO–LUMO offset energies of the HJ in
Fig. 6.3b result in current rectification. Interestingly,
the EL spectrum of the OLED is nearly identical to
the solution photoluminescence (PL) spectrum of the
emissive Alq3 molecule, with only slight shifts due to
dielectric polarization in the solid vs. the solution
(Fig. 6.3c). This is in striking contrast with covalently
bonded inorganic semiconductors where the PL spec-
tra of the constituent atoms (e.g. Si atoms) bear little
resemblance to that of the solid.

OLED light emission is based on the four-step
process shown in Fig. 6.4 for a three-layer device

consisting of a light emission layer (EML) sand-
wiched between an ETL and an HTL. (1) Charges
are injected from opposing contacts, and (2) sub-
sequently localize on the emissive molecules in the
EML. Next, (3) a hole on the HOMO and an elec-
tron on the LUMO form a bound exciton. Finally,
(4) radiative recombination of the exciton emits
light that emerges via the transparent anode,
through the substrate, and toward the viewer.
The bimolecular recombination region extends
only a few nanometers into the ETL. Efficient op-
eration requires the emissive molecule to have a
high fluorescence quantum yield. The luminescent
molecule determines the emission color. With only
minor variations of the ligand structure, efficient
emission from the deep blue to the near infrared
(NIR) has been achieved, thereby enabling full
color displays with large color gamuts, and white
light emitting fixtures with a range of color tem-
peratures and pleasing colors.
We will show in subsequent sections that the func-

tions of light emission, and charge transport can be
independently optimized in separate layers to deliver
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Figure 6.3 Bilayer small molecule OLED. (a) The bilayer structure introduced by Tang and VanSlyke (1987). The molecules shown are used for electron
transport and fluorescent emission, Alq3, and hole transport, TPD. (b) Energy level diagram of the OLED forming a type II heterojunction. The recombination
region leading to light emission is at the interface between the electron (ETL) and hole transport (HTL) layers. (c) Electroluminescent (EL) and solution
photoluminescent (PL) spectra from the OLED and a film of Alq3, respectively.
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higher device performance than the original bilayer
design in Fig. 6.3a.
The device in Fig. 6.3 is known as an electrofluorescent

OLED. We show in Section 6.3 that significantly higher
efficiencies can be obtained via phosphorescent emis-
sion in electrophosphorescent OLEDs (Baldo et al., 1998).
Polymer OLEDs also support bipolar injection.

When originally introduced, they consisted of only a
single multifunctional layer, as shown in Fig. 6.5
(Burroughes et al., 1990). The device consists of a light
emitting polymer, PPV, sandwiched between low and

highwork function contacts (Al and ITO, respectively).
Electrons and holes are both transported by the poly-
mer, and the rectifying characteristics of the device are
due to the Schottky barriers at one or both of the
contacts, as inferred from the energy level diagram in
Fig. 6.5b. In the zone where the overlap between their
concentrations is highest, the polarons relax onto a
polymer unit to form an exciton that eventually fluor-
esces via radiative recombination. Electroluminescent
and PL spectra for a PPV device are shown in Fig. 6.5c.
Similar to small molecule bilayer OLEDs, the two
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spectra are nearly identical, indicating that EL is due to
exciton recombination following molecular excitation
from the injected electron and hole polarons.

Unlike small molecule OLEDs, the polymer device
does not have an emission region that confines elec-
trons and holes, resulting in a spatially diffuse emis-
sion zone. Thus, the efficiency is low unless doped,
multiple layer structures are used to separately opti-
mize charge conduction and light emission. Hence,
the seemingly simple single layer design in Fig. 6.5 is
deceiving: to achieve very high performance, in-
creased complexity in molecular design is required.

6.2 Design and characterization of
electroluminescent devices

In this section we describe the elements of OLED de-
sign and operating characteristics. We will describe
common approaches to designing OLED structures
that go well beyond the original bilayer and single
layer structures discussed in the previous section.
Then we discuss methods for quantifying andmeasur-
ing device properties such as quantum efficiency and
power efficiency. Accurate measurement and under-
standing of performance parameters are key to provid-
ing valid comparisons between results obtained in
different laboratories, and are detailed in Section 6.2.4.

6.2.1 Efficiency

We use two efficiencies to describe the OLED emission
characteristics: the external electroluminescent quantum
efficiency, ηext (also written EQE) and the power effi-
ciency, ηP (or PE). The external quantum efficiency is
the ratio of the number of photons emitted from the
OLED to the number of electrons injected. It is the
product of the efficiencies of several processes that
contribute to light emission, as follows:

ηext ¼ ηintηout ¼ γχSTηPLηout: ð6:1Þ
Here, ηint is the internal electroluminescence quantum
efficiency, which is the ratio of the number of photons
generated to the number of injected electrons. It is ex-
pressed as a number � 1 or as a percentage. This
efficiency includes photons emitted by the active re-
gion of the device but that may not emerge from the
OLED structure into the viewing direction due to in-
ternal absorption and reflection from optical interfaces
within themultilayer stack. Then, ηout is the outcoupling
efficiency, equal to the ratio of photons that are coupled
into air modes and hence can be viewed, to the total
number of photons emitted. Outcoupling efficiencies
of ηout � 20% are typical of OLEDs emitting through a
glass substrate. Methods for increasing ηout beyond
20% are the topic of Section 6.6.

Other contributions to ηext include the electrolumin-
escent specific losses, γ, due to such factors as imper-
fect balance of electrons and holes in the emission
zone, recombination via charge traps, etc. Also, ηPL
is the photoluminescence efficiency or quantum yield
of the molecule or molecular mixture in the emission
zone. For electrofluorescent devices, ηPL is the fluor-
escent efficiency, and for electrophosphorescent de-
vices, it is the phosphorescent efficiency of the
luminescent molecule, or lumophore.
Finally, χST is the spin formation ratio, that is, it is the

ratio of luminescent states generated for each electron–
hole pair injected into the EML. Given completely ran-
dom formation of singlets and triplets due to pairing of
uncorrelated spins of injected electrons and holes, spin
formation statistics imply that only one in four of such
pairings result in the formation of a singlet exciton that
emits by the process of fluorescence. In this case, fluor-
escent devices have χST¼¼.On the other hand, triplets
are generated with a 75% probability since the three
lowest energy triplet (T1) states can be formed com-
pared to one S1 singlet. In electrophosphorescent de-
vices, spin–orbit coupling that leads to a radiative
triplet state also leads to efficient intersystem crossing
from S1 to T1 (see Section 3.7). Hence, in electropho-
sphorescent devices, χST ¼ 1. For similar reasons, de-
vices based on thermally activated delayed fluorescence
can also reach χST ¼ 1. The determination of spin
statistics in both polymer and small molecule systems
will be discussed in Section 6.3.1.
The power efficiency is the ratio of the output op-

tical power to the electrical input power, and has units
of [W/W] or [%]. This is calculated using

ηP ¼ ηext
PEL

jV
¼ ηext

hc
qVhλemi ; ð6:2Þ

where j is the OLED injection current density at volt-
age, V, PEL is the total emitted electroluminescent
power density, h is Planck’s constant, c is the speed
of light in vacuum, q is the electronic charge, and hλemi
is the mean emission wavelength given by

hλemi ¼

ð∞
0

λϕem λð Þdλem

ð∞
0

ϕem λð Þdλem
; ð6:3Þ

where ϕem λð Þ is the flux emitted between λ and λþ dλ.

6.2.2 OLED architectures

From Eq. 6.1, we see that the highest efficiencies are
obtained for unity charge balance in the emission
zone (γ ¼ 1), and by employing phosphorescent
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molecules (χST ¼ 1) with quantum yields ϕp ¼ 1.
Further, OLED efficiencies are greatly improved using
schemes that result in efficient outcoupling of light from
the device active regions and emitting surfaces. Finally,
the highest power efficiency requires devices that oper-
ate at very low voltage, that is, they have a minimal
series resistance, RS.
OLED structures that optimize all of these separate

efficiency factors can be quite complex. We show for
example in Fig. 6.6 many of the layers employed in
the highest efficiency top and bottom emitting
OLEDs. A particular OLED may not require all of
the layers shown; these structures simply define the
possible layers that can be included. Whereas bottom
emitting devices are used in lighting and laboratory
demonstrations, top emitters are commonly used in
displays where the substrate might be covered with
opaque circuit elements used to address the individ-
ual pixels. The primary difference between bottom
and top emitting OLEDs is that the transparent and
opaque contacts are reversed. While this is apparently
a simple modification, transparent materials with low
work functions necessary for efficient electron injec-
tion are not available. There are three remedies for
this situation. The first is to invert the stacking order
in the top emitting device such that hole transport and
injection layers are on the top of the stack adjacent to
the anode. A second is to use the stacking order in
Fig. 6.6, but employ conditions during the deposition
of the transparent contact deposition that introduce
damage, and hence deep levels that reduce the barrier

to electron injection (see Section 4.6) (Parthasarathy
et al., 1998).
A third option is to maintain the stacking order in

Fig. 6.6b, but use a thin, semitransparent, low work
function metal cathode. The thickness must be con-
siderably less than the penetration depth of the optic-
al electric field, F, into the metal. The penetration
depth, or optical skin depth, δ, is obtained from a solu-
tion to Maxwell’s equations for an oscillating electric
field at frequency, ω:

∇2F ¼ iωμrμ0σF: ð6:4Þ
Here, μr and μ0 are the relative and the vacuum per-
meabilities, respectively, and σ is the conductivity of
the metal. If a plane wave is incident in the x̂-direction
with initial field amplitude, F0, this has solutions:

Fz ¼ F0ze�τx; ð6:5Þ
where

τ ¼ ð1þ iÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ωμrμ0σ=2

q
¼ ð1þ iÞ=δ: ð6:6Þ

Thus, Eq. 6.5 becomes

Fz ¼ F0ze�x=δe�ix=δ: ð6:7Þ
Hence the skin depth is the attenuation length of the
field given by

δ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2
ωμrμ0σ

s
: ð6:8Þ
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Figure 6.6 Layer structures for (a) bottom emitting and (b) top emitting OLEDs.
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In Table 6.1 we show the skin depth in the green
spectral region at a wavelength of λ ¼ 550 nm (ω ¼
3.42 � 1015 s�1) for several different metals at room
temperature. The skin depth is only a few nano-
meters, hence in using thin metals there is a trade-off
between contact resistance and transparency. Never-
theless, many top emitting OLEDs employ this ap-
proach due to its simplicity.

Finally, both the cathode and anode can be
made transparent, thus rendering the entire OLED
transparent (Bulovic et al., 1996). As we have seen in
Figs. 6.1 and 6.2, transparency provides unique op-
portunities for OLEDs that are finding applications in
both lighting and displays.

We can understand the functionality of each of the
layers using the corresponding energy level diagram
shown in Fig, 6.7, which ismore complex than the basic
structure in Fig. 6.4. This diagram reflects the energy
levels under forwardbias of a high performanceOLED,
where the tilt in the bands that results from applying a
negative potential at the cathode for electron injection is
not shown. We also neglect the presence of dipole
layers at interfaces between different organic layers
(see Chapter 4). We now identify and describe the indi-
vidual purposes of each of the layers.

• HIL and EIL: The hole and electron injection layers at
the anode and cathode interfaces, respectively, re-
duce the charge injection barriers from the adjacent
contacts, increasing the charge injection efficiency.
Often these layers have their frontier orbitals (i.e.
the HOMO of the HIL and the LUMO of the EIL)
intermediate between the contact and that of the
next layer in the stack (e.g. the HTL or ETL) to
“broaden” the energy step between the contact
and the subsequent layer. This reduces the internal
field opposing charge injection. The injection layer
can be doped to increase conductivity, and hence
reduce layer internal resistance while also lowering
the energy barrier. These layers are typically very
thin (<10 nm) since their only purpose is to improve
injection from the contacts.

• HTL and ETL: As above, these are the hole and
electron transport layers. They preferentially trans-
port charges due to their high mobilities for the
particular carrier, and their energy level alignment
with the corresponding contact. Often, the HTL
and ETL are doped to increase their conductivities.
Increased conductivity thus decreases device oper-
ating voltage, and hence increases its power effi-
ciency, see Eq. 6.2. They are thicker than the HIL
and ETL (typically 10–50 nm) to provide “bulk” to
the device that can eliminate shorts across the
OLED layer stack.

• HBL and EBL: The hole and electron blocking layers
are used to confine holes and electrons in the
EML. From Eq. 6.1, the external efficiency is propor-
tional to the charge balance factor. This accounts for
electroluminescent specific losses; γ is the ratio of
electrons to holes within the emission zone. If the
LUMOof the HBL is too low to block electrons, then
the emission zone will be electron deficient and γ

Table 6.1 Conductivities and skin depths (at λ ¼ 550 nm) of selected
low work function metals

Metal σ (106 S/m) δ (nm)

Ag 63.0 2.7

Au 45.2 3.2

Al 37.7 3.5

Ca 29.8 3.9

Mg 22.6 4.5
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Figure 6.7 Forward biased energy level diagram of a multilayer OLED ignoring the presence of interface dipole layers. Tilting of the levels under an
electric field, and dipole layers at heterointerfaces have been omitted. Charge and recombination processes are schematically illustrated. Exciton levels are
shown by dashed lines (Reineke et al., 2013).
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will decrease. Similarly, if the HOMO of the HTL
lies above that of the HOMO of the EML, then holes
injected from the anode will traverse the EML with-
out recombination, and thus the electron population
will exceed that of holes, once again resulting in a
decrease in γ. The purpose of the HBL and EBL is to
decrease the probability of escape of these carriers
from the emission zone by having a shallow LUMO
or deep HOMO respectively, relative to that of the
EML. The HBL should be transparent to electron
transport to avoid increasing series resistance, and
hence its LUMO should align with that of
ETL. Similarly, the HOMO of the EBL should align
with that of theHTL to avoid energy barriers to hole
injection. These layers should also be as thin as
possible (5 � 10 nm) to minimize OLED series
resistance.

Another essential function of the HBL and EBL
is exciton blocking. Indeed, the HBL was first
introduced as an exciton blocker in phosphores-
cent OLEDs (or PHOLEDs) (O’Brien et al., 1999).
The long triplet lifetime can often lead to exciton
diffusion lengths in excess of that for singlets
(Section 3.9). Hence, to prevent triplet migration
out of the EML where they are quenched at the
cathode metal, an exciton blocking layer whose
triplet energy is larger than that of triplets in the
EML is employed. The large triplet energy of the
blockers (indicated by the vertical dashed lines in
the EBL and HBL in Fig. 6.7) discourages energy
transfer, thereby confining excitons within the
EML where the radiative recombination probabil-
ity is highest.

• EML: This is the emission layer. It comprises a host
material that can transport charges of one or both
polarities, doped with the lumophore (i.e. a phos-
phor or fluorophore). A host that transports both
electrons and holes is ambipolar. If the host trans-
ports only one charge effectively due to asymmetric
charge mobilities, then the dopant is needed to
transport the counter charge. In this instance, the
dopant must be at sufficiently high concentrations
to provide an adequate conductivity. Asymmetries
in charge conductivity result in pile-up of one of the
two carriers near an injecting interface. This, in turn,
results in a high density of excitons near that inter-
face where exciton–exciton or exciton–polaron anni-
hilation becomes significant as the current density is
increased (see Section 6.3.5). To achieve high OLED
brightness, the electron and hole distributions with-
in the EML should be as uniform as possible by
balancing the mobilities. Furthermore, the EML

should be sufficiently thick to avoid high exciton
densities that encourage annihilation, yet should
be thin enough to allow for low voltage operation.
The design of the EML, therefore, requires trade-offs
in several materials and electronic properties.

6.2.3 Quantifying OLED performance

We now turn to the topic of understanding and quan-
tifying OLED performance. This requires a know-
ledge of how we perceive color. Then we quantify
the basic quantities of luminescence and efficiency
for both displays and lighting; measurements that
must be done with precision if we are to compare
the performance of materials and devices emitting in
different spectral ranges, and produced in different
laboratories. The methods discussed in this section
follow accepted procedures, with some of the essen-
tial details found elsewhere (Forrest et al., 2003).

6.2.3.1 Radiometry and photometry: color
perception and efficiency in OLED displays

The color perception and efficiency of displays are
intimately linked to the response of the human eye,
but also to more readily quantifiable characteristics
such as the quantum and power efficiencies. This has
led to the development of two systems for quantifying
the performance of light emitters. Radiometric proper-
ties are electromagnetic performance metrics of the
OLED that are measured using calibrated photo-
detectors, spectrometers, and so forth. Photometric
properties are perceptual quantities, such as the per-
ceived color or brightness of the source. Ultimately
both the photometric and radiometric properties are
required to fully understand OLED performance.
Radiometric properties are defined based on total

power input into the device (i.e. jV) vs. power emitted
(see Eq. 6.2). Photometric properties, on the other
hand, are based on the responsivity to light power
of the human eye. This is known as the luminosity
function, �y λð Þ shown in Fig. 6.8. In fact, two functions
are shown, �y λð Þ, which is the response of the eye in
normal daylight conditions, known as the photopic
response, and �y0 λð Þ for nighttime vision, called the
scotopic response.
These luminosity functions are based on the 1931

Commission Intenationale d’Eclairage (CIE) standards.
As we will see below, the CIE has provided a quanti-
tative correlation between the perception of color due
to the response of the three color-sensitive cone cells
in the retina, and the spectrum of a particular color
source.
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Photopic vision engages three color-sensitive cones
with peak sensitivities at wavelengths of λ ¼ 420 nm
(blue), 534 nm (blue-green), and 564 nm (yellow-
green). By combining the response of all three cones at
light of intensities >10�3 cd/m2, full color sensitivity is
achieved. The photometric unit used to quantify the
perceived luminous intensity emitted per solid angle is
the candela (cd). The luminosity function in Fig. 6.8 has
a maximum of 683 lm/W at λ ¼ 555 nm, where the
perceived luminous flux has units of lumens (lm).

In very dim light (<10�3 cd/m2), the response of the
eye is dominated by excitation of the rod cells that
transfer the luminosity signal to the cones. In this
process, color information is lost, and the peak sensi-
tivity is blue shifted to λ ¼ 500 nm. Thus, in dim light
the image lacks color and is represented by an average
luminosity across the visible spectrum. A dramatic
demonstration of photopic and scotopic vision is simu-
lated in Fig. 6.9, which is the same image of a winter
scene taken in moonlight; the top image shows the
grayscale appearance of this scene perceived by an
observer with dark-adapted, scotopic vision. Only
the relative luminosities of the image elements provide
contrast. The actual colors of the scene as recorded by
the camera (which does not have the brightness-
dependent limitations of the human eye) are shown
in the lower image. As expected, the sky is blue due to
Rayleigh scattering of the moonlight, the meadow
grass is yellow, and the trees are green. This is a low
contrast version of the scene perceived during daylight
due to our photopic capabilities. For displays and
lighting, the intensity ranges from a few tens of cd/
m2 to several thousand cd/m2, and hence only the
photopic response needs to be considered.

We can appreciate the relationship between the
photometric properties of luminous flux and the

luminous intensity using the diagram in Fig. 6.10. Con-
sider a point source located at point A in Fig. 6.10a.
Then the luminous flux (Φ) through incremental area
dS1 that subtends a solid angle, dΩ, is the same as the
flux through area dS2, since it occupies the same solid
angle as dS1. Thus, the luminous intensity is

LΩ ¼ dΦ
dΩ

: ð6:9Þ

An actual light source is not a point source, but rather
can be considered to be comprised of numerous point
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Figure 6.8 1931 CIE luminosity functions for photopic �y λð Þð Þ and
scotopic �y 0 λð Þð Þ vision.

Figure 6.9 Photographs of an identical scene that (top) simulates
scotopic (luminosity) and (bottom) photopic (color) perception of the
human eye. The images were taken on a moonlit night in winter in
Yosemite National Park, California.
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Figure 6.10 Geometries used in calculating (a) luminous flux and (b)
luminance.
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sources occupying an incremental area at position
A in Fig. 6.10b. The luminance is thus the luminous
intensity per unit solid angle per area. It depends on
the angle (θ) of the source area, dS, relative to the
observer at point B. From the diagram we find that
the luminance that gives the perceived brightness of
the source is

L ¼ dLΩ

dS cosθ
¼ dΦ

dSdΩ cosθ
: ð6:10Þ

As noted above, the units of luminance are [cd/m2] or
[nits]; hence [candela] ¼ [lumen/steradian].
The amount of flux that is incident on a secondary

surface is called the illuminance. Correspondingly, the
flux that exits that surface is the luminous excitance.
This is a quantity that characterizes the brightness of
an object, and is useful for quantifying the results of
illumination of a volume by a white light source.
Illuminance has the units of lux, where 1 lux ¼ 1
lm/m2. The relationship between luminous flux and
illuminance is understood from Fig. 6.11. If the area
illuminated is dS, then the amount of light exiting
from surface B due to a source of area �S at point
A is the illuminance (or luminous flux density). From
inspection of Fig. 6.11, this is given by

E ¼ dΦ
dS
¼ L�S cosθ cosϕ

d2
ð6:11Þ

where d is the distance between the source and the
illuminated surface.
Finally, a source that has a constant luminance in all

directions has an angular luminance intensity that
follows a cosine dependence, that is,

LΩðθÞ ¼ L cosθ·dSdΩ: ð6:12Þ
This dependence defines a Lambertian source, which,
for example, can be achieved using a perfectly light
diffusing surface. Often an OLED is assumed to be a
Lambertian source, although this is generally incor-
rect since such devices are microcavity emitters, as
discussed in Section 6.6.

The radiometric equivalents (along with their sym-
bols and [units]) of the quantities of luminous flux,
luminance, luminous intensity, and illuminance or
excitance (if incident or emitted, respectively) are ra-
diant flux (Φe, [W]), radiance (Le, [W/m2sr]), radiant
intensity (Ie, [W/sr]), irradiance or radiant excitance (Ee,
Me, [W/m2]) if incident or emitted, respectively.
The photometric efficiencies of the OLED are de-

fined as the luminous efficiency and the luminous power
efficiency (also known as the efficacy). These are analo-
gous to the radiometric units of external quantum effi-
ciency and power efficiency in Eqs. 6.1 and 6.2,
respectively. The luminous efficiency (ηL) is equal to
the luminance output divided by the current density, j:

ηL ¼
L
j
; ð6:13Þ

and has units of [cd/A]. Likewise, the luminous
power efficiency is the luminous power emitted to
the total electrical power input into the device:

ηLP ¼
Φ

jV�S
¼ E

jV
: ð6:14Þ

A summary of the relationships between photometric
and radiometric quantities and their units is provided
in Table 6.2.
Photometric units are strongly dependent on the

spectral content of the emitted light, and hence small
differences in the spectrum of a source can result in
significant differences in the luminous and luminous
power efficiencies. Hence, for direct comparisons of
device performance that are not dependent on the
sensitivity of the eye to a particular spectrum, photo-
metric quantities are more reliable and revealing of
the device characteristics. Hence, photometric units
find their greatest use in quantifying the appearance
of a light source, rather than in its fundamental emis-
sion properties.

6.2.3.2 Chromaticity

The biological origin of the photopic response arises
from excitation of three color-sensitive cone cells in
the retina. Their individual spectral responses are
shown in Fig. 6.12a. The responses extend from the
deep red at a wavelength of�550–650 nm for the long
wavelength (L) sensitive cells (see inset, Fig. 6.12b), to
a peak at �530–540 nm for the middle wavelength
(M), and 420–440 nm for the short wavelength (S)
cones. These responses have been mapped into the
color matching functions, �x λð Þ; �y λð Þ; and �z λð Þ, based on
the 1931 CIE standards in Fig. 6.12b. The color match-
ing functions are useful in quantifying the spectrum
of an illumination source to determine the perceived
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Figure 6.11 Relationship between luminance and illuminance.
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color response. The photopic luminosity response
curve in Fig. 6.8 is the same as the color matching
function, �y λð Þ in Fig. 6.12b. The sensation, or percep-
tion of color is not directly related to the actual source
color, which is often a combination of hues. Based on
the responses of a population of test subjects who
were asked to distinguish between a standard series

of sample colors, a Standard Colorimetric Observer was
used to define the tristimulus values, X, Y, and Z, for a
source with radiance, Le(λ), as follows:

X ¼
ð780
380

LeðλÞ�xðλÞdλ; ð6:15aÞ

Y ¼
ð780
380

LeðλÞ�yðλÞdλ; ð6:15bÞ

and

Z ¼
ð780
380

LeðλÞ�zðλÞdλ: ð6:15cÞ

The Standard Colorimetric Observer is also known
as a 2° Standard Observer since during the tests it was
assumed that the color sensitive cone cells were lo-
cated within a 2° arc defining the fovea, the most
sensitive region of the retina. The X, Y, and Z values
are used to define the 1931 CIE XYZ color space that is
shown in Fig. 6.13. This color space assigns a coord-
inate pair, (x, y), to every color in the visible spectrum,
which are related to X, Y, and Z by

x ¼ X
X þ Yþ Z

; ð6:16aÞ

y ¼ Y
X þ Yþ Z

; ð6:16bÞ

and

z ¼ Z
X þ Yþ Z

¼ 1� x� y: ð6:16cÞ

Table 6.2 Radiometric and photometric units for quantifying properties of illumination sources

Radiometric units Photometric units

Quantity Symbol Expression Unit Quantity Symbol Expression Unit

Radiant flux Φe W Luminance flux Φ lm

External quantum
efficiency

ηext ηintηout % Luminous efficiency ηL
L
j

cd/A

Power efficiency ηP
1
j V

dΦe

d S
¼ E e

j V
%, or W/
W

Luminous power
efficiency

ηLP
1
j V

dΦ
d S
¼ E

j V
lm/W

Radiant intensity Ie
dΦe

dΩ
W/sr Luminance intensity LΩ

dΦ
dΩ

lm/sr

Radiance Le
dΦe

d S dΩcosθ
W/sr-m2 Luminance L

dΦ
d S dΩcosθ

cd/m2 ¼ lm/sr-
m2

Irradiance Ee
dΦe

d S
W/m2 Illuminance E

dΦ
d S

lm/m2 ¼ lux

Radiant exitance Me
dΦe

d S
W/m2 Luminous exitance M

dΦ
d S

lm/m2

Re
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se
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Figure 6.12 (a) Human eye response of the short (S), middle (M), and
long (L) wavelength cone cells. (b) 1931 CIE color matching functions,
�xðλÞ, �yðλÞ, and �zðλÞ. Inset: Micrograph of color sensing cone cells (colors
indicate their respective wavelength sensitivities) and rod cells (gray) that
are sensitive only to luminosity.
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Since z depends on x and y, only the latter two coord-
inates are required to fully define a perceived color.
While several other color matching functions and
color spaces have been defined, the 1931 CIE XYZ
color space is convenient and straightforward for de-
fining the properties of OLEDs and other standard
illumination sources, since Y defines the total lumi-
nance of the source. The coordinates (x, y, Y) provide
both the color and the luminosity, fully defining the
properties of the source. This triad of coordinates is
called the 1931 CIE xyY color space. Transformation
between xyY and XYZ, and other color spaces is
straightforward, and hence we will only use the
1931 CIE xyY standard in the following discussion.
The visible color space shown in Fig. 6.13 repre-

sents the total color gamut that can be perceived by
the Standard Colorimetric Observer. Saturated (pure)
colors whose wavelengths (in nanometers) are found
along the curved, outer arc of the color space is the
color locus, and color mixtures are found within the
interior of the color space. The inner arc shows the
Planckian locus of white points, with each point along
the arc corresponding to a color temperature listed (in
Kelvin) adjacent to the locus. The lines of constant
color temperature are shown intersecting the arc.
The triangles enclose the space contained within two
common color gamuts, one corresponding to super
red, green, blue (sRGB) used as a photographic
standard, and the other to the National Television

Standards Committee (NTSC) used as a video display
standard. If the R, G, and B color sources (e.g. pixels in
a display) are located at the vertices of the color
gamut triangle, then mixtures of these primary colors
can produce any color enclosed within that triangle.
The color obtained by adjusting the relative luminos-
ities of the sub-pixel triad then results in a total pixel
chromaticity defined by coordinates (x, y). Colors out-
side of the perimeter of the triangle are inaccessible to
the light source, and hence cannot be produced. No
three color sources (e.g. R, G, and B pixels in a display)
can be positioned to cover the entire color space per-
ceived by the eye. Nevertheless, larger color gamuts
enclosed by particular sub-pixel triads result in a
broader range of accessible display colors.
When designing illumination sources, it is reason-

able to ask how sensitive the human eye is in distin-
guishing between colors with different coordinates in
the chromaticity diagram. This question was an-
swered in a painstaking experiment by MacAdam
(1942) whereby subjects were asked to match two
colors at a fixed luminosity that were viewed through
an apparatus that constrained the viewing angle to 2°
within the range of foveal vision. The experiment
extended over 25,000 color-matching trials across the
entire color gamut. This resulted in 25 ellipses drawn
to demark the standard deviation in chromaticity that
could not be distinguished by an observer. These so-
called MacAdam ellipses, drawn 10 times their actual
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sizes, are shown in Fig. 6.14. Interestingly, there is no
single transformation that can bring these ellipses into
equal-sized circles, indicating that the perception of
color is a nonlinear function of the spectral content of
the source. Furthermore, it is apparent from Fig. 6.14
that color acuity is highest for blue, less so for red, and
not nearly so high in the green. This provides an
explanation why apparently saturated display colors
can be obtained using a gamut that extends nearly to
the color locus in red and blue, yet does not extend far
toward the limb at λ ¼ 520 nm (at coordinates of
(0.07, 0.83)).

An example color gamut that results from emission
from three PHOLEDs emitting in the red, green
and blue spectral regions is shown in Fig. 6.15. The

phosphors used are the blue emitting Ir(pmp)3, the
green emitting Ir(ppy)2(acac), and the red emitting
PQIr. The intensity spectra in Fig. 6.15a must be con-
verted to luminance to determine the color coordinates
of each device, denoted by the open circles in Fig. 6.15b.
The resulting color gamut is enclosed by the triangle.
The gamut is smaller than required by sRGB standards
(Fig. 6.13), largely due to the slightly red-shifted and
spectrally broad green PHOLED sub-pixel.

6.2.3.3 White light

Thus far we have concentrated on quantifying color
perception primarily for displays. Another applica-
tion of OLEDs is in the generation of white light for
illumination. The method for characterizing the ap-
pearance of white illumination sources is consider-
ably different than that required for information
displays, yet ultimately it, too, relies on the nature of
human vision and its range of color perception
bounded by the chromaticity diagram in Fig. 6.13.
The primary difference between a white light source
and one that emits a particular hue is the way that
objects appear when illuminated by the source. Do
the colors look natural as they would under sunlight,
or does the source give an unnatural coloration to the
objects, yet when directly viewed it nevertheless looks
satisfactorily white?
There are two quantities that are used to character-

ize illumination source color quality: the color render-
ing index (CRI) and the correlated color temperature
(CCT). The CRI quantifies how close a color source
matches a black body radiator at a particular tempera-
ture. The rationale for this quantity is that we assume
that solar radiation follows that of a Planckian black
body at temperature T. Then the spectral radiance,
B(λ,Τ), follows Planck’s law:

Bðλ;TÞ ¼ 2hc2

λ5
1

expðhc=λkBTÞ � 1
: ð6:17Þ

With the exception of spectral loss due to absorption
by water and other gases in the atmosphere, the sun
is indeed an ideal black body radiator with a surface
temperature of 5780 K. However, its apparent color
temperature varies throughout the day, shifting to
the red in the morning and evening (with an appar-
ently lower temperature of �5000 K), and becoming
bluish-white at mid-day (with a much higher tem-
perature of � 6000 K). Perceptually, we consider
bluish casts to be “cool white” with color temperat-
ures >5000 K, and redder hues are “warm white”
with temperatures between 2700 K and 3000 K (see
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Fig. 6.16). Of course, this convention is opposite to
the temperature trends predicted by Eq. 6.17.
The CRI is the degree to which the spectrum of the

test illumination source differs from that of a black
body of a specified temperature. Hence, to quantify a
white light source, we need to know its temperature.
The Planckian locus indicating the color coordinates
of black bodies radiating at a particular temperature
is shown by the arc in Fig. 6.13 with lines of constant
color temperature as noted. A white light source,
other than an incandescent bulb, does not have a
perfect black body spectrum. Hence, for white light
sources such as OLEDs we define the CCT as the
black body temperature that most closely resembles
the test source. The 1960 CIE color space shown in
Fig. 6.17 is commonly used to determine the CCT of a
particular illumination source (i.e. an illuminant). The

color temperatures are shown as well as the isotherms
perpendicular to the Planckian locus, whose lengths
define the chromaticity range over which meaningful
comparison with a black body can be made.
This white color space is often defined in terms of

the coordinates (u, v). Via a simple transformation,
(u, v) can be converted to the 1931 CIE coordinates
(x, y) using

u ¼ 4x
�2xþ 12yþ 3

ð6:18aÞ

and

v ¼ 6y
�2xþ 12yþ 3

: ð6:18bÞ

Deviations from a black body lie above or below the
locus at distance�uv, shown in Fig. 6.17. Comparison
of the illuminant spectrum and a black body is con-
sidered meaningful when �uv � 5.4 � 10�3. In this
case, the CRI obtained for the source will also be
accurately defined since its spectrum will approxi-
mate that of a black body.
Now the equal energy point (E) corresponds to a

spectrum that has equal energy at all visible wave-
lengths. This point is at (x, y) ¼ (0.33, 0.33), or accord-
ing to Eq. 6.18, (u, v) ¼ (0.209, 0.315).
Once the CCT of the illuminant is determined, the

CRI is found by comparing the color coordinates of
the reflected light from eight standard test color sam-
ples (TCS) under the test source, compared to a refer-
ence black body at the same color temperature. The
TCS in Fig. 6.18 range from light grayish red (TCS01)
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Figure 6.17 A segment of the 1960 CIE color space used to characterize white light sources. The Planckian locus is shown by the arc, with color temperatures
indicated along with CCT isotherms oriented perpendicular to the arc. Differences of a source to the Planckian locus are positive (�uv> 0) above the arc, and
�uv < 0 below the arc. Also standard daylight illuminants from CCT ¼ 6500 K to 5000 K (corresponding to D65 and D50, respectively) are shown.

Warm white
(3000k)

White
(6000k)

Cool white
(6500k)

Figure 6.16 Examples of white LED sources of different color
temperatures. From Novalite.com (http://www.nova-lite.com/index.php?
route=module/kbm/article&kbm_article_id=7)
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to light reddish purple (TCS08). The specific CRI, or
Ri, is found from the reflectance deviations by calcu-
lating their Euclidean distances, �Ei, between the test
(ut, vt), and the referencewhite point (ur, vr) coordinates.
A commonly used reference is the D65 illuminant in
Fig. 6.17. From the tristimulus values we define the
1964 CIE color space:

W� ¼ 23
ffiffiffiffi
Y3
p
�17; ð6:19aÞ

U� ¼ 13W� ut � urð Þ; ð6:19bÞ
and

V� ¼ 13W� vt � vrð Þ: ð6:19cÞ
This differs from the 1960 CIE color space used for

determining u, v in that it has information about the
luminosity of the source (Y), which is found in the
coordinate, W�. Thus, the 1960 CIE space is used to
determine CCT, whereas the 1964 CIE standard (also
known as CIE UVW) is useful for determining
the CRI.

To find Ri, we determine the differences,
�U�i ;�V�i ; and�W�

i between the CCT of the source
and the chromaticity coordinates from the ith TCS to
obtain

�Ei ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�U�i
� �2 þ �V�i

� �2 þ �W�
i

� �2q
: ð6:20Þ

Then the specific CRI is

Ri ¼ 100� 4:6�Ei ð6:21Þ
and the general color rendering index, Ra (also known
as simply CRI), is the mean of all eight Ri, viz.

CRI ¼ 1
8

X8
i¼1

Ri: ð6:22Þ

From Eqs. 6.21 and 6.22, we see that CRI has a max-
imum value of 100, a value only achieved by a perfect
black body where �Ei ¼ 0.

The acceptable CRI and CCT of a lighting source
depend on the intended application. For general room
illumination, CRI ¼ 90 or higher is deemed accept-
able, whereas for lighting industrial or utility areas,
CRI ¼ 80–85 are often used. Similarly, the color tem-
perature chosen depends on the application. Room

lighting typically employs “soft white” which is
warm with a lower color temperature than outdoor
lighting, where daylight CCTs of up to 6000 K are
often found.
A characteristic of lighting is that there are inevit-

able differences in the color content of otherwise iden-
tical lighting sources that are manufactured at
different times or fabrication facilities. To match
these different illuminants, we must quantify the
perceptual acuity of the observer: that is, we must
determine the difference in color coordinates of a
lighting source that can be perceived. This question
is answered in the same manner that MacAdam
quantified perceptual acuity in viewing hues at dif-
ferent locations in the 1931 CIE color space. In
Fig. 6.19 we show the MacAdam ellipses drawn
along the Planckian locus in the 1931 CIE color
space. The ellipses represent three times the stand-
ard deviation for perceptual distinction between two
lighting sources. The black quadrangles provide so-
called “seven-step bins” established by the American
National Standards Institute (ANSI) in which similar
illuminants can be grouped without undue variation
between sources in a given bin. However, higher
uniformity lighting sources are often placed into
bins as small as two and three standard deviations
(i.e. two step and three step bins) from the distin-
guishable limit. Three step bins used to group LED
sources are shown in orange.

6.2.4 Measuring OLED performance

The accurate measurement of OLED efficiency is es-
sential for comparing device performances achieved
in different laboratories. Also, the procedure for
measuring efficiency is different for display and light-
ing sources. For displays, only photons emitted into
the half space in front of the display (i.e. in the view-
ing direction) are counted, whereas for general light-
ing, photons emitted in all directions add to the
illumination intensity.
If the OLED emission is Lambertian, one simply

measures the device performance using a commer-
cial luminance meter. The meter collects light
emitted from a fixed diameter spot on the display
surface, into a specified (small) solid angle about the

TCS 01 TCS 02 TCS 03 TCS 04 TCS 05 TCS 06 TCS 07 TCS 08

Figure 6.18 Test color samples (or patches) used for determining the color rendering index.
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surface normal. From the intensity, the instrument
calculates a value of the surface luminance, L, in cd/
m2, or nits. The meter uses a calibrated photodiode
to detect the light, and the conversion of the diode
photoresponse into a luminance value is done by the
instrument itself, with the implicit assumption that
the emission pattern is Lambertian, and that the
meter is oriented perpendicular to the emitting sur-
face. The recorded luminance then allows for a calcula-
tion of the luminous efficiency ηL (cd/A) using the
drive current density, jOLED ¼ IOLED/A, where A is the
area and IOLED is the OLED current. Given the voltage
at which ηL is measured, it is then straightforward to
obtain ηP (see Table 6.2). While simple, this method is
vulnerable to inaccuracies, and hence should be used
only for characterizing the performance of an actual
display.
A direct and accurate means for measuring external

quantum efficiency employs a calibrated photodetect-
or used in a measurement setup requiring a minimal
amount of correction for losses due to lenses, overfill-
ing of the detector active area with light, conversion
between lumens to percent, etc. The generally broad
spectral emission of OLEDs, however, will introduce
errors in measurement if the wavelength dependence
of the photodetector is itself ignored. The wavelength
dependence of the photodiode responsivity between
wavelengths λ and λ + dλ is R(λ) ¼ Idet(λ)/f(λ)POLED(λ),
where Idet(λ) is the incremental photocurrent gener-
ated in the photodetector by the incident power,
POLED(λ), emitted at center wavelength, λ, and f(λ) �
1 is the ratio of light emitted to that coupled into the

detector. The external OLED quantum efficiency is,
therefore,

ηext ¼
q
ð
λIdet ðλÞdλ

hcfIOLED

ð
RðλÞdλ

: ð6:23Þ

Since the OLED may exhibit microcavity effects that
result in a non-Lambertian angular dependence of the
emission intensity on wavelength (Greenham et al.,
1994, Bulovic et al., 1998a, Kim et al., 2000), accurate
measurement requires the use of large aperture light
collection optics. Often, the detector sensitivity is
quoted in terms of its own external quantum effi-
ciency, ηdet. This is simply related to the detector
responsivity via ηdet ¼ hcR(λ)/qλ. Then, Eq. 6.23 can
be rewritten as

ηext ¼

ð
λIdetðλÞdλ

fIOLED

ð
ληdetðλÞdλ

: ð6:24Þ

As defined, the quantum efficiency is simply a ratio
that, if multiplied by 100%, can be stated as a percent-
age. For “engineering” display applications, ηext is
typically quoted independent of the emission wave-
length, as in Eqs. 6.23 and 6.24.
From the foregoing, the optimum measurement

geometry has a coupling factor, f, as close to unity as
possible. A particularly accurate and convenient con-
figuration for such a measurement is shown in
Fig. 6.20a. The primary objective is to detect every
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photon emitted into the forward direction using a
calibrated detector, such that f � 1 is independent of
λ. This can be achieved by using a detector whose area
is considerably larger than that of the OLED (a con-
dition known as “underfilling” of the detector active
area), and then placing the OLED very close to the
detector without any intervening optics (Burrows
et al., 1996). It is also necessary to mask trapped
photons that may emerge from the substrate edges.
Coating the edges with black paint or wax, or by
ensuring that the detector is considerably smaller
than the OLED substrate can accomplish this object-
ive (Adachi et al., 2001a).

A common method for measuring internal quan-
tum efficiency is to place the OLED into an integrating
sphere containing a calibrated detector, and then
measuring all photons output from the device
(Fig. 6.20b) (Gong et al., 2002). Several sources of in-
accuracy need to be considered. (i) The response of
the photodiode is generally not uniform over the
broad spectral output of an OLED. As in the case of
the external efficiency measurement, the spectral re-
sponse of the photodiode must be calibrated across
the entire OLED emission spectrum to accurately ob-
tain the efficiency from the photocurrent. (ii) All sig-
nificant sources of internal loss in the structure, such
as reabsorption in the organic films, total internal
reflection (TIR) at the substrate/air interface, propa-
gation and other losses in the transparent anode,

surface plasmon polaritons, free carrier absorption,
and other effects associated with contacts (see
Section 6.6). Due to the uncertainties inherent in
these estimates, the internal quantum efficiency can
contain significant systematic errors (Bulovic et al.,
1998a, Kim et al., 2000). (iii) Losses due to shadowing
by the probes and other fixtures (e.g. the baffle used to
prevent direct irradiation of the detector) within the
sphere, and less than unity reflectivity from the interior
surface of the sphere, must be “backed out” of the
measurement. (iv) Losses due to reabsorption of rays
traversing the sphere by the OLED itself.
The internal efficiency can be several times greater

than the external efficiency, since the integrating
sphere captures nearly all the photons emitted in the
device active region and that are subsequently
emitted into all directions, not just in the forward
viewing direction (Gong et al., 2002).
Using an integrating sphere is not a measurement

of the display-relevant (forward emitted) external
quantum efficiency; the source of some confusion
in the literature. To measure the forward-viewing
external quantum efficiency in an integrating sphere
requires that the edge-emitted light be prevented
from reaching the detector. The integrating sphere
measurement is useful for assessing the OLEDs for
lighting since the source is typically attached to a
fixture (also known as a luminaire) that directs
photons emitted in all directions into the space
being illuminated.
Once the external efficiency is measured as a

function of IOLED and V, and the device emission
spectrum is also determined using calibrated de-
tectors. These measurements allow for calcuation
of L, ηL, and ηp. Doing this process in “reverse
order” (i.e. deriving the radiometric from the
photometric parameters) requires that the output
emission pattern, meter calibrations and other geo-
metric factors are accurately known. Deviations from
Lambertian emission of most OLEDs (Tokito et al.,
1997) can lead to significant errors, and hence direct
measurements of the photometric characteristics are
the most reliable.
To fully characterize the OLED, therefore, three

groups of data are required: the current-voltage char-
acteristics, the external quantum efficiency-current
characteristics, and the emission spectrum. An example
data set for the PHOLED structure in Fig. 6.21 is shown
in Fig. 6.22. The j–V characteristics at j > 0.01 mA/cm2

in Fig. 6.22a are consistent with space charge limited
transport (see Section 4.4.2) showing a power-law
behavior of j � Vm. Below 1.5 V, the characteristics
are approximately Ohmic. The onset of substantial

OLED

Detector

(a)

(b)

Detector

OLED

Figure 6.20 Efficiency measurement configurations for an OLED for
(a) displays where the OLED is placed directly on the surface of a detector,
and (b) lighting where the OLED is inserted into an integrating sphere
(Forrest et al., 2003).
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luminance occurs at approximately 0.1 μA/cm2 at 4V,
reaching 3 � 104 cd/m2 at 10 V.
The external quantum efficiency is provided in

Fig. 6.22b. Here, ηext ¼ 21% is approximately constant
up to j ¼ 1 mA/cm2, and then begins to decrease

rapidly as current (and brightness) is further in-
creased. We show in Section 6.6 that the external
quantum efficiency of 21% corresponds to an internal
quantum efficiency, ηint � 100%, which is expected
for high performance PHOLEDs. Furthermore, in
Section 6.3.5 we show that the roll-off at high current
is a result of triplet annihilation. The inset, Fig. 6.22b,
provides the last piece of information needed to fully
quantify the performance of the OLED—the emission
spectrum. This is due to triplet emission from
Ir(ppy)2acac with a peak at λ ¼ 525 nm, with one
vibronic overtone observed at λ ¼ 560 nm.
From the data in Fig. 6.22, we arrive at the lumi-

nance efficiency and the luminance power efficiency
shown in Fig. 6.23. To obtain ηL, we use both ηext and
the spectral luminance in the inset, Fig. 6.22b, as dis-
cussed in Section 6.2.3.1. Similar to ηext, the ηL is
constant at 75 cd/A until roll-off is reached at j � 10
mA/cm2.
Finally, the efficacy is obtained from Eq. 6.14 along

with the voltage obtained from the j-V characteristics
in Fig. 6.20a. Here, ηLP decreases monotonically from
80 lm/W at 10 μA/cm2, to 20 lm/W at 100 mA/cm2

due to the monotonic increase in OLED voltage. Effi-
cacy is most useful when comparing white light
sources. When combined with the device CRI and
CCT, it provides an important quantity in evaluating
the properties of the illuminant. It is far less useful for
characterizing the actual efficiency performance of
monochromatic devices such as the green PHOLED
in Fig. 6.21. In this case, the radiometric quantity of
power efficiency is more useful.

6.3 Electroluminescent processes

There are two spin-dependent mechanisms for OLED
emission: fluorescence due to radiative recombination

Glass Substrate
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CBP:Irppy2acac    15 nm

LiF / Al   1nm / 100 nm

TPBi   65 nm

CBP    10 nm

Figure 6.21 Structure of the PHOLED used in Figs. 6.22 and 6.23.
Materials are: cathode: LiF/Al; exciton blocking layer: TPBi; emission layer:
CBP doped with 10 vol.% Ir(ppy)2acac; hole injection layer: CBP doped
with MoOx; anode: ITO.
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of electrically generated singlet states, and phosphor-
escence due to triplet-mediated emission. The effi-
ciency of the device is dependent on which of these
two processes are responsible for controlling the emis-
sion. In Section 6.2.1 we showed that the maximum
OLED internal quantum efficiency is determined by
the spin statistical splitting of the injected charges.
Random statistics (i.e. the spin of the injected electron
and hole are uncorrelated) suggest that the spin for-
mation ratio in Eq. 6.1 is χST ¼ 25% for singlets and
χST = 75% for triplets due to the multiplicities of these
two spin manifolds (Chapter 3). In the following
section we describe the spin formation process, and
means for measuring χST. We show that in almost all
materials, random statistics appear to govern the spin
formation ratio. This will be followed in subsequent
sections by a discussion of the luminescence processes
that ensue once the excitons are formed in their vari-
ous spin manifolds.

6.3.1 Spin statistics

The exciton formation process following the injection
of uncorrelated spins from the cathode and anode re-
sults in subsequent formation of a precursor electron–
hole polaron pair (PP). This transfers to an even lower
energy charge transfer (CT) state on adjacent molecules.
At this point, the spins are completelyuncorrelated and
hence must form according to the 1:3 singlet:triplet
statistical ratio. The bimolecular pair then scatters
onto a single molecule to form the exciton that subse-
quently recombines.

The energetic landscape traversed from free
charges to excitons is shown in Fig. 6.24. The process
begins by injection of charge from the anode and
cathode, whose collective spin symmetries randomly
form either a singlet or triplet polaron pair (denoted
S+�, T+�, respectively). Once the polarons approach
to within a capture radius where the Coulomb energy
is equal to the thermal energy, rc Tð Þ ¼ q2=4πεrε0kBT,
either a singlet or triplet CT state (1CT, 3CT, respect-
ively) is formed. Here, εr is the material dielectric
constant and ε0 is the permittivity of free space. The
CT state relaxes to an exciton of radius rK(T). That is,
the polaron-pair collapses from the point at which
the two charges are nearly free at rc (corresponding
to the charge separated state), to where the oppositely
charged polarons locate on nearest neighbors, and
the exchange energy is large (at separation, rK). At
this point, the degeneracy is lifted and the spin sym-
metry no longer changes unless there is strong spin–
orbit coupling due, for example, by a heavy metal
atom within the molecular complex. Prior to

reaching radius rK, there can be mixing at rate kSL
between polarons in the charge separated state due
to spin-lattice relaxation, or the presence of spin–
orbit or hyperfine coupling discussed in Section 3.7
(McClure, 1949, 1952).
Figure 6.25a illustrates the rates governing the

generation of excitons from the precursor CT states.
Triplet, 3CT, states are statistically generated at three
times (3G) the probability of singlet, 1CT, states (G).
Once formed, the CT states bind into either singlet or
triplet excitons at rates kS or kT, respectively. How-
ever, if the spin exchange energies between CT or
exciton singlets and triplets (�ECT or �EEX) are
small (i.e. on the order of or less than the thermal
energy, kBT), intersystem crossing between spin mani-
folds at rates kISCT; kISC�; and kISC can result in exciton
spin distributions that differ from the statistical 1:3
ratio. That is, if kISC is higher than the exciton forma-
tion rates, kS and kT, then the spin statistical splitting
can deviate from 1:3 singlets-to-triplets. This situation
occurs for nearly degenerate singlet and triplet
polaron-pair (i.e. CT) states.
The CT state formed on a pair of adjacent Alq3

molecules is shown in Fig. 6.25b. Here, CT formation
leads to substantial overlap of the polaron wavefunc-
tions, ensuring efficient exciton formation that occurs
via the hop of one of the charges from one molecule to
its neighbor.We have seen that bothMiller-Abrahams
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Figure 6.24 Free polaron-to-exciton formation process. The free
polarons are injected from contacts, randomly forming a singlet and/or
triplet polaron pair (S+/�, T+/�, respectively). When the polarons are
within a capture radius, rc, a CT state is formed. When the electron and
hole of the CT state approach at distance rK, a bound singlet or triplet
exciton forms, depending on the spin symmetry of the original polaron
pairs. Here, dissoc. = exciton dissociation, ISC = intersystem crossing
(Segal et al., 2003).
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and Marcus transfer theories (Section 4.3.2) predict
that the probability for hopping decays exponentially
with intermolecular distance. That is, the hopping

rate follows kfi � exp �2γað Þexp Ef � Ei

kBT

� �
for a final

state energy Ef < Ei. On the other hand, if Ei < Ef, then
kfi¼ 0. Here, γ is the hopping parameter and is related
to the tunneling distance between the donor and ac-
ceptor molecules spaced at distance, a. The hopping
rate is thus highly sensitive to the intermolecular spa-
cing, yet the long-range Coulombic attraction be-
tween the electron and hole results in a near unity
probability for the formation of a bound exciton once
the charges are located on neighboring molecules.
The several routes affecting exciton formation stat-

istics are shown schematically in Fig. 6.26. As noted, it
is safe to assume that uncorrelated spins of the pre-
cursor electron–hole polaron pair combine according
to the singlet–triplet statistical ratio of 1:3 as shown in
Fig. 6.26a. These subsequently form singlet and triplet
CT states (1CT and 3CT) in the same ratio. If the ex-
change energy splitting is higher than a few kBT
(Kadashchuk et al., 2004), or if the rate of singlet ex-
citon formation, kS, is greater than for triplets, kT, it is
likely that this ratiowill be preserved, and the ultimate
ratio of singlet (S�) to triplet (T�) excited states will also
be 1:3. The resulting emission is thus almost entirely

due to singlet recombination (S�!S0) via fluorescence
occurring within 1-10 ns of exciton generation.
When there is strong spin–orbit coupling (L·S), the

spins within the exciton manifold are mixed, result-
ing in rapid intersystem crossing, kISC, prior to re-
combination. As shown in Chapter 3, the spin–orbit
interaction strength scales as Z4, where Z is the
atomic number (cf. Eq. 3.175). Hence, incorporation
of heavy metal atoms has been shown to be effective
in increasing kISC well above kS. For these systems,
the singlets rapidly transfer to the triplet manifold,
and the spin selection rule that ordinarily forbids
radiative recombination to the ground state follow-
ing T�!S0 is allowed, also due to the strong L·S
coupling. In these instances, the emission is via trip-
lets and is known as phosphorescence. The natural
triplet lifetime is typically from 500 ns to 100 μs
(Baldo et al., 1998, Baldo et al., 1999a). This situation
is depicted in Fig. 6.26b.
In some special cases, the exchange energy of the

CT state manifold may be less than, or on the order of
the thermal energy, leading to spin mixing prior to
exciton formation (see Fig. 6.26c). This leads to a de-
parture from the statistical spin ratio. The relative
population of singlets and triplets depends on the
ratio of their relative formation rates, kS/kT. Typically,
kS >> kT, leading to a disproportionate fraction of

Sn Tn

S1 T1

kISC*

kS* kT*

kISC

kS kT

kBTkBS

Optical excitation

kr
f knr

f knr
p kr

p

Fluorescence Phosphorescence
Non-radiative

decay

Degenerate 
polaron pairs

G 3G

1CT 3CT

Electrical excitation

kSL

kISCT

(a)

(b)

S0

Figure 6.25 (a) Detailed exciton formation process via both optical and electrical excitation. Energies involved in triplet and singlet exciton formation are
implied by vertical distances in the diagram. Here, G is the electrical-to-exciton generation probability. Once formed, CT states bind into either singlets (S) or
triplet (T) excitons at rates kS or kT, respectively. The intersystem crossing between spin manifolds occurs at rates kISCT, kISC�, and kISC for CT, upper
manifold singlet (S�) and triplet (T�) states, and lowest energy (S, T) excitons, respectively. Radiative ðkfr ; kpr Þ and non-radiative ðkfnr; kpnrÞ rates from
fluorescent (superscript f ) or phosphorescent (p) states are shown. (b) Polaron pair charge distributions on two adjacent Alq3 molecules. The negative
polaron distribution (orange) is primarily on the molecule on the right, and the hole distribution (red) is on the left (Segal et al., 2007).

Reprinted by permission from Springer Nature, Nature Materials, 6, 374, Segal, M., Singh, M., Rivoire, K., Dilfey, S., Van Voorhis, T. & Baldo, M. A., Extrafluorescent
electroluminescence in organic light-emitting devices. Copyright 2007.
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singlets. In the absence of spin–orbit coupling, this
process ultimately leads only to fluorescent OLED
emission.

Finally, we consider a case analogous to a small CT
state exchange energy: that corresponding to a small
exchange energy in the final exciton state, shown in
Fig. 6.26d. The triplets can rapidly transfer to the sing-
let manifold via thermal excitation, thus leading to a
disproportionately large singlet population, even
though the initial formation statistics are still one in
four. The singlet undergoes radiative recombination at
a timescale of a few nanoseconds, but with the system
achieving an internal quantum efficiency greater than
25%. This process is known as thermally activated de-
layed fluorescence (TADF, see Section 3.7.5). It has been
exploited in OLEDs to deliver high efficiencies, ap-
proaching 100%, and is the topic of Section 6.3.4.

The following question remains: do spin statistics
change in the transition from PP!CT!S;T? This
question was addressed by electric field polarization
of the PP state during formation to determine if the
ratio of S to T changes over time (Reufer et al., 2005).
A ladder-type polymer, poly(p-phenylene) or PhLPPP
(see lower inset, Fig. 6.27) slightly contaminated
by�0.1% Pd atoms during synthesis yields both fluor-
escent and phosphorescent PL. Phosphorescence is
made possible by spin–orbit coupling due to the Pd
impurities. The separate luminescent processes are re-
solved in the transient EL spectra of OLEDs fabricated

using this compound. The phosphorescent lifetime
puts a lower limit to the triplet formation time of
k�1T > 100ns, which is primarily due to triplet diffusion
to the widely separated Pd sites. That is, the phosphor-
escent and fluorescent signals occur on significantly
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Figure 6.26 Exciton formation processes starting with a free electron–hole polaron pair. The random generation statistics imply that singlet and triplet CT
states are generated (G) in a ratio of 1:3. (a) CT states form singlet and triplets without mixing, resulting in a 1:3 excited state singlet (S�) and triplet (T�)
exciton ratio. Without mixing, fluorescence (fl) is dominantly observed. (b) Fast intersystem crossing at rate kISC due to enhanced spin–orbit coupling (L·S)
results in predominantly phosphorescent (ph) emission. (c) Rapid mixing of spins between CT states at rate kISC-CT in the absence of ISC results in fl

emission. (d) If the exchange energy splitting between singlet and triplet is small, then thermally activated intersystem crossing at rate kISC-th between the
T� and S� is possible, resulting in delayed fluorescence. After Reineke and Baldo (2012).
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Reprinted by permission from Springer Nature, Nature Materials, 4, 340,
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H. G., Scherf, U. & Lupton, J. M., Spin-conserving carrier recombination in
conjugated polymers. Copyright 2005.
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different times scales (Fig. 6.27, upper inset). As ex-
pected for singlet and triplet splitting, phosphores-
cence is at lower energy, and hence at a longer
wavelength than fluorescence.
To determine the strength of singlet–triplet mixing

in the PP state, the samples were illuminated under
reverse bias. A strong electric field (>1 MV/cm) phys-
ically separates (via polarization) the singlet into a PP
(inset, Fig. 6.28) where the charges are held for the
duration of the voltage pulse. In this state, the orbital
overlap is minimal, preventing exchange interactions.
After a delay greater than 100 ns (the triplet formation
time), the field is turned off, and the PP is allowed to
once more form an exciton. Essentially, this experi-
ment allows for singlet state production, and then
reverses the process by an applied field. Lastly, the
field is removed and recombination occurs once
again. Once the field is turned off, there is a burst of

fluorescence and phosphorescence, as shown in the
delayed emission in Fig. 6.28.
The fluorescence signal is 1000 times stronger than

that of phosphorescence. Indeed, there is almost no
detectable phosphorescence even at 4 K, although
the PP state is maintained for 10 times longer than
the triplet formation time. It is, therefore, concluded
that spin mixing is absent in the PP state and the
statistical 1:3 singlet:triplet formation ratio in this
conjugated polymer is preserved over the timescale
of the F-field delay.
We note that degeneracy of the singlet and triplet

CT manifolds might upset the perfect statistical bal-
ance, depending on the ratio kS/kT as in Fig. 6.26
(Difley et al., 2008). Indeed, it has been shown that
CT spin state formation in degenerate systems can be
controlled by CT formation at material interfaces in
an extrafluorescent OLED, resulting in an apparent
increase in the singlet emission efficiency (Segal et al.,
2007). While the experiment in Fig. 6.28 suggests that
the formation statistics do not change over time, dir-
ect and accurate measurement of these statistics has
been challenging (Baldo et al., 1999b, Cao et al., 1999,
Kim et al., 2000, Wilson et al., 2001, Segal et al., 2003).
The primary assumption of most such measurements
is that the singlet fraction can be determined from the
relationship between the EL and PL efficiencies in
Eq. 6.1. Hence, once the EL efficiency in the OLED is
measured, it would a appear to be a simple matter of
independently determining the PL efficiency, the
losses specific to EL emission, and the outcoupling
efficiency. From this, it is straightforward to calculate
the exciton formation ratio, χST. The accurate meas-
urement of these several parameters within an OLED
structure, however, can lead to significant inacc-
uracies. Also, effects such as exciton annihilation
where two singlets combine to form one singlet or
triplet, or similarly where two triplets can annihilate
to form one triplet or singlet, can also be active
under high electrical injection conditions. Many of
these processes are dependent on factors including
device structure, voltage, current and temperature.
Hence, measurement of the spin formation statistics
has often been the subject of controversy. Neverthe-
less, its accurate determination is necessary to under-
stand the exciton formation process under electrical
injection.
The greatest accuracy is achieved by reducing the

number of absolute measurements of the parameters
in Eq. 6.1. Then, χST can be obtained by measuring the
ratio of the EL to PL efficiencies for an OLED in a
single experimental configuration (Segal et al., 2003).
We now outline an approach that has been used to
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successfully determine χST for both polymeric and
small molecular weight materials.

In fluorescent materials, almost 100% of the species
generated on optical excitation are singlets (although
this too can lead to �1–5% error, see Section 6.8).
Hence, the PL efficiency of a sample provides a refer-
ence fromwhichwe obtain χST from ηext. The PL power
emitted by an OLED is given by (Segal et al., 2003)

PPL ¼ hc
hλemi ηoutϕph

kr
kr þ knr þ kQ

; ð6:25Þ

where kr, knr, and kQ are the radiative, non-radiative,
and electric field quenching rates, respectively, hλemi
is given by Eq. 6.3, and ϕph is the photon flux absorbed
by the film. Here, we assume that the PL power is
measured in the presence of an electric field across the
same OLED structure used to determine its external
quantum efficiency, and hence we cannot ignore the
current injection-specific losses, γL, due, for example,
to ionization, quenching at defects, etc. Also, the ratio
of rates in Eq. 6.25 is the emission efficiency. Thus,
krηoutϕph= kr þ knr þ kQ

� �
is the photoluminescent flux

outcoupled from the device (which depends on the
thin film structure) and into the detector, which is a
function of the experimental setup.

Under weak reverse bias where kQ�ðkr þ knrÞ, an
OLED under illumination, generates a photocurrent,
jph. This is proportional to the optical pump intensity,
that is,

jph ¼ qϕph
kQ

kr þ knr þ kQ
� qϕph

kQ
kr þ knr

: ð6:26Þ

The difference in PL efficiency in the presence and
absence of an electric field gives

�PPL ¼ PPL kQ
� �� PPL kQ ¼ 0

� �
� � hc
hλemi ηoutηPLϕph

kQ
kr þ knr

; ð6:27Þ

where the PL efficiency in the low field limit is
ηPL ¼ kr=ðkr þ knrÞ. Combining Eqs. 6.26 and 6.27
yields:

ηoutηPL
� � qhλemi

hc
�PPL

jph
: ð6:28Þ

Thus, by measuring the change in photoluminescent
power efficiency and the photocurrent, we obtain the
product of the PL and optical coupling efficiencies.
The EL efficiency measured under forward bias is,
from Eq. 6.2,

ηext ¼
hc

qhλemi
PEL

jOLED
: ð6:29Þ

Then, from Eq. 6.1 we arrive at the spin statistics using

γχ
ST
¼ ηext

η
PL
ηout
¼ � PEL

�PPL

� �
jph

jOLED
: ð6:30Þ

If the PL and EL optical powers are measured in the
same experimental configuration, then the coupling
efficiency to the detector remains unchanged for
the measurement of both quantities, removing a
significant potential source of error. Figure 6.29
shows such an experimental setup whereby the
OLED PL is obtained by pumping with a laser source,
while its EL is independently obtained by electrical
injection. For both experiments, a single optical sys-
tem comprising a lens and a filter to remove the laser
emission is used.
From Eq. 6.30, the only uncertainty remaining is the

determination of EL-specific losses, γ. The primary
source of loss is imperfect charge balance in the
OLED EML. As discussed in Section 6.2.1, employing
blocking layers, particularly at the cathode side of the
EML, can ensure unity charge balance. Another
source of loss is triplet–polaron annihilation (TPA);
this can be reduced or nearly eliminated by measur-
ing the EL intensity at low current densities before
there is any evidence of roll-off, as in Fig. 6.22 at j > 2
mA/cm2. If TPA is insignificant, ηext vs. jOLED should
be constant over the range of currents used.
It is also important to eliminate recombination of

counter charges at traps. That is, a charge injected
into the EML may become trapped and then non-
radiatively recombine with its opposite at a defect.
There are several means to eliminate this source of
error. Since the trap density should be far lower than
the dopant density within the EML, traps would be
expected to fill at high currents. That is, the losses via
traps will saturate, leading to an increase in ηext with
jOLED, although the current may be sufficiently high to
introduce annihilation, as above. Furthermore, since
traps lie within the energy gap of the guest and/or

organic filmsmetal
cathode

filter

glass substrate/
ITO anodejinj

Si detector la
se

r

Figure 6.29 Experimental setup used in the measurement of OLED PL
and EL using a single optical system for both (Segal et al., 2003).
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host in the EML, their contributions to losses should
be temperature dependent. Hence, as T is reduced,
traps may become more or less active, depending on
their energy levels. Models for these various effects
have been developed and provide a reasonable ap-
proach to limiting potential errors. Employing this
analysis, it has been found the singlet fraction in the
archetype fluorescent small molecule Alq3, and the
polymer MEH-PPV is, to within experimental error,
25% (Baldo et al., 1999b, Segal et al., 2003).
Another means to measure spin statistics is to use a

structure where exciton transfer to a fluorescent dop-
ant from a fluorescent host (the subject of the meas-
urement) occurs in the presence or absence of a
phosphorescent “sensitizing” molecule. The fluores-
cent dopant in the absence of the phosphor emits only
via singlet recombination. The phosphor sensitizer
doped into the host harvests both singlets and triplets
in the host, followed by conversion of singlets to the
radiative triplet manifold via ISC. If a fluorescent
guest is also doped in the same region as the phos-
phor, the sensitizer can transfer its excitation to the
guest which is now capable of emitting at 100% effi-
ciency from both host singlets and triplets (see Fig.
6.30). The phosphor sensitizer is chosen to ensure
rapid Förster transfer to the fluorescent dopant.
Hence, measurement of the relative intensity of the
fluorophore-only device to that employing both the
phosphor and the fluorophore provides the ratio of
singlets to the total number of excitons generated in
the host, thus providing a direct and uncomplicated
measurement of χST.
A schematic of a device that exploits the sequential

transfer of excitons from host to phosphor to fluor-
ophore, is shown in Fig. 6.30a. This process is known

as phosphor sensitized fluorescence. It was first pro-
posed by Förster (1959), and is used in OLEDs to
generate 100% internal quantum efficiency via the
use of fluorescent dyes (Baldo et al., 2000b). This
process results in the transfer of all electrically
excited excitons (regardless of spin) in a host by a
high energy phosphor, to a fluorescent dopant
where they can radiatively recombine at the wave-
length determined by the fluorophores. In Fig. 6.30,
the blue fluorescent CBP host (emitting with a peak
wavelength of λ ¼ 400 nm) and the green Ir(ppy)3
phosphor is combined in the EML with the red fluor-
escent dye DCM2. DCM2 absorbs in the green
and emits at wavelengths between λ ¼ 570 nm and
650 nm. The ETL is Alq3, the hole and exciton block-
ing layer is BCP, and the HTL is TPD.
The transfer process in the phosphor sensitized

fluorescent OLED is shown in Fig. 6.30b. Both singlets
and triplets are generated on the host, and subse-
quently transferred to the phosphor whose S and
T energies are lower than that of the host. Singlets
transfer via the Förster process, whereas triplets trans-
fer via exchange, or Dexter interactions. Hence, the
concentration of the phosphor dopant must be suffi-
ciently high to allow for direct contact between the
host donor and phosphor acceptor molecules, which
typically ranges from 8% to 10%. The phosphor is co-
doped with the fluorescent “target” molecular spe-
cies. The transfer from phosphor to the dopant is
again via the Förster mechanism. Hence, the fluoro-
phore concentration must be sufficiently high to allow
for efficient Förster transfer but low enough (� 1%) to
discourage direct Dexter transfer of triplets from
the host to the fluorophore (Baldo et al., 2000b,
D’Andrade et al., 2001).
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Figure 6.30 Measuring spin formation statistics in CBP. (a) An OLED with an emission zone employing a CBP fluorescent host, doped either with 0.2% of
the fluorescent molecule DCM2, or with 8% Ir(ppy)3 + 0.2% DCM2. (b) Exciton formation pathways via electrical injection are shown, as well as energy
transfer pathways for both the singlet (S) and triplet (T) manifolds. The relative energies are indicated by vertical displacements of S and T.
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To quantify χST in the device in Fig. 6.30, we rewrite
Eq. 6.1 for the external EL quantum efficiency as

ηext ¼ χSη
f
PLηS þ χTη

p
PLηT

h i
γηout: ð6:31Þ

Here, χT ¼ 1� χSð Þ is the fraction of triplets and χS is
the singlet fraction. Also, ηfPL and ηpPL are the PL effi-
ciencies of fluorescence and phosphorescence of the
acceptor, ηS and ηT are the transfer efficiencies of
singlet and triplet excitons from donor to acceptor.

By quantitatively comparing the EL efficiencies
(ηfext and ηpext) of separate devices employing either
the fluorescent or phosphorescent dye, we can use
Eq. 6.31 to determine χS and χT provided that γ and
ηout are identical in both devices. As noted above, this
can be a source of error since it relies on an identical
setup for both experiments, and the outcoupling effi-
ciencies of both devices must also be the same. This
latter requirement can be particularly challenging
since the layer structures of fluorescent and phos-
phorescent OLEDs are inherently different, leading
to differences in the optical field within the OLEDs.

If all singlets are transferred (i.e. ηS ¼ ηT � 1), we
can obtain χS from the ratio of fluorescent and phos-
phorescent efficiencies to obtain (Baldo et al., 1999b)

χ
S
¼ η

T

ηpext
η f
ext

:
ηf

PL

ηp
PL

 !
� ð1� η

T
Þ:

ð6:32Þ

Since the ratios reflect relative measurements, the only
absolutemeasurement required is the triplet state trans-
fer efficiency from the host to the phosphor (i.e. ηT).

The efficiency of the phosphor sensitized fluores-
cent device in Fig. 6.30a is shown in Fig. 6.31. Here
the sensitized device, consisting of CBP doped with
8 wt% Ir(ppy)3 and 0.2% DCM2 has ηext ¼ 6% at j ¼
0.1 mA/cm2, decreasing to 3% at j ¼ 500 mA/cm2.
The roll-off is due to triplet–triplet annihilation (TTA,
see Section 6.3.5). For an analogous fluorescent device
doped only with 0.2% DCM2, the efficiency is only
1.3% at j ¼ 0.1 mA/cm2 which is characteristic of this
particular compound. This decreases to 0.6% at
500 mA/cm2 (D’Andrade et al., 2001). In the sensi-
tized device, both triplets and singlets are harvested,
whereas in the DCM2-only device, singlets are har-
vested. Hence, the ratio of these two efficiencies gives
the singlet fraction of χS ¼ 1.3/6 ¼ 0.22, independent
of current density, assuming complete energy trans-
fer. The energy transfer efficiency can also be obtained
from the relative fluorescence and/or phosphores-
cence intensities in the emission spectra of the various
devices. Should both spectral features coexist in a
single device, their relative intensities can be used to

infer ηS/ηT. The singlet fraction obtained from phos-
phor sensitized fluorescence is consistent with the
results obtained using the PL/EL experiments ap-
plied to MEH-PPV and Alq3 in Fig. 6.29.
Hence, we have seen that fluorescent OLEDs based

on small molecules (CBP and Alq3) and polymers
(MEH-PPV) have a singlet–triplet production ratio
of 1:3. Indeed, there do not appear to be convincing
examples where that ratio is violated in other fluores-
cent systems, although other measurement approaches
have led to a diversity of singlet fractions, ranging from
15% to 60% (Cao et al., 1999, Wilson et al., 2001,
Wohlgenannt et al., 2001, Wohlgenannt and Vardeny,
2003). These latter approaches, however, are subject to
greater uncertainties than those described above, and
hence are not considered further.

6.3.2 Fluorescent OLEDs

The first low voltage OLED was a bilayer fluorescent
device based on small molecules (Tang and VanSlyke,
1987), followed three years later by a fluorescent
polymer OLED (Burroughes et al., 1990). These
technological breakthroughs were preceded by the
observation of EL in a film of brilliant acridine orange
E (II) (Bernanose and Vouaux, 1953, Bernanose, 1955),
and later in a pure anthracene crystal, and one doped
at 0.1 mol. % with tetracene (Pope et al., 1963). In
the anthracene devices, contacts were made using
silver paste, hence this device was capable of unipolar
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Figure 6.31 External quantum efficiency vs. current density for the
fluorescent as well as for the phosphor sensitized fluorescent OLEDs. The
ratio of the quantum efficiencies between these two devices is a direct
measurement of the singlet fraction (D’Andrade et al., 2001, Segal et al.,
2003).

Reprinted figure with permission from Segal, M., Baldo, M. A., Holmes, R. J.,
Forrest, S. R. & Soos, Z. G. 2003. Excitonic singlet-triplet ratios in molecular
and polymeric organic materials. Phys. Rev. B, 68, 075211 Copyright 2003 by
the American Physical Society.

6.3 ELECTROLUMINESCENT PROCESSES 393



charge injection that was space-charge limited, follow-
ing j � V10. At 400 V and at a large current density of
100 μA/cm2, anthracene luminescence in the undoped
sample was observed, whereas tetracene fluorescence
was observed in doped anthracene. Due to the very
high currents and voltages necessary to observe weak
EL from unipolar injection, the phenomenon was at-
tributed to recombination following impact ionization of
the anthracene molecules. The flood of electrons liber-
ated on impact by high energy injected electrons re-
combine with holes left behind on the ionized
molecules. Luminescence was achieved at even higher
voltages (2000 V) applied to the acridine derivatives,
and was likely due to similar field ionization effects.
Bimolecular recombination in a 1–5 mm thick an-

thracene crystal due to injection of electrons and
holes from opposite electrolyte cathodes and an-
odes, respectively, resulted in emission of intense
blue fluorescence (Helfrich and Schneider, 1965).
The I–V and luminance voltage characteristics are
shown in Fig. 6.32. The light intensity was proportion-
al to bipolar space charge limited current. It was
estimated that the blue emission quantum efficiency
due to bimolecular recombination was �100%. The
internal resistance of the large anthracene crystals
resulted in operating voltages >100 V.
The demonstration of bipolar injection into an

anthracene crystal arguably represents a structure
similar to a polymer OLED (Helfrich and Schneider,
1965). However, anthracene has a much higher hole
than electron mobility, thereby requiring very high
voltage operation. Furthermore, OLEDs are thin film
devices as opposed to free-standing single crystals.
This is an important distinction, since an OLED is
interesting primarily because it has the potential for
large-scale integration in displays or lighting. The thin
films can be applied over large surface area glass,
plastic, metal or a range of other substrate materials
that provide support as well as mechanical durability.
This feature cannot be replicated by bulk crystals that
are typically very small (a few cubic millimeters, see
Chapter 2) and fragile.
A significant advance was, therefore, the demonstra-

tion of the bilayer OLED. The small molecular weight
device used an aromatic diamineHTL (which is similar
to the high hole mobility TPD molecule, shown in
Fig. 6.3a) and an emissive electron transporting Alq3
layer sandwiched between a lowwork functionMg:Ag
alloy cathode and an ITO anode (Tang and VanSlyke,
1987). Radiative recombination occurs on Alq3 with a
PL quantum yield of �30% (Garbuzov et al., 1996)
emitting intense green fluorescence at a peak wave-
length of λ ¼ 550 nm. The entire device comprised

amorphous organic thin films deposited by vacuum
thermal evaporation. In the first reported bilayer
OLED, the external quantum efficiency was �1%. Im-
portantly, the voltage needed to achieve an easily vis-
ible emission was only � 5V.

6.3.2.1 Exciton diffusion and confinement
in multilayer small molecule OLEDs

A disadvantage of the bilayer structure in Fig. 6.3 is
that it requires individual layers to serve multiple
purposes, for example, both light emission and
charge conduction. Further, single layer or bilayer
(single HJ) devices lack a region that confines a
high density of excitons required for bright light
emission. The exciton distribution in the bilayer de-
vice, nevertheless, is far more confined than in earl-
ier, single layer structures.
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The exciton density distribution, and its effects
on the emission properties of OLEDs was first ex-
plored in the bilayer and triple layer devices shown
in Fig. 6.33 (Adachi et al., 1991). The exciton density
distribution was inferred by placing a 1 nm thick
layer of the dopant, thiadiazole, that forms a charge
transfer complex with the host (NSD) emitting at
630 nm (Fig. 6.33) at different distances from the
contacts or HJs, and then measuring the emission
from that fluorophore. The thiadiazole thus acts as
a sensor layer whose emission is distinct from the layer
in which it is embedded, and whose intensity is pro-
portional to the local exciton concentration.
Figure 6.33a shows a bilayer, single HJ OLED (SH-A)
comprised of a TPD HTL and a naphthylstyrylamine
derivative (NSD) EML that is preferentially electron
conducting. The second device in Fig. 6.33a (SH-B)

replaces the HTL with a PBD ETL. Finally, the double
heterostructure (DH) comprises a sandwich with the
emitting layer placed between an independently opti-
mized ETL and HTL. The cathodes consist of a low
work function Mg-Ag contact, and the transparent
anode was ITO (Adachi et al., 1990).
The exciton distribution obtained from the relative

EL intensities of the thiadiazole and the transport
layers in a single layer device in Fig. 6.33b is spread
over 75 nm,with the peak nearest to the cathode due to
the larger hole mobility of the NSD EML compared to
electron mobility of the PBD ETL. The shape of the
distribution is exponential due to the dependence of
the exciton density (N(x)) on its diffusion length (LD)
given by

NðxÞ ¼ N0 expð�x=LDÞ: ð6:33Þ
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Figure 6.33 (a) Three devices used in determining the spatial extent of the exciton distribution in fluorescent OLEDs. SH-A is a bilayer device consisting of
an electron conducting EML, SH-B consists of a hole conducting EML, and DH is a double heterostructure with the EML sandwiched between an HTL and
ETL. (b) Emission from a series of single layer OLEDs comprising only the EML molecule, NSD. A 1 nm thick thiadiazole dopant slab is placed at varying
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structural formulae are shown at the bottom. After Adachi et al. (1991).
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Here, N0 is the exciton density at the point of origin.
The dopant emission dominates the spectrum at a
distance of only 50 nm from the cathode, indicating
that excitons generated beyond this point do not
significantly contribute to the luminance. This broad
distribution also results in a luminance that is 104–106

times less than for SH-A and SH-B, respectively. The
more confined distribution using a hole conducting
EML is apparent for SH-B, as shown in Fig. 6.33c.
Here, the exciton population extends only as far as
20 nm. The emission is almost entirely from the dopant
at longer distances, and the device is far brighter than
the single layer device. A similar result is obtained for
SH-A, which is the most efficient of the several struc-
tures investigated.
These observations suggest that almost all excitons

are generated within 5–10 nm of the charge trans-
port/EML or injecting contact/EML interfaces in bi-
layer and single layer devices, respectively. This
conclusion is supported by comparing the luminance
of the DH and SH-B devices as functions of EML
thickness in Fig. 6.34. Since excitons in the DH struc-
ture are confined by the larger energy gaps (and
hence energy barriers) of the ETL and HTL layers in
the EML, quenching is eliminated. Indeed, the lack of
dependence of the luminance on layer thicknesses (in
contrast to the strong dependence of the SH-B device)
as small as 5 nm suggests that excitons are formed
within only a few monolayers of the injecting inter-
faces. This is apparently the first example where a
double heterostructure was used to achieve balanced

hole and electron injection (i.e. where γ!1) where
injected charges are confined by the energy barriers
surrounding the EML (Adachi et al., 1990).

6.3.2.2 Energy transfer and luminescent layer
doping in fluorescent OLEDs

An important advance toward high efficiency and
long lifetime was achieved by doping the EML with
a fluorescent acceptor guest molecule in a donor host
(Tang et al., 1989). This separates charge conduction
on the host from emission on the guest, thereby al-
lowing for independent optimization of the materials
to carry out their separate functions. The exciton can
be formed on the conductive host molecule, in which
case complete transfer to the guest is required, or it
can form directly on the emissive guest molecule it-
self. Thus, there are three mechanisms for exciting the
guest molecule:

(i) Fluorescence (or Förster) resonant energy transfer
(FRET): This is the principal energy transfer mech-
anism in fluorescent guest–host OLED systems
where the exciton is formed by recombination of
the injected electron and hole on the host (donor),
and then transferred to the guest (acceptor). As
discussed in Section 3.8.1, FRET requires that the
host molecule have a high radiative efficiency, and
hence is active in the transfer of singlet excitons
between fluorescent molecules. From Eqs. 3.233
and 3.234, the rate of energy transfer is given by

kET ¼ 1
τD

R0

RDA

� �6

; ð6:34Þ

where τD is the natural lifetime of the donor, RDA

is the distance between donor and acceptor mol-
ecule, and R0 is the Förster radius:

R6
0 ¼ Aλ

ð
λ4fDðλÞαAðλÞdλ: ð6:35Þ

Here, fD(λ) is the emission spectrum of the donor,
αA(λ) is the absorption spectrum of the acceptor
molecule, andAλ is a constant. When R0 = RDA, the
transfer efficiency is 50%. As in Chapter 3, R0 ¼
3–5 nm is typical for many fluorescent guest–host
systems. Since a common molecular dimension is
�1 nm, concentrations of 1–3 wt% of the dopant
are sufficient to achieve a very high FRET
efficiency.

(ii) Exchange (or Dexter) energy transfer: When the host
exciton is non-emissive, direct contact between
guest and host molecules allows for exchange
energy transfer. This is not a useful process for
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Figure 6.34 Luminance of DH and SH-B devices vs. EML thickness.
Inset: Relative energies (in parentheses) of the ETL, HTL and EML taken
from the EL spectra of OLEDs. Since the HOMO and LUMO energies are
unknown relative to vacuum, a space is left between each material
indicating only the magnitude of the optical energy gaps (Adachi et al.,
1990).
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fluorescent molecules since such a high density of
guest molecules (�5–10 wt%) leads to concentra-
tion quenching of the luminescence. This is due
to intimate coupling between nearest neighbor
molecules that opens up non-radiative recom-
bination channels, such as phonon-assisted
relaxation of the excited state. Also, at low dop-
ing, there is a reduced opportunity for excitons
on adjacent excited molecules to annihilate; a
phenomenon that becomes particularly pro-
nounced at high intensities. However, transfer
of the host triplet and singlet states to a triplet-
emitting molecule such as a transition metal
phosphorescent complex can occur by the spin-
conserving Dexter mechanism (Baldo et al.,
1998). In. Section 6.3.3, we showed that the
phosphor dopant concentration must be consid-
erably higher than that used for fluorescent
OLEDs to achieve high efficiency. Again, refer-
ring to Section 3.8.2, the exchange transfer rate is
given by (Eqs. 3.242 and 3.243)

kET ¼ 2π
ħ
Γ2
ð
fDðλÞσAðλÞdλ; ð6:36Þ

where the orbital overlap between donor and
acceptor is given by

Γ2 / q2

ð4πε0Þ2nrR2
DA

expð�2RDA=LÞ: ð6:37Þ

Here, L is the intermolecular spacing as deter-
mined by van der Waals forces of the molecules,
and nr is the refractive index. Hence, the rate of
exciton transfer falls off exponentially with dis-
tance between guest and host.

(iii) Direct charge trapping on the dopant: Direct charge
injection onto the emissive guest molecule
from the ETL and/or HTL can result in exciton
formation that bypasses the host entirely. Similar-
ly, the host molecule can be used to transport one
of the charge carriers to the emitting guest mol-
ecule, taking advantage of the higher mobility
of the host than the guest for that particular
charge. Charge trapping is illustrated in Fig. 6.35.
Trapping can excite either fluorescent or phos-
phorescent molecules since the processes are
spin-independent. However, the exciton forma-
tion statistics are the same for direct charge trap-
ping as for exchange and FRET processes. That
is, 25% of excitons formed by trapping will be
singlets, with the remainder being triplets. This
excitation mechanism is particularly prevalent in
blue emitting OLEDs and PHOLEDs, where the

choice of high energy hosts that can efficiently
exothermically transfer excited states from host
to guest is limited (Holmes et al., 2003a).

Figure 6.36 shows the OLED EL spectra due to
FRET in an EML comprising an electron conducting
Alq3 host doped with 1 mol. % of the green fluoro-
phore, coumarin 540, or 0.25 mol. % of the red emit-
ting, DCM1. The OLED emission from the doped
devices is compared with that from an undoped
Alq3 EML. The EML is 60 nm thick, and is sand-
wiched between a Mg:Ag cathode and a 75 nm thick
TAPC HTL on an ITO anode. The lack of Alq3 emis-
sion from the DCM1OLED indicates complete Förster
energy transfer, even at only 0.25 mol. % dopant
concentration. However, a small shoulder on the
long wavelength edge of the coumarin 540 spectrum
indicates residual Alq3 emission. The higher energy of
this dopant reduces the overlap between its emission
spectrum and the absorption spectrum of the host,
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Figure 6.35 Two example direct trapping processes. (a) Electron and
hole trapping from the LUMO of the ETL and the HOMO of the HTL onto
the LUMO and HOMO levels of the dopant (dashed lines). (b) Trapping
from the HOMO of the HTL to that of the dopant, and direct trapping from
the host (solid line in the EML) LUMO to that of the guest.
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et al., 1989).
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thus making FRET somewhat less efficient than for
the red-emitting device. However, both doped
OLEDs have nearly twice the efficiency of the neat
Alq3 device. The higher efficiency is a consequence of
the low doping of the fluorescent centers.
In a set of experiments analogous to those in

Fig. 6.33, the doped devices were modified by insert-
ing a thin (4 nm) doped DCM2 exciton sensing layer
at various distances from the HTL/Alq3 interface. The
ratio of green emission intensity from Alq3 to red
emission from DCM1 is used to quantitatively deter-
mine the exciton diffusion length, LD, from the inter-
face using (Tang et al., 1989)

ηextðλÞ ¼ ð1� expð�x=LDÞÞηAlqðλÞ
þ expð�x=LDÞηDCM2ðλÞ: ð6:38Þ

Here, ηAlq and ηDCM2 are the external quantum effi-
ciencies of the neat Alq3 and the Alq3/DCM2 doped
OLEDs, respectively. Using this procedure, an ex-
citon diffusion length of 20 nm is obtained for Alq3.
This is somewhat longer than obtained via more
direct methods, where LD � 8–15 nm is typical of
singlet excitons in several fluorescent materials (Wu
et al., 2005, Lunt et al., 2009). The difference may be
due to uncertainties in sensing layer thickness, ex-
citon generation at sites near, but not at the HJ,
charge trapping by the low energy LUMO or
HOMO of the dopant compared to the host, or
quenching at electrodes.
Doping of a luminescent molecule into a host can

result in spectral shifts arising from the solid state
solvation effect (SSSE, see Section 3.6.7). Here, the
dipole field from a host molecule interacts with
the dipole of the emitting molecular species, changing
the local electric field. This results in a change in the
relative stability of the ground and excited states,
leading to a concomitant change in the exciton en-
ergy. Devices based on the dipolar fluorophore,
DCM2 (with a dipole moment of p ¼ 11 D), exhibited
a rigid red shift attributed to solvation of the dipolar
DCM2 in the Alq3 matrix (p ¼ 5.5 D) (Bulovic et al.,
1998c). Since that early experiment, SSSE has been
observed in numerous fluorescent systems (Green
et al., 2013, Chang et al., 2015).
Color tuning of OLEDs via solvatochromism is

shown in Fig. 6.37. The device in the inset consists of
DCM2 mixed into the relatively non-polar TPD HTL
(p ¼ 1.5 D). A rigid and dramatic bathochromic shift
of 0.25 eV in the OLED EL spectra as the relative
concentration of DCM2, Q, increases from 0.009 to
0.11 results from an increase in the average dipole
moment of the binary mixture (Bulovic et al., 1999).

At the smallest concentrations, the mixture is only
weakly polar due to the TPD, but as the DCM2 frac-
tion increases, the emitting molecule is in an increas-
ingly dipolar environment due to nearby DCM2
molecules.
Including Alq3 as a second dipolar dopant into the

EML increases the color tuning range. The peak
emission wavelength as a function of both DCM2
and Alq3 fraction (Z) in TPD is shown in Fig. 6.38a.
The spectral peak shifts from 570 nm at low DCM2
concentration in TPD, to as long as 650 nm for
DCM2 in Alq3. In all devices, the DCM2 spectral
shift was rigidochromic, that is, there was no appar-
ent spectral broadening as the peak position
changes. Rigidochromism is a distinguishing charac-
teristic of SSSE.
Since Alq3 emits in the green, and TPD in the blue,

a large color gamut extending across a significant
fraction of the visible spectrum (including the iso-
chromic white point) is accessible by variations of
concentration of the molecular constituents (see
Fig. 6.38b). However, the quantum efficiency is also
a function of DCM2 and Alq3 concentrations. The
peak ηext ¼ 0.7% at j ¼ 1 mA/cm2 and Z ¼ 0.2, but
falls to 0.2% at Z ¼ 0.1 for a DCM2 concentration of
1.5%. The loss in ηext is due to the reduced Förster
energy transfer efficiency from TPD to Alq3 to DCM2
at low Z as the Förster radius becomes comparable
to the molecular spacing. At higher Alq3 and TPD
concentrations than Z ¼ 0.2, the reduced efficiency
results from increased concentration quenching
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Thompson, M. E. & Forrest, S. R., Tuning the color emission of thin film
molecular organic light emitting devices by the solid state solvation effect.,
317-322, 1999, with permission from Elsevier.
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between host molecules. Hence, while SSSE can be
useful in tuning the OLED color coordinates, it
comes at the cost of reduced efficiency as the con-
centrations of dopant and hosts are adjusted to reach
the desired emission color.

6.3.2.3 Small molecule fluorescent dopants
and hosts

The variety of materials used in OLEDs, whether they
are for injection, charge transport or emission, is enor-
mous, and its proper treatment would consume a

volume all by itself. Due to the advent of exception-
ally high efficiency of PHOLEDs compared to their
fluorescent analogues, work on fluorophore discov-
ery has recently been almost entirely directed at blue
emitting materials combinations whose operational
lifetime still exceeds that of blue PHOLEDs. In this
section, we will briefly highlight advances in red,
green and blue fluorescent dopants and hosts. The
purpose is to introduce representative materials and
the challenges faced in finding practical materials for
use in modern OLEDs. For a more comprehensive
discussion, the reader is referred to the many review
papers on this topic (Chen, 2004, Wen et al., 2005,
Jeong et al., 2015, Jou et al., 2015).
Light emitting dopants must satisfy several condi-

tions to be of interest. (i) They must emit with the
desired color coordinates. For displays, the emission
colors should be close to the coordinates required
either for sRGB or NTSC standards in the red (R),
green (G), and blue (B) (see Section 6.2). For lighting,
the white isochromic point can be accessed by three
(or more) colors (R, G, B), or by only two colors at
the end of a line extending from blue-green to yellow.
There is little need, except for specialized purposes
to develop OLEDs emitting at other color coordin-
ates. (ii) Their luminance intensity must be suffi-
ciently high for the intended application (typically
at least 500 cd/m2 for displays and 3000 cd/m2

lighting). (iii) They must have high efficiency, and
in particular their PL quantum yield must approach
unity. (iv) They must be stable, leading to a long
OLED operating lifetime.
In Tables 6.3, 6.4, and 6.5, we list example dopant/

host combinations employed in red, green, and blue
fluorescent OLEDs, respectively. The materials in-
cluded in these tables do not undergo TADF, a topic
that is the subject of Section 6.3.4. However, devices
with exceptionally high (>5%) fluorescent external
quantum efficiencies may have some degree of de-
layed fluorescence, or they may preferentially align-
with their transition dipole moments (TDMs) parallel
to the substrate plane, thus increasing the outcoupling
efficiency, ηout, to greater than �20% expected for
OLEDs on flat glass substrates (Section 6.6.5).
The external quantum efficiencies listed are generally
< 5%, which is consistent with a maximum singlet
spin formation ratio of χS ¼ 25%.
With four exceptions (guest–host systems 5R, 7R,

10R, 11R, Table 6.3), all red emitting devices employ
only Alq3 as the electron conducting host material.
The alternative host is rubrene doped with DBP
(Okumoto et al., 2006a) and TPD doped with DCM2
(Bulovic et al., 1999). The latter device emits in the
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Reprinted from Chemical Physics Letters, 308, Bulovic, V., Deshpande, R.,
Thompson, M. E. & Forrest, S. R., Tuning the color emission of thin film
molecular organic light emitting devices by the solid state solvation effect.,
317-322, 1999, with permission from Elsevier.
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Table 6.3 Representative red fluorescent guest–host systems

No. Dopant Host Dopant
conc.

λmax

(nm)
ηext
(%)

Lum. eff.
(cd/A)

CIE
coord.

Comments Ref.

1R
N

O

CN
NC

DCJTB

N
N

N

O
O

O
Al

Alq3

1% 616 2.45 0.60, 0.39 (Lee et al.,
2010b)

2R

Rubrene + DCJTB

Alq3 2%
DCJTB +
5%
rubrene

620 3.24 0.64, 0.35 Rubrene assists
in energy
transfer from
host to dopant

(Liu et al.,
2003)

3R

N

O

O

O

Red 2

Alq3 0.5% 638 2.31 0.63, 0.36 (Lee et al.,
2010b)

4R

N

O

NC CN

OJ2

Alq3 1% 614 3.27 6.46 0.62, 0.38 Charge balance
established
using
bathocuproine
blocker

(Chang
and Chow,
2011)

5R

N

O

NC CN

DCM2

N N

CH3 H3C

TPD

1.5% 590 0.38 0.52, 0.48 Orange (Bulovic
et al.,
1999)

6R DCM2 Alq3 1.5% 623 0.38 0.60, 0.39 (Bulovic
et al.,
1999)

7R DCM2 20%Alq3+80% TPD 1.5% 612 0.8 0.23, 0.44 Yellow due to
Alq3 emission

(Bulovic
et al.,
1999)

8R

CH3

CH3
N

O

NC CN

DCM1

Alq3 0.25% 590 2.3 0.52, 0.48 Orange (Tang
et al.,
1989)

9R

NEt2 NEt2OO O O

O

NKX2221

Alq3 1% 575 1.6 0.46, 0.51 Orange (Fujikawa,
2002)

10R

DBP

Rubrene 1% 610 4.7 5.4 0.66, 0.34 (Okumoto
et al.,
2006a)

11R NN
S

N

TPA-BZP

588 3.8 8.84 0.55, 0.45 Undoped (Wang
et al.,
2016)
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orange due to incomplete energy transfer from the
blue fluorescent TPD, thus allowing for dilution of
the pure red emission of DCM2 by a small blue peak.

Interestingly, a high efficiency, orange-red device
(11R) is obtained with a neat thiazole-containing moi-
ety, TPA-BZP (Wang et al., 2016). This is probably
enabled by the twist of the molecule of approximately
40–50° at each of the three single C–C bonds along the
molecular longitudinal axis that sterically hinders the
molecules from close packing in the solid state. The
limited packing reduces concentration quenching
often found in more planar molecular systems.
A similar molecule (CzP-BZP) also shows very high
efficiency green emission in an undoped EML (7G,
Table 6.4). The non-planar motif is used in the design
of blue emitting chromophores due to their tendency
to exhibit red-shifted exciplex emission when closely
packed.

It is notable that the difference in structures between
the red and green emitting BZPmolecules lies only in a
single bond: the carbazole donor of the green emitting
CzP-BZP that links the two phenyl groups is absent in
TPA-BCP. This bond results in a shift in emission to
well into the green. The strong donor character of the
latter molecule creates a low energy CT state that is
only weakly hybridized with the local, singlet exciton.
This is in contrast to the reduced donor character of the
carbazole group in CzP-BZP that results in a higher
degree of singlet localization, thus lifting the energy of
emission into the green. This pair of molecules is an
example of how minor molecular structural modifica-
tions can result in significant changes in the donor or
acceptor character and charge distributions, and con-
sequently the excited state energies.
There are many other molecules that have been

investigated for their saturated red emission. Most

Table 6.4 Representative green fluorescent guest–host systems

No. Dopant Host Dopant
conc.

λmax

(nm)
ηext
(%)

Lum. eff.
(cd/A)

CIE
coord.

Comments Ref.

1G

H5C2

H5C2

S
N

N OO

Coumarin 540

N
N

N

O
O

O
Al

Alq3

1% 510 2.5 (Tang et al.,
1989)

2G

H3C
H3C

CH3

CH3

CH3 N

S

N OO

Coumarin 545P

Alq3 1% 480 11.3 0.31, 0.65 (Lee et al., 2004)

3G

CH3

CH3

CH3H3C N

S

N OO

Coumarin 545T

Alq3 1% 480 10.4 0.30, 0.64 (Lee et al., 2004)

4G Coumarin 545T

TPBA

0.8% 500 9.3 29.8 0.24, 0.62 High efficiency
possibly results
from molecular
alignment

(Okumoto et al.,
2006b)

5G N

N
O

O

DMQA

Alq3 0.8 544 7.3 0.39, 0.59 (Shi and Tang,
1997)

6G Alq3 560 1.0 0.30, 0.55 Undoped (Tang and
VanSlyke, 1987)

7G
N

NN
S

CzP-BZP

538 6.95 24 0.34, 0.60 Undoped (Wang et al.,
2016)
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notable are the metal-free phenyl porphyrin deriva-
tives (Shen et al., 1997).A comprehensivedescription of
many of these compounds is found elsewhere (Chen,
2004). They have not been included in Table 6.3 due to
their low efficiencies (typically <1%), and hence are of
limited technological significance.
Almost all efficient green fluorescent dopants are

based on some variation of either coumarin or quin-
acridone. As in the case of red devices, the most
commonly used host is Alq3. An exceptionally high
efficiency is achieved by doping Coumarin 545T in
TPBA (4G) (Okumoto et al., 2006b). It is unclear why
this particular device has an external quantum effi-
ciency of 9.3% that implies a singlet fraction > 25%.

Indeed, assuming ηout � 20%, an external quantum
efficiency of �5% is the maximum value achievable
for 100% singlet emission efficiency. Violation of
spin statistics is unlikely, given that a similarly
doped device employing Alq3 as the host shows
efficiency well below 5%. Two possibilities that
would explain the high efficiency achieved with cou-
marin 545T/TPBA is preferential horizontal align-
ment of the excited state dipole moment relative to
the substrate arising from the planarity of both dop-
ant and host molecules, or additional emission via
delayed fluorescence.
Table 6.5 lists several representative deep blue

emitting fluorophores. Many approaches to blue

Table 6.5 Representative blue fluorescent guest–host systems

No. Dopant Host Dopant
conc.

λmax

(nm)
ηext
(%)

Lum. eff.
(cd/A)

CIE
coord.

Comments Ref.

1B N

TPAXAN

428 4.62 0.16, 0.05 Undoped (Kim et al.,
2013a)

2B

TBDNPA

444 5.17 2.6 0.15, 0.09 Undoped (Zheng et al.,
2010)

3B

Me

Me

DMPPP

446 5.2 5.2 0.15,0.11 Undoped (Wu et al.,
2008)

4B N

H3C

MADN

10% 460,
484

7.72 10.9 0.15, 0.20 Two spectral
peaks due to
vibronics

(Lee et al.,
2011b)

5B N
Si

MADN 5% 458,
481

7.35 9.8 0.15, 0.20 Two spectral
peaks due to
vibronics

(Lee et al.,
2010a)

6B
N

N

BD-6MDPA

MADN 5% 462 8.16 9.1 0.14, 0.16 (Jeon et al.,
2010)

7B
N

N N

N

PPIP

462 6.31 7.5 0.15, 0.14 Undoped (Kuo et al.,
2009)

8B N N

BN1

N N

BN2

5% 450 8.6 4.9 0.16, 0.11 (Wei et al.,
2010)

9B
N

N

N

TPA-PPI

434 5.0 5.7 0.15, 0.11 Undoped (Li et al.,
2012)

10B R

DPFS

MADN 15% 456 5.6 6.0 0.15, 0.13 (Kim et al.,
2010)
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emission start by employing a small polycyclic aro-
matic hydrocarbon with high fluorescence efficiency
in the blue, such as anthracene, pyrene, or fluorene.
These planar emitting molecules have the advantage
of being exceptionally thermally stable. Unfortunately,
their planarity leads to a tendency to form extended π-
stacks, and hence in the solid state they typically emit
from low energy excimers. This results in undesirably
broad and low efficiency emission shifted to the green
or red. Hence, the designmotif leading to efficient blue
emission involves the addition of bulky side or end
groups that are attached to the luminescent center
along a conjugated molecular backbone. These groups
twist out-of-plane to prevent close packing.

Examples of this molecular design strategy are the
xylene- and dinaphthal-anthracenes (compounds 1B,
2B, Table 6.5) that connect bulky end groups via inter-
mediate phenyl moieties. The twist along the back-
bone of TPAXAN shown in Fig. 6.39, is due to
repulsion of electronic orbitals in neighboring mo-
lecular groups. A similarly sterically hindered design
is employed for the dimethylphenyl dipyrene mol-
ecule, DMPP (3B). In that case the emitting pyrene
moiety appears as end capping groups about a central
phenyl ring. An alternative strategy to create steric
hindrance is to use a spiro architecture such as the
spirofluorene and similarly bulky molecules 4B and
6B, or to attach a very bulky end cap, such as the Si-
based group in 5B.

Blue luminance in the absence of a planar aromatic
molecular core can be achieved by a dipolar molecule
that contains both an electron donating (d) and accept-
ing (a) group at opposite ends of its conjugated back-
bone, such as compound 9B. This approach shifts the
emission from the red to the green for the donor-
acceptor species 11R and 7G. The challenge of employ-
ing d-a structures in the blue is that they formCT states
as precursors to the emitting localized exciton (LE)
state. The CT state has a low energy and hence may
result in unacceptable red shifts in emission. Hence, 9B
consists of a very high energy, violet-emitting PPI
donor group with a peak wavelength of λmax ¼ 369

nm attached to a triphenylamine (TPA) acceptor via a
biphenyl moiety that introduces a twist between the
TPA and PPI. This results in a partial decoupling of
their electronic orbitals, red shifting the emission.
OLEDs using 9B reach 5% external efficiency in the
deep blue at λmax ¼ 438 nm (Li et al., 2012).
Although blue emitting molecules are designed to

sterically inhibit stacking, several unusually high ex-
ternal efficiencies> 5% (e.g. 4B–8B) suggest that these
species orient with their planar emitting moieties par-
allel to the substrate plane, that is, the transition dipole
moment (TDM) is oriented such that emission is prin-
cipally at angles less than that which results in TIR in
the substrate (approximately within a cone with half
angle of 20°, see Section 6.6). Alternatively, the high
energy of the singlet excited state may lead to add-
itional delayed fluorescence from TTA.
Steric hindrance often eliminates the need for dilu-

tion in a wide energy gap host. Indeed, the very high
energy of the blue singlet state significantly limits the
choice of hosts that do not trap charges or excitons at
lower lying energy states. Trapping siphons energy
away from the emitting molecule, thus reducing effi-
ciency. Hence, with only a few exceptions (4B–6B, 8B,
10B), blue fluorescent OLEDs do not employ a host
molecule in the EML.
To confine the blue excitons within the EML, many

devices include a blocking layer with a higher energy
gap than the dopant (or host) in the EML. These layers
can be occasionally found in green and red fluores-
cent OLEDs as well. As discussed throughout this
chapter, the OLED comprises many layers ranging
from charge transport and injection layers, to the
guest–host emitting system, and blocking layers. The
materials used for these purposes are highly diverse,
with many different solutions applied to OLEDs emit-
ting in different regions of the spectrum. Those inter-
ested in exploring this topic are referred to texts in
Further reading to learn more about the challenges and
solutions arrived at for achieving a diversity of high
performance OLED structures. In particular, compre-
hensive treatments of charge transporting, blocking,
and injecting materials can be found in O’Brien et al.
(1998), Kulkarni et al. (2004), Shirota and Kageyama
(2007), Gaspar and Plikarov (2015), Ho et al. (2015),
and Jou et al. (2015).

6.3.2.4 Fluorescent polymer OLEDs

Polymer OLEDs were first demonstrated by spin
coating a 70 nm thick film of PPV onto the surface
of a glass substrate with a pre-deposited ITO anode
(Burroughes et al., 1990). While this thin film device
had a relatively low operating voltage of �13 V,
the electric field required to produce measurable

Figure 6.39 Three-dimensional (3D) molecular structure of TPXAN
(compound 1B, Table 6.5) showing a pronounced twist of the groups
attached to the C–C bonds along the molecular backbone. The twist is
due to electronic repulsion between neighboring functional groups (Kim
et al., 2013a).
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luminescence was 2 � 106 V/cm. This is three orders
of magnitude higher than required in the anthracene
single crystal EL device in Fig. 6.32, but only margin-
ally higher than in the Alq3-based bilayer device in
Fig. 6.3. The PPV voltage, therefore, is low only due to
the thinness of the PPV film. Due to the limited ability
of PPV to conduct electrons whose mobility is consid-
erably less than that of holes (Blom et al., 1996), and its
low PL quantum yield of 8%, the external fluores-
cence quantum efficiency was only �0.05% for emis-
sion in the yellow-green spectral region with a peak at
2.2 eV (�565 nm wavelength).
In previous sections we have shown the benefits of

using multilayer structures to achieve high perform-
ance. However, the challenges encountered in mak-
ing devices comprising several solution-processed
layers have given rise to strategies that circumvent
this limitation. For example, blending a second poly-
mer with improved electron conducting properties
into an otherwise hole conducting emissive polymer
layer, or using polymers that can support bipolar
charge conducting via side chain or main chain func-
tionalization, are two approaches to reducing the
operating voltage. Significant early improvements
were realized by employing more luminescent poly-
mers with improved charge balance (i.e. where the
electron and hole mobilities are approximately
equal) compared to PPV-based devices. Improved
charge injection is achieved by replacing the Al cath-
ode (which forms an insulating oxide barrier) with
Ca or Ba (Cao et al., 1999).

Many improvements have also been realized by
employing multilayer structures along with the light
emitting polymer blends that have both hole and
electron conducting functionality. As discussed pre-
viously, charge injection and exciton formation can
occur by numerous routes, even in simple two and
three layer devices. Mechanisms for charge transport
and exciton formation in single layer blend and
bilayer polymer OLEDs are summarized in Fig. 6.40.
In Fig. 6.40a, a large energy gap host polymer trans-
ports both electrons and holes that become trapped
by the smaller energy gap, light emitting guest.
A disadvantage of this structure is that the host is
called upon to transport both charge carriers with
nearly equal mobilities to avoid forming the emission
zone near one of the contacts. This can lead to exciton
quenching at the electrodes, and an emission zone
position that is dependent on current and voltage.
The shifting position of the emission zone results in
a variable optical outcoupling efficiency, depending
on the brightness.
Figure 6.40b partially resolves this problem by using

the guest lumophore to conduct one of the charge
carriers (electrons), with the host conducting the op-
posite charge (holes). Thus, the guest may be opti-
mized for both its luminescence efficiency and its
ability to conduct one of the two charges, while the
host provides a high mobility medium for transport of
the counter charge. Figure 6.40c has the same problems
as Fig. 6.40a since the guest is responsible for both
electron and hole conduction and exciton formation.

(f )(e)(d)

(c)(b)(a)

Figure 6.40 Charge transport and exciton formation in single layer blend (a–c) and bilayer type II heterojunction (e–f) OLEDs. The dashed lines in a–zc
indicate the energy levels of the light emitting polymer species. The ellipses represent excitons (McNeill and Greenham, 2009).
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Doping a luminescent guest within a “passive” host
may result in higher luminance due to a reduction in
concentration quenching, although a low guest–host
blend ratio also decreases the conductivity, thereby
increasing operating voltage.

Figures 6.40d–f show bilayer devices where the
functionalities of the two materials forming the
type II (staggered) HJ are separately optimized.
Figure 6.40d represents a device in which excitons
are formed in the high electron mobility layer due to
leakage of holes from the opposite layer into the
ETL/EML interface region. Of course, the opposite
situation can also be engineered, where the EML is
within the HTL. In Fig. 6.40e, emission is from an
exciplex (i.e. a CT state) formed across the interface.
This route dominates when the energy level offsets at
either the HOMO or LUMO edges of the contacting
semiconductors are too high to allow for leakage into
the adjacent layer (Fig. 6.40d), thus preventing direct
exciton formation. The final case, Fig. 6.40f shows the
formation of a precursor CT state that subsequently
transfers into one of the polymers to form a localized
exciton. As in Fig. 6.40d, this structure relies on suffi-
ciently small energy barriers (�kBT) at either the
HOMO or LUMO energies to allow for charge hop-
ping across the heterointerface at room temperature.

An efficient, green emitting multilayer polymer
OLED comprising separate layers for hole injection,
emission and electron injection is shown in Fig. 6.41.
This �130 nm thick device is effectively a combination
of strategies shown in Fig. 6.40a andd,where the 40 nm
thick PEDOT:PSS/10-15 nm thick TFP layer delivers
holes to the 70 nm thick ambipolar conducting and
emitting F8BT EML, and electrons are transported to

the EML by the �10 nm thick CPE EIL. The CPE com-
prises a poly[(9,9-bis(80-(300-methyl-100-imidazolium)
octyl)-2,7-fluorene)] brominated polyelectrolyte back-
bone functionalized by one of the two groups shown
(2,7-(9,9-dioctylfluorene) in F8im-Br, and benzo(2,1,3)
thiadiazol-4,8-diyl in F8imBT-Br). In spite of the pres-
ence of the ionic Br� and imidazole cation, these devices
showed surprisingly fast electroluminescent switching
(<10 μs), along with a maximum ηext ¼ 5.1%, and
luminous efficiency of 10.8 cd/A at 100 cd/m2 (for
F8imBT-Br). The F8BT emits in the green with peak
intensity at approximately 550 nm. Taken together,
this multilayer structure shows a remarkable improve-
ment in characteristics compared to single layer poly-
mer OLEDs.
The TFB layer in the OLED is used as both an

exciton and electron blocking layer. Its energy gap
(>3.0 eV) is wider than that of F8BT (�2.3 eV), hence
preventing excitons from diffusing to the PEDOT:PSS
HIL where they are quenched. Also, electrons injected
from the cathode stop at this interlayer (Kim et al.,
2005). Due to these benefits, interlayers are now com-
monly employed in efficient polymer OLEDs.
Interestingly, TFB:F8BT OLEDs form type II HJs,

resulting in exciplex emission, as illustrated in
Fig. 6.40e. A characteristic of exciplex emission is
that it is potentially “lossless,” that is, the exciplex is
formed without encountering an energy barrier be-
tween the free polarons and the excited state
(Morteani et al., 2003). This is apparent from the low
(< 2V) voltage needed at the onset of current and
luminance in Fig. 6.42. The photon emission from
F8BT is 2.29 eV (corresponding to λmax ¼ 538 nm),
which is below the threshold for luminance turn-on.
The exciplex emits at 2.1 eV (580 nm), with a tail
extending into the NIR at 1.8 eV (Fig. 6.42, inset),
which is accessible at the low turn-on voltage ob-
served. The “energy barrier free” exciplex emission
occurs >10 ns after the onset of the exciton emission; a
delay that arises from slow diffusion of the exciton
and charges from the F8BT to the HJ.
Photon emission at applied voltages less than the

band gap is a well-known phenomenon in inorganic
light emitting diodes. This “sub-bandgap emission” is
due to charge diffusion to and band-to-band recom-
bination in the quasi-neutral regions adjacent to
the p-n junction. Thus, weak emission can be ob-
served with sufficiently sensitive detection equipment
at an arbitrarily low voltage. Similarly, it has
been shown that OLEDs can emit at well below the
energy gap of the emitting material as a result of
similar drift-diffusion driven by the built-in potential
of the organic HJ (Engmann et al., 2019). A dramatic
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Figure 6.41 Multilayer, green emitting fluorescent polymer OLED
showing the structural formulae of polymers used in each layer. After Suh
et al. (2015).
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demonstration of emission at half the energy gap of
rubrene is observed for OLEDs whose energy level
diagrams are shown in Fig. 6.43a. The devices com-
prise a rubrene EML (with optical energy gap of 2.2
eV), and a C60 ETL. These are spaced apart by a wide
energy gap layer of BCP whose thickness is varied
from x ¼ 0 (no spacer) to 5 nm, or by a co-evaporated,
blended region of rubrene and C60 (in a 1:1 ratio) that
is either y¼ 2 or 5 nm thick. The BCP spacer is used to
prevent formation and recombination of low energy
charge transfer states at the rubrene/C60 interface,
while the blended device should enhance the forma-
tion of such states.
The j–V characteristics show a rapid turn-on at <1

V for devices with spacers, and with a forward-biased
ideality factor of n ¼ 1.44 for x > 0 and 1.62 for x ¼ 0,
suggesting that a mixture of diffusion and recombin-
ation determines the current. The neat rubrene device
has a turn-on at 2 V and n ¼ 2 indicative of pure
recombination (see Section 4.5.2). The luminance in-
tensity is observed to turn-on at approximately the
same voltage of� 1 V, independent of x or y. Remark-
ably, this is less than half of the energy gap of rubrene.
The neat rubrene device, however, shows a lumi-
nance turn-on at 2.8 V. Importantly, the emission
spectrum is the same for all devices tested, as shown
in Fig. 6.43b.
Since rubrene has a triplet energy equal to ½EG, it is

reasonable to expect that the device undergoes singlet
fission into two triplet states (Section 3.10). This may
account for the very low voltage (approximately 50%
of the energy gap) turn-on of the emission. However,
the lack of change of spectrum from that characteristic

of rubrene S1!S0 transitions, coupled to the fact that
the emission intensity increases by a factor of 3 by the
interposition of a BCP interlayer, suggesting that sing-
let fission is not the source of the low voltage lumi-
nance turn-on. Furthermore, Auger recombination
that involves the promotion of excited states to higher
energies via bimolecular interactions, also cannot ac-
count for the increased efficiency. Auger processes
require that two excitons combine to form a higher
energy state, thus decreasing the efficiency by at least
50% (see Section 4.5.3). The lack of CT emission and
the increase in efficiency achievedwhen the BCP layer
is inserted at the HJ are both indications that the low
voltage turn-on is not caused by the emission from
these lower energy states. Indeed, the mixed rubrene:
C60 interface devices should show very strong CT
emission, yet they have efficiencies even lower than
those of the conventional device with x ¼ 0. Hence,
we conclude that the sub-energy-gap emission is due
to charge drift and diffusion at the HJ; a mechanism
that is the same as that attributed to sub-bandgap
emission in inorganic LEDs (Engmann et al., 2019).
As discussed in Chapter 5, the ability to formmulti-

layer structures using solution-based processes is
somewhat limited since the solvent used in the depos-
ition of one layer can degrade materials previously
deposited in the device stack. In the device in
Fig. 6.41, this problem is partially mitigated by using
layers with orthogonal solvents (i.e. PEDOT:PSS uses
an aqueous solvent, followed by TFB in a p-xylene
solution). F8BT also uses p-xylene, and CPE is dis-
solved in 2-methoxyethanol, which is a non-
orthogonal solvent that can attack the underlying

104

103

102

101

100

10–1

10–2

10–3

105

104

103

102

101

100

10–1

10–2

1 2 3 4 5

Lu
m

in
an

ce
 (c

d/
m

2 )

C
ur

re
nt

 D
en

si
ty

 (m
A

/c
m

2 )

Voltage (V)

PL
 In

te
ns

ity
 (a

.u
.)

500 525 550 575 600
Wavelength (nm)

625

172 K

0–10 ns

10–30 ns

30–50 ns

50–70 ns

70–80 ns

0.2 x

Figure 6.42 Current density and luminance vs. voltage characteristics of a TFB:F8BT OLED. The onset of both luminance and current is at ~1.9 V. Inset:
PL spectra of the active layer as a function of time delay from the optical pump pulse. The peak F8BT emission is at 538 nm, and the exciplex peak emerges
after a short delay at 580 nm. After Morteani et al. (2003).

406 ORGANIC LIGHT EMITTERS



layers. To minimize layer interactions, they are hard-
ened by baking prior to application of the subsequent
layers. An alternative strategy to fabrication of multi-
layer structures is to employ polymers that undergo
cross-linking under ultraviolet radiation or at ele-
vated temperatures (Sekine et al., 2014). This alters
their solubility in solvents used in their deposition.
In any case, fabrication of solution processed multi-
layer structures with reproducible characteristics can
present significant challenges in a high volumemanu-
facturing environment (Ho et al., 2015).

6.3.2.5 Materials for fluorescent polymer OLEDs

As in our treatment of small molecule materials, here
we discuss only a few example polymer systems and
the molecular design strategies leading to high per-
formance devices. There are two primary routes to
engineering high efficiency light emitting polymers
(LEP) summarized in Fig. 6.44. The first is to use a

conjugated, emissive polymer that falls into one of
several different classes exemplified by PPV, poly-
fluorene (PF), poly-p-phenylene (PPP), polyvinyl car-
bazole (PVK), and polythiophene (PT). Examples of
these conjugated polymers are shown in Fig. 6.45.

Copolymerization is also used to achieve desired
properties, as illustrated in Fig. 6.46. Starting with a
conjugated backbone moiety such as a fluorine or
PPP, fractions of electron and hole transporting units
(e.g. benzothiophenes or amines) along with emitting
centers such as small molecules or dendrimers are
blended with, or copolymerized into the backbone.
Thus, the molecular composition can be precisely
controlled to achieve the optimized monomer ratios
and sequences that combine multiple functionalities
into a single molecular structure.
Conjugated polymers have the advantage of a sim-

plified device structure that requires only a single, or
at most two different materials (i.e. the emitting and
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spectra for the devices in (a) (Engmann et al., 2019).
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charge transporting polymer and a blocking inter-
layer). The emitting chromophores are often linked,
or doped within the conjugated polymers backbone.
To prevent emission or siphoning off of energy, the
backbone units such as PF must be at higher energy
than the emissive segments. Furthermore, using con-
jugated polymers requires that a single molecular
species be both a good electron and hole conductor,
and often it must also serve as an efficient emitting
material. OLEDs following this approach often sacri-
fice efficiency for simplicity.
A second approach is to use pendant or side chain

groups attached to a non-conjugated polymer back-
bone, or host–guest blends whose constituents are
separately optimized to perform the charge trans-
port and/or emissive functions. One example in
Fig. 6.45 is PVK, where the emitting carbazole is
pendant to a polyvinyl backbone. This separate func-
tionalization is a potentially simpler route to synthe-
sis and optimization.
Up to this point we have discussed strategies

for achieving high efficacy fluorescent polymer
OLEDs. Clearly, the scope for achieving the desired
functionalities via molecular variation is enormous,
and has been the subject of considerable research
over many years. In Table 6.6 we provide a few
illustrative examples of polymer OLED materials.
The reader is once more directed to several reviews,
and Further reading to obtain a comprehensive
appreciation for this subject (Kulkarni et al., 2004,
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Figure 6.44 Strategies for the design of light emitting polymers used in OLEDs. Adapted from Sekine et al. (2014).
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Perepichka et al., 2005, Cheng et al., 2008, Gong, 2013,
Ho et al., 2015).

In Table 6.6, we observe that almost all efficient
systems (with the exception of 3O and 9B) comprise
conjugated copolymers with a PVK core. Polyfluorene
copolymerized with polyacene emitting groups with
increasingly long conjugation lengths (and hence
lower singlet energies) are exemplified by com-
pounds 1R, 4G, and 7B. The dependence of wave-
length on polyacene molecular weight is shown by
the spectra of these compounds in Fig. 6.47. These
compounds are, in descending order of molecular
weight, copolymers with pentacene, tetracene, and
anthracene. The conjugation length of each succes-
sively larger polyacene group is increased, shifting
the emission from the blue into the red. Hence, the
peak wavelengths are λpeak ¼ 625 nm for penta-
cene, to 525 nm for tetracene and 435 nm for
anthracene (Tokito et al., 2001).

In the table we have not listed any thiophene-
based compounds as those do not tend to have
high efficiency. Furthermore, nearly all devices
have a PEDOT:PSS hole injection layer, and 6G and
9B employ multiple hole injecting and electron
blocking interlayers at the anode side. To avoid
dissolution of the deposited layers, the hole trans-
porting 2-NPD in 5G is thermally cross-linked at
180°C for 30 min prior to the deposition of the co-
polymer PFBT5. This process ensures resistance to
dissolution in solvents used in subsequent layer de-
positions (Cheng et al., 2008). Most of the highest
efficiency devices include a PEDOT:PSS HIL, a hole
conducting layer, and an interlayer (the latter two
layers often being combined into a single layer) as
for the device in Fig. 6.41. For example, 9B with
saturated blue color coordinates of (0.16, 0.09),

comprises both a HQTZ HTL and a PVK inter-
layer, followed by an emissive poly(silafluorene)
(PSF) blue EML. All layers were directly spin-coat-
ed onto each other, so it is reasonable to assume
that a degree of material diffusion and intermixing
occurs at the interfaces. Nevertheless, the efficiency
of nearly 5% is high for a fluorescent OLED (Xia
et al., 2015).
A further notable blue structure is 8B, comprising

the spirofluorene polymer, PF-TPA-OXD, with bipo-
lar transporting groups copolymerized with the PF
emitting backbone. The oxadiazole (OXD) group is
preferentially electron transporting, whereas the
TPA is hole transporting. This is exemplary of the
“all-in-one” design strategy illustrated in Fig. 6.46.
While this design unquestionably leads to processing
simplicity, it is also apparent that performance is sac-
rificed when employed in an OLED, where only ηext¼
1.2% is achieved (Shu et al., 2003).
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Figure 6.46 Strategy for copolymerization to achieve high conductivity and emitting efficiency in a single polymer (Sekine et al., 2014).
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Finally, we point out that the MEH-PPV orange-
emitting device, 3O, differs from the other structures
in that it employs an ETL near the cathode. This
OLED has the structure of ITO anode/PEDOT:PSS
HIL/MEH-PPV EML/PDA ETL/Al. The problem of
layer dissolution is resolved by employing an aque-
ous HIL, followed by deposition of MEH-PPV using
an organic solvent. This is followed by VTE of the
small molecule ETL, PDA. As a result, the layers
have sharp interfaces, leading to a reasonably high
ηext ¼ 3.1%.
There are numerous other approaches to achieving

high efficiency polymer OLEDs. Perhaps the most
common is to simply blend in a high efficiency
small molecules or dendrimers into the polymer con-
ductive host. This method relies on efficient energy
transfer from the polymer to the guest. But an un-
avoidable conclusion in comparing polymer to small
molecule devices is that the potential advantages
gained in the simplified layer structures of polymer
OLEDs is outweighed by difficulties in device pro-
cessing, and the consequent loss in device perform-
ance arising from interlayer mixing and material
incompatibilities. For this reason, small molecule
OLEDs have been overwhelmingly adopted for
practical applications compared with their polymer
analogues.

6.3.3 Phosphorescent OLEDs (PHOLEDs)

A significant disadvantage of the fluorescent
OLED is that 75% of the electrons and holes inject-
ed from the contacts generate non-radiative triplet
states, and hence are wasted. This results in de-
vices with low external efficiencies, typically be-
tween only 1% and 5%. The situation changed
dramatically with the introduction of electropho-
sphorescence, that is, the use of molecules contain-
ing a heavy metal atom that mixes the singlet
and triplet states via spin–orbit coupling (Baldo
et al., 1998). Electrophosphorescence is character-
ized by a spin utilization factor of χST =1, and
hence a possible ηint =100% (Adachi et al., 2001a).
PHOLEDs also feature longer radiative emission
lifetimes (�500 ns to several microseconds) com-
pared with fluorescent devices (1–10 ns). With the
prospect of achieving high efficiency PHOLEDs
across the visible spectrum, the display industry
underwent a tectonic shift that has resulted in
OLED domination of the mobile display market
where high efficiency leads to longer battery life.
More recently, PHOLEDs are making significant
inroads into the television and monitor markets

for the same performance-related reasons. Indeed,
PHOLEDs are now contenders for use in interior
illumination due to their ultrahigh efficiencies,
flexible and conformable form factors, and attract-
ive, tunable color coordinates.
Before we consider the technological details,

we must first define what is meant by the term,
phosphorescence. In Chapter 3 it was found that
phosphorescence is conventionally defined as a ra-
diative process that occurs a “noticeable” time after
the excitation source has been removed. In the con-
text of organic light emission, it is more accurate
to state that phosphorescence refers to all processes
limited by triplet state dynamics. Direct triplet emis-
sion from molecules, whether it originates from
slow, spin-forbidden or relatively fast spin-allowed
(due to strong spin–orbit coupling) transitions is
unambiguously classified as phosphorescence.
Triplet-dominated emission also refers to both de-
layed fluorescence due to TTA, as well as TADF,
where the molecules spend typically 99% of the time
in a triplet state.

6.3.3.1 Small molecule PHOLED architectures

Electroluminescence from 100% of the molecular ex-
cited states using heavy-metal-induced spin–orbit
coupling was first demonstrated in a red PHOLED
comprising the metalloporphyrin, PtOEP doped into
Alq3 (Baldo et al., 1998). Triplet emission was identi-
fied from its high external quantum efficiency (ap-
proximately 4% compared to 1% for red fluorescent
dopants such as DCM2), but more importantly, due to
the slow luminescence decay of 20–30 μs, which is
nearly three orders of magnitude longer than for
fluorescent emission. A further finding suggesting
its triplet origin was the relatively high concentration
of the dopant (6%) required to achieve maximum
efficiency. As we have seen in Section 6.3.2, fluores-
cent dopants exchange energy with the host via
FRET, which is effective over distances of a few nano-
meters. However, triplets are most efficiently trans-
ferred via Dexter exchange interactions. This process
requires the donor and acceptor to be nearly in con-
tact. The doping concentration to achieve high effi-
ciency is, therefore, significantly higher than Förster-
mediated transfer. Indeed, it was found that the
PtOEP/Alq3 device had ηext ¼ 2% even at concentra-
tions as high as 20%, where Dexter transfer alone is
dominant.
A further development in improving the efficiency

of triplet-harvesting devices was the introduction of
a wide energy gap exciton/hole blocking layer (EBL,
or alternatively, HBL) between the EML and the
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ETL. The very long lifetime of triplet excitons is
accompanied by a long diffusion length, particularly
in a host that does not contain a heavy metal atom to
promote radiative recombination of the triplet popu-
lation. As a result, triplets can migrate out of the
EML where they are subsequently quenched at the
cathode contact. Insertion of a wide energy gap
blocking layer prevents quenching by corralling all
triplets within the EML, ultimately allowing them to
transfer to the heavymetal phosphor. This architecture,
applied to a PtOEP based PHOLED, is shown in
Fig. 6.48. The host is CBP, bounded by a α-NPD HTL
and a BCP exciton blocking layer, placed between the
Alq3 ETL and theMg-Ag cathode contact. The blocking
layer must have an energy gap higher than that of
either of the materials comprising the EML to prevent
energy transfer, and if it is on the electron-injecting side
of the device, its LUMO should be approximately
aligned to that of the ETL to avoid impeding the elec-
tron current.

This device achieves a maximum ηext ¼ 5.6%, com-
pared to 4% for devices lacking a blocking layer
(O’Brien et al., 1999). The blocking efficiency of the
structure is apparent from the spectra obtained at
several different current densities for devices with
and without the EBL as shown in Fig. 6.49. The device
lacking a blocking layer shows emission from the
Alq3 ETL, whereas that emission is absent in the
blocked device. Thus, the EBL completely eliminates
both hole and exciton transfer from the EML into the
ETL. Due to their effectiveness in increasing effi-
ciency, blocking layers are now a standard feature of
PHOLEDs.

The final major step in bringing PHOLEDs into the
mainstream was the introduction of Ir-based heavy
metal phosphors whose ligand structure can be modi-
fied to emit with �100% internal quantum efficiency

from the deep blue into the deep red. The first such
device contained a CBP/Ir(ppy)3 EML that employed
a layer structure analogous to that in Fig. 6.48 (Baldo
et al., 1999a). There, it was found that the green emis-
sion, centered at 520 nm wavelength had a surpris-
ingly short decay time of 500 ns when used in a
device, compared with 2 μs in solution. We have
seen in Section 3.6 that this short decay time is a
feature of the strong spin–orbit coupling of the triplet
metal–ligand charge transfer (3MLCT) state of the Ir
(ppy)3, and most other pseudo-octahedral Ir-
complexes. This is in contrast to the lower interstate
mixing (and hence reduced intersystem crossing rate)
of ligand centered (3LC) states of square planar Pt
complexes, typified by PtOEP. As a consequence, the
Ir(ppy)3-based PHOLED external efficiency had a
maximum at low current of 8% with a roll-off
in efficiency as the current was increased above 100
mA/cm2.
Shortly after the demonstration of the Ir(ppy)3

OLED, a similar structure using the bidentate,
Ir(ppy)2acac doped at 12 vol.% into the electron
transporting TAZ achieved ηext ¼ 19%, correspond-
ing to ηint ¼ 87%. This constituted the first demon-
stration of an OLED with ostensibly 100% electron-
to-photon conversion efficiency (Adachi et al.,
2001a). It was proposed that the energy transfer
mechanism was by direct hole injection from the
HMTPD HTL onto the hole-conducting Ir phos-
phor, with electrons injected from the ETL onto
this same molecule. There was no energy transfer
from host to dopant in the optimized Ir(ppy)2acac/
TAZ EML.
A convincing indication that this device had unity

internal efficiency was obtained by measuring the EL
and PL efficiencies as functions of temperature, from
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300 K to 15 K (Fig. 6.50). The lack of change in
efficiency over this wide temperature range indicates
that there are no temperature-dependent losses due to
non-radiative recombination. As shown in Chapters 3
and 4, recombination via defect states or coupling to
disorder is expected to be thermally activated, de-
pending on the position of the defect within the en-
ergy gap of the host. The temperature independence
of the data in Fig. 6.50 attests to the lack of loss chan-
nels. Hence, in the space of little more than two years
from the first introduction of electrophosphorescence
in PtOEP, ηint ¼ 100% was shown to be possible using
heavy metal organic complexes with strong spin–
orbit coupling.
As we move toward deeper blue emission needed

in displays with large color gamuts, the choice of
materials becomes limited. The first blue PHOLEDs
were based on endothermic energy transfer from host to
guest. That is, the CBP host triplet energy was higher
than that of the cyan-emitting phosphor, FIrpic. The
energy level diagram of this system is shown in
Fig. 6.51 (Adachi et al., 2001b). Although the CBP trip-
let energy is lower than that of the dopant by 60 meV,
the reverse, or endothermic transfer of triplets to CBP is
much faster than the competing process of the dis-
allowed host emission at rate, kH. As long as the guest
emission rate is kG	 kR þ kH, the triplet emission can
be efficient. Note that endothermic transfer is similar to

that used in thermally activated delayed fluorescent
OLEDs discussed in Section 6.3.4.
Of course, it is preferable to use hosts that allow for

exothermic energy transfer to eliminate competition
with processes such as kH that reduce PHOLED effi-
ciency. This was achieved by replacing CBP with mCP
with its higher triplet energy of T1 ¼ 2.90 eV. The PL
spectra from which the various triplet energies are
obtained are shown in Fig. 6.52, inset. The triplet en-
ergy of mCP is higher than that of FIrpic, whereas CBP
is considerably lower, leading to less efficient energy
transfer (Holmes et al., 2003b). The FIrpic:CBP
PHOLED had a peak efficiency of 6.1% in contrast to
the FIrpic:mCP device that reaches ηext ¼ 7.5%.
A signature of endothermic transfer is the pro-

nounced temperature dependence of its emission. In
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Fig. 6.52 we show a comparison of the PL intensity
between the endo- and exothermic FIrpic-doped thin
films. The CBP-based PL shows a peak PL intensity
near 200 K, and then a rapid decrease at lower tem-
peratures. These data suggest that at the highest tem-
peratures, the thermally activated non-radiative
recombination rate via defect states is higher than
kR, leading to a reduction in emission efficiency. Simi-
larly, as temperature is lowered, defect-related recom-
bination is frozen out and the efficiency increases
until at T< 200 K, kR must compete, and the efficiency
drops once more with direct host emission, kH. In
contrast, the exothermic mCP system shows relatively
temperature independent phosphorescent emission
intensity until T < 50 K. At the lowest temperatures,
host exciton diffusion slows to the extent that the
excitons recombine before reaching a phosphor dop-
ant. The PL transient response of the mCP-based film
reinforces this picture. That is, as the temperature is
lowered to 10K, the FIrpic radiative lifetime is 23 μs,
compared to only 1 μs at room temperature since
thermally activated exciton diffusion on mCP sub-
stantially increases the probability of non-radiative
recombination prior to transfer to a FIrpic molecule
at low T.

Blue PHOLEDs require both wide energy gap dop-
ants and hosts. The LUMO energies of these materials
necessarily lie close to the vacuum level that can lead
to potentially damaging molecular oxidation. This
limits the choice of effective and stable blocking ma-
terials. For example, in Fig. 6.53 we show the energy

level diagrams for two blue OLEDs based on the cyclo-
metallated carbine (Ir(C^C)3) compound, (Ir(pmp)3). Re-
call from Section 3.7.3 that the 3LC-dominated fac-
isomer emission is blue-shifted from that of the
3MLCT-dominated mer-isomer due to the stronger
spin–orbit coupling of the latter compound. For both
isomers, a high energy gap electron-conducting host,
TSPO1 is used for the ETL, CzSi for the HTL, and TPBi
and a blend of CzSi at 15% vol. concentration inMoO3

are used as the EIL and HIL, respectively. The LUMO
energies of these compounds are considerably less
than 2 eV, and in some cases as small as 1 eV from
the vacuum level, suggesting that all of these mater-
ials are easily oxidized, perhaps negatively impacting
their reliability.
Here, TSPO1 is used as an exciton/hole blocking

layer since its HOMO energy extends well below that
of 5.0–5.3 eV of the hole conducting Ir(pmp)3 isomers.
However, in a device where both the host and dopant
have small differences in energy between the LUMO

FIrpic

mCP

CBP

1.2

1.0

0.8

0.6

PL
 In

te
ns

ity
 (N

or
m

al
iz

ed
 t

o 
30

0 
K

)

0.4

0.2

0.0

PL
 In

te
ns

ity
 (a

.u
.)

Temperature (K)
0 50 100 150 200 250 300

400 450 500 550 600 650 700
Wavelength (nm)

Figure 6.52 PL intensity vs. temperature of FIrpic in mCP (open symbols)
and CBP (closed symbols). Inset: Triplet emission spectra of FIrpic, mCP,
and CBP. Since the latter two molecules are fluorophores, the weak triplet
emission spectra are obtained at 10K to freeze out non-radiative
recombination channels. Arrows indicate the 0–0, T1!S0 transitions.
(Holmes et al., 2003b).

TSPO16.0

1.7

5.5

6.7
6.2

1.7

6.0

1.7

Dfac

HIL
100

HTL
50

EBL
50

EML
400

HBL
50

ETL
300

1.5
1.3

CzSi:
MoO3

C
z
S
i

CzSi:
MoO3

C
z
S
i

mer-Ir(pmp)3

20 – 8 vol%
vs.

14 vol%

fac-Ir(pmp)3

20 – 8 vol%
vs.

14 vol%

T
S
P
0
1

TPBi

T
S
P
0
1

TPBi

TSPO1

fac-Ir
pmb3

fac-Ir
pmp3

6.0

1.7

5.5

6.7
6.2

1.7

6.0

1.7

Dmer

1.0
1.3

5.3

Figure 6.53 Energy level diagrams of a deep blue (a) fac- and (b) mer-Ir
(pmp)3 PHOLEDs. These devices are labeled Dfac and Dmer, respectively.
Energies relative to vacuum are shown adjacent to the appropriate level
for all materials (Lee et al., 2016).

6.3 ELECTROLUMINESCENT PROCESSES 415



and the vacuum level, EBLs are also required. The
dopant itself, fac-Ir(pmp)3 is, therefore, used as the
electron blocker in the fac-isomer emitting device
(called Dfac), whereas an even smaller LUMO energy
blocker, fac-Ir(pmb)3 is used as an EBL for the merid-
ional device (called Dmer).
The EL spectra and quantum efficiencies of the

two devices are shown in Figs. 6.54a and b, re-
spectively. As expected for systems with strong
spin–orbit coupling, the 3MLCT-rich mer-Ir(pmp)3
spectral peak is significantly red-shifted compared
with the fac-isomer. Also, the quantum efficiency is
�50% higher for mer- than for fac-Ir(pmp)3 due to

its higher radiative rate. Note that there are two
Dmer and Dfac devices shown: one each with
uniformly doped EMLs, and the other with the
doping graded from 8 vol.% to 20% to more even-
ly distribute the exciton formation zone across the
EML, thus reducing the rate of TTA (Section 6.3.5).
As discussed above, the dopant is a conductor
whose hole mobility is larger than the electron
mobility in the host (TSPO1). Decreasing the
Ir(pmp)3 concentration by grading moves the recom-
bination zone away from the HTL/EML interface to-
ward the ETL, thus reducing the opportunity for
annihilation, and hence increasing efficiency.
Finally, we point out that Dmer in the absence of an

EBL has a comparatively low quantum efficiency
that continuously decreases from its value at j!0.
Clearly, while charge blocking is challenging in deep
blue emitting devices, it is nevertheless essential for
achieving high efficiency at high brightness.
An example green emitting PHOLED employing a

doped p-i-n structure is shown in Fig. 6.55. The en-
ergy level diagram is shown in the inset. The device
consists of an ITO anode, and a 50 nm thick layer of m-
MTDATA doped p-type with 2 mol. % F4-TCNQ that
serves as both HIL and HTL. This is followed by a 10
nm thick, wide energy gap Ir(ppz)3 EBL that also con-
fines excitons within the 5 nm thick, 7 wt% Ir(ppy)3 in
CBP EML. Here, Ir(ppz)3 has a very shallow LUMO
energy that provides a barrier to electron conduction,
yet its HOMO is aligned with that of m-MTDATA to
allow efficient hole injection into the EML. Further-
more, its wide energy gap prevents excitons from
quenching in the doped HTL. The ETL/exciton block-
ing layer is comprised of a 55 nm thick Bphen layer that
was either undoped, or doped with LiF or Li to
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very high brightness and efficiency. Copyright 2016.
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increase conductivity. This is capped by a Li-doped
Bphen EIL with an electron concentration of �1018
cm�3, and finally an Al cathode. The total thickness
of the ETL and EIL combination is 55 nm.

To understand the effectiveness of n-type doping
of the ETL on the operating voltage, three devices
were compared with their EL intensity vs. voltage
behavior shown. The undoped ETL showed consid-
erably higher operating voltage (i.e. the voltage to
achieve a given luminance) than devices where the
ETL was doped with either LiF or Li. For example,
the undoped device achieves a luminance of 10,000
cd/m2 at 8.5 V, compared to only 4 V for devices
with Li-doped Bphen layers (Pfeiffer et al., 2002).

The Ir(ppz)3 HBL increases the quantum efficiency,
particularly for very thin EMLs where exciton leakage
into the doped HTLs results in quenching, or alterna-
tively, very low emission intensity in the HTL due to
electron leakage. Figure 6.56 shows the external quan-
tum efficiency for a 5 nm thick EML device with the
Ir(ppz)3 blocking layer, compared to a device lacking
this layer and another with a thicker (20 nm) EML. In
the devices without Ir(ppz)3, the EBL was replaced
with an undoped hole transporting but non-blocking
NPD layer to maintain a constant device thickness. If
there is unity quantum efficiency, the light output
should be directly proportional to the current, that is,
every electron injected results in the emission of a
photon. In Fig. 6.56, this is clearly not the case: often
there is a decrease in efficiency at low current due to
traps that lead to non-radiative exciton recombination.
Once the traps are filled at higher current (i.e. the re-
combination rate is less than the charge injection rate),
the efficiency increases. At the highest currents, exciton
annihilation with charges and/or other excitons leads
to a further decrease in efficiency. These processes will
be discussed in subsequent sections: here we point out
that the devices in Fig. 6.56 suffer from both trap re-
combination and annihilation.
The increase in efficiency for the 5 nm thick EML

with the blocking layer compared to one without is
dramatic. The thicker EML results in the same
high efficiency as the thin, blocked device but only
at very low currents. There, the hole concentration is
sufficiently low for complete recombination of all in-
jected holes within the thick emission zone. However,
charge balance is reduced at higher currents due to
leakage into the HTL.
Interestingly, the p-i-n current density–voltage (j–V)

characteristics differ from trap-limited space charge
conduction commonly observed for simple bilayer
OLEDs considered in Chapter 4. In Figure 6.57 we
show fits of the j–V characteristics to a Shockley-type
diode equation:

j ¼ j0 exp qfV � j=jT½ 
1=mg=nkBT
� �

� 1
� �

; ð6:39Þ
where, following our notation in Chapter 4, j0 is the
saturation current, and n is the ideality factor. The term
in square brackets is the voltage drop outside of the
junction due to space charge limited current, where
jT ¼ 9=8ð Þ εrε0μ=d3

� �
. Here, μ is the mobility, d is the

thickness of the undoped EML, andm is the character-
istic trap exponent. Then m ¼ 2 for trap free transport,
and n ¼ 2 for generation and recombination via mid-
energy-gap states.
The fits to Eq. 6.39 shown by dashed lines in

Fig. 6.57 extend over seven decades using m ¼ 1.7
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and n ¼ 2.1. This implies that at high voltages, the
current is dominated by trap-free space charge limited
injection, while at low currents (in the exponential
region of the j–V characteristics), the dominant conduc-
tion mechanism is diffusion across the anisotype HJ
limited by generation-recombinationwithin the energy
gap. That is, the doped device behaves analogously to
an inorganic p-n junction diode, rather than as a di-
electric OLED simply limited by trap-dominated space
charge limited currents, as in the device in Fig. 6.22.
The fits for the different samples are due to differences
in the doping of the ETL. This reflects that the doped
Bphen HTL (Sample C) has a thinner space charge
region (i.e. smaller d) than that doped only half way
across (Sample B), or one in which LiF leads to only a
very thin doped region near the cathode (Sample A).

6.3.3.2 Polymer PHOLEDs

There are three strategies for realizing high efficiency
polymer PHOLEDs. The most actively pursued is
blending small molecule phosphorescent complexes
into a polymer host. The polymer host transports the
electrons and holes to the doped region, followed by
energy transfer from the polymer to the phosphor
molecule. In a second copolymerization strategy, the
phosphor moiety is part of the polymer backbone.
The third approach incorporates the triplet-emitting
transition metal complex as a pendant group at-
tached to the polymer chain. The highest efficiency
is achieved in multilayer combinations comprising
an HIL and active region adjacent to the anode con-
tact, followed by vacuum deposited small molecule
EBL and ETL layers capped by a metal cathode (Han
et al., 2015).
The most commonly used polymer host is the non-

conjugated PVK due to its high singlet and triplet
energies that enable efficient energy transfer for
chromophores spanning the visible spectrum. The
effectiveness of multilayer structures, particularly
the use of an exciton blocking layer in PVK:Ir(ppy)3
PHOLEDs is illustrated by comparing devices with
and without an EBL/ETL bilayer deposited on the
polymer blend EML. For example, a 70 nm thick
layer of PVK:Ir(ppy)3 (3.5%) blend sandwiched be-
tween an ITO anode and a Mg:Ag cathode was dir-
ectly compared to a device comprising a 70 nm
PVK0.9PBD0.1:Ir(ppy)3 (3.5%)/5 nm TPBI/30 nm
Alq3 PHOLED with contacts similar to that used in
the single layer device (Vaeth and Tang, 2002). Here,
PBD is blended with PVK due to its superior electron
conducting properties. Furthermore, TPBi is a
vacuum-deposited, wide energy gap blocking
layer. Finally, Alq3 is the ETL, also deposited in

vacuum. The single layer device had an external quan-
tum efficiency of approximately 2.5% at an operating
voltage of 15.1 V, whereas the device with the EBL had
ηext ¼ 6.7% at 15.9 V, increasing to 8.5% at somewhat
lower voltages. Thus, blocking layers can improve ex-
citon confinement in both polymer and small molecule
PHOLEDs.
The ability of PVK to excite triplet emission across

the visible spectrum is demonstrated by blending
with the Ir(III) dopants in Fig. 6.58a. The spectra of
the devices shown in Fig. 6.58b span the visible spec-
trum from the sky blue when doped with 10 wt%
FIrpic, 5 wt% Irppy3 in the green, 5 wt% Bt2Ir(acac)
in the yellow, and 5–10 wt% Btp2Ir(acac) in the deep
red. Longer wavelength emission is accessed by in-
creasing the conjugation length of the ligand. Blue
emission from FIrpic is achieved by attaching
electron-withdrawing fluorine atoms to the phenyl
group. The peak external efficiencies of the devices
were 1.2%, 5.2%, 2.0%, and 2.1%, respectively, which
are substantially below vacuum deposited devices
using these same phosphors (Kawamura et al., 2002).
One of the difficulties in employing conjugated

polymer hosts is that they tend to have a large
exchange energy (�0.5–0.7 eV) that appears to be
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independent of polymer composition or chain
length. The resulting low triplet energy makes it
difficult or even impossible to transfer triplets from
the host to a comparatively high energy green or
blue emitting phosphor. However, when conju-
gated polyfluorenes are used as hosts for deep
red emitting phosphors, the PHOLED performance
is comparable with non-conjugated PVK (Jiang
et al., 2004).

A striking example of the material-independent ex-
change energy is shown in Fig. 6.59a for a series of
conjugated polymers including PPP, ladder type
LPPP, phenyl-substituted PPV, polyfluorenes, as
well as polymers with Pt in the main chain (Köhler
and Beljonne, 2004). It is remarkable that the
exchange energy, �EST � 0.7 eV, which is the differ-
ence between the S1!S0 and T1!S0 transitions, is
independent of the polymer composition. To

understand this phenomenon, Hartree–Fock semi-
empirical intermediate neglect of differential overlap
calculations (Section 3.4.2) were used to estimate the
excited state energies of oligomers of varying length
of three molecules, namely PPP, PPV, and PPE. The
theoretical results in Fig. 6.59b are consistent with
experiment. That is, while the energies of S1 and T1

decrease only weakly with increasing oligomer length
due to the increase in conjugation length, and is inde-
pendent of polymer composition. The residual de-
pendence of �EST on oligomer length is due to the
limited extent of the singlet and triplet states. Torsion-
al twists in the chain along the polymer backbone
increase the dependence of S1 energy on length,
while the far more compact triplet state does not
have a length dependence (Köhler and Beljonne,
2004). This limitation in tuning �EST is lifted to a
significant degree in small molecules, where the ex-
citon radius, reh, can be engineered by structurally
separating the electron and hole on electron with-
drawing and donating groups within a single mol-
ecule. Indeed, �EST can be reduced to nearly zero in
small molecules optimized for delayed fluorescence
(see Sections 3.7.5 and 6.3.4).
High efficiency polymer PHOLED emission

across the visible spectrum has been achieved
using the hybrid solution process-vacuum deposit-
ed device in Fig. 6.60. The emissive material con-
sists of a vinyl backbone onto which are appended
both a hole transporting carbazole unit, as well as
0.1–2.0 mol. % of either a red, green or blue phos-
phorescent (RPP, GPP, BPP, respectively) function-
al group. The Ir(III) complexes are red emitting
Btp2Ir(acac), green Irppy2(acac) or blue FIrpic.
Electron conduction is enhanced by also blending
in 30 wt% OXD-7 into the 50 nm thick emissive
layer. Importantly, the efficiency is increased by
20% in the red to nearly 100% in the blue by
including the vacuum deposited BAlq hole block-
ing layer (Tokito et al., 2003a, 2003b).
The emission spectra of the three different devices

are shown in Fig. 6.61, with the devices exhibiting
ηext ¼ 6.6% (R), 11% (G), and 6.9% (B). Appending
the emissive group onto a polymer backbone, along
with functionalization of the polymer and blend to
balance carrier injection can be used to precisely con-
trol the emissive dopant concentration while prevent-
ing aggregation. However, the molecular synthesis
routes leading to these structures are more complex
than in simple blends, and hence may increase the
cost of the materials.
Finally, we discuss copolymers that combine a

transporting moiety and the triplet-emitting center
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within the chain itself. Such a bis-chelating Ir(III) co-
polymer is shown inScheme1 (Zhen et al., 2005). These
polymers consist of a polyfluorene-chelating unit com-
bined with a fluorine-alt-carbazole (PFCz) unit. Energy
transfer from the fluorine to the emissive complex is
nearly complete, even at complex concentrations of
only 4%. Indeed, itwas observed that intrachain energy
transfer is more efficient than transfer to small mol-
ecules in blended PHOLEDs with comparable concen-
trations of the same Ir complex. Interestingly, the peak
wavelength of the copolymer is shifted to 575 nm from
550 nm for the analogous blended device. This results
from the extended conjugation of the pyridine group
due to its linkage with the neighboring fluorenes.
A PHOLED with the structure ITO/PEDOT:PSS/

PVK/copolymer/Ba/Al, where (x, y) ¼ (0.04, 0.96) in
Scheme 1, had a peak quantum efficiency of 4.1%
along with a somewhat elevated voltage of 13 V at
32 mA/cm2.
In summary, numerous strategies have been de-

vised to achieve efficient polymer PHOLEDs based
on both Pt(II) and Ir(III) complexes. Generally, the
highest quantum efficiencies and lowest voltages are
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Figure 6.61 Emission spectra of the devices in Fig. 6.60 (Tokito et al.,
2003a).
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obtained by blending a small molecule triplet-
emitting molecule along with a charge conducting
polymer host that transfers energy to the emitter.
High efficiency can also be obtained by combining
polymeric emitting regions with a vacuum deposited
EBL and ETL. In spite of the considerable effort that
has been devoted to developing solution processed
PHOLEDs, the highest performances across the vis-
ible spectrum have been achieved using small mol-
ecule devices that benefit from the freedom to deposit
high purity layers of precisely controlled thicknesses,
and that are optimized to perform their separate func-
tions within the device.

6.3.3.3 Triplet emitting complexes

Substantial efforts have focussed on developing high
efficiency triplet emitting, transition metal com-
plexes across the visible spectrum. The most success-
ful materials are based on Ir(III) complexes, although
efficient emission has also been achieved using Pt(II)-,
Os(III)-, Au(III)-, and Cu(II)-centered molecules. In
Fig. 6.62 and Table 6.7 we provide a sampling of Ir,
Pt, Cu, and Os complexes, including their efficiencies
and color coordinates. Further examples of heavy
metal phosphor complexes not found in Table 6.7 will
be provided in the following sections as their uses in
specific device examples are introduced. For a more
complete discussion of such complexes, the reader is
referred to several reviews (Lamansky et al., 2001,
Thompson et al., 2007, Yam and Wong, 2011, Choy
et al., 2014, Jou et al., 2015, Li et al., 2016b).

With few exceptions (mostly the Cu complexes
with comparatively low spin orbit coupling due to
the low atomic number, Z = 29), the efficiencies are
�20%. As apparent from in Eq. 6.1, their 100% emission
efficiency results in a potential efficiency of 20% when
OLEDs are grown on glass. Reports of higher efficien-
cies are almost certainly the result of light outcoupling
enhancements, either due to a modified device struc-
ture or due to alignment of TDMs parallel to the sub-
strate (see Section 6.6).

As noted above, the emission is red-shifted by in-
creasing the conjugation length of the ligands. Hence,
red emitting phosphors often feature an extra phenyl
group fused to either the phenyl or pyrazole of the
phenylpyridine ligand, whereas blue emitting phos-
phors contain electron-withdrawing halides or cyano
groups. The molecules in Table 6.7 span the visible
from the deep blue to the deep red. Even 8.5% effi-
cient infrared PHOLEDs with a narrow peak at λ ¼
772 nm have been demonstrated based on Pt(II)-tetra-
phenyltetrabenzoporphyrin doped at 4 wt% in Alq3
(Sun et al., 2007).

In Fig. 6.63 we show EL images from a few, high
efficiency (ηint � 100%) Ir-complex based PHOLEDs
that span the visible spectrum. Also shown are the
coordinates of these emitters on the accompanying
CIE chromaticity chart. Apparently, even this limited
selection of electrophosphorescent OLEDs covers the
sRGB and NTSC standard color gamuts indicated by
the two triangles in the chart.

6.3.4 Thermally assisted delayed fluorescence

An alternative way to exploit high efficiency
triplet emission is known as thermally assisted de-
layed fluorescence (TADF). This process, described
in Section 3.7.5, entails the use of molecules whose
singlet–triplet exchange energy splitting, �EST, is
comparable to or less than the thermal energy, kBT.
From perturbation theory, the intersystem crossing
rate for S1  T1 is inversely proportional to �EST,

with rate kISC;T � hS1jHSOjT1i
�EST

				
				
2

(cf. Eq. 3.189).

Hence, the endothermic intersystem energy transfer
S1  T1 can be nearly 100% efficient provided that
competing non-radiative rates are less than kISC,T. This
transition, therefore, leads to delayed fluorescence.
The S1  T1 process is sometimes referred to as re-
verse intersystem crossing (RISC), but in fact it is
simply just an endothermic variation of the exother-
mic ISC process.
The energetic processes leading to efficient TADF

are shown in Fig. 6.67. Efficient radiative transitions
from the singlet state require that the natural rate of
fluorescence, kF, exceed all other rates. In particular, kF
>> kISC,S, kISC,T, kph, where kISC,S corresponds to the
rate of the exothermic ISC process. Since TADF em-
ploys molecules with a small �EST that lack a heavy
metal atom, the phosphorescent emission rate, kPh, is
expected to be smaller than the other competing rates
except for non-radiative transitions from T1 at rate
knrT. Also, for high efficiency, it follows that the non-
radiative transition rate of S1!S0 must be knrS� kF.
Minimization of �EST requires that the HOMO/

LUMO overlap within the emissive molecule also be
small. This can be achieved with dipolar molecules
comprising spatially separated donor and acceptor
groups whose interactions are reduced by a twist
along the molecular backbone. That is, the small
exchange energies of TADF molecules results from
reduced intramolecular charge transfer between the
donor and acceptor groups. The same feature leads
to a broadened, featureless emission spectrum char-
acteristic of charge transfer states. This strategy has
led to the development of a series of dopants with
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Figure 6.62 Example transition metal complexes used in red, green, blue, and yellow emitting PHOLEDs (Jou et al., 2015).
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Table 6.7 Performance of PHOLEDs employing the triplet emitting complexes in Fig. 6.62 and their hosts. References with further information for each
device are in Jou et al. (2015)

Emittera Hostb ηc (cd A)–1 ηp (lm W–1) ηext (%) CIExy/λEL (nm)

Ir(piq)3 CzPPQCz 27.5 24.1 21.4 (0.67, 0.33)/—

Ir(pq)3 CzPPQ 75.8 68.1 25.6 (0.55, 0.45)/—

Ir(piq)2(acac) BIQF 28.5 24.9 24.4 (0.68, 0.32)/623

Ir(2-phq)3 TCTA/TPBi 47.4 47.2 20.3 (0.57, 0.43)/—

Ir(phq)2(acac) Bebq2 26.53 29.58 21.0 (0.62, 0.37)/—

Ir(tmq)2(acac) BIQMCz 32.4 30.9 24.9 —/618

FPPCA/FPPCA + BZQPG/BZQPG/BZQPG + CBP — 76.8 27.9 (0.57, 0.41)/—

TLEC-025 Bebq2 — 20.7a 18.5a (0.66, 0.34)/—

TLEC-027 Bebq2 — 25.2a 18.2a (0.66, 0.34)/—

Os(fptz)2(PPh2Me)2 POAPF 34.5 43.9 18.4

Os(fppz)2(pp2b) CzPhO 34.8 45.2 14.3 (0.54, 0.46)/—

Os(btfp)2(pp2b) TCTA 18.3 17.6 15.6 (0.63, 0.37)/—

Cu2(μ-I)2(CPzPC)4 — 15.9 14.0 6.6 —/590

Ir(ppy)3 CBP 105 133 29 (0.32, 0.64)/514

Ir(mppy)3 CBP + PBD + TPD 69.0 60.0 22.0 —/510

Ir(ppy)2(acac) TCTA + B3PYMPM 106 127.3 30.2 —/520

(BNO)2Ir(acac) CBP 89.1a — — (0.22, 0.51)/—

(2-CF3BNO)2Ir(acac) CBP 94.5b 69.3b 25.7b (0.28, 0.64)/—

(3-CF3BNO)2Ir(prz) CBP 95.6b 60.8b 23.8b (0.34, 0.60)/—

Os(ibifp)2(dppb) TCTA 48.3 50.9 15.6 (0.30, 0.53)/—

Ir-1 CBP 84.6 77.6 24.5 (0.26, 0.63)/504

Ir-2 CBP 76.2 72.8 22.5 (0.29, 0.59)/500

FIrpic CbBPCb 53.6 50.6 30.1 (0.14, 0.30)/—

FIr6 mCP + UGH3 39.5 39.2 22.9 (0.16, 0.29)/—

FCNIr PPO2 21.1 16.6 18.4 (0.14, 0.15)/—

FCNIrpic mCPPO1 31.0 29.8 25.1 (0.14, 0.18)/—

F3Irpic UGH2 37.6 33.7 14.3 —/484

m-Ir(pmb)3 UGH2 — 1.7 5.8 (0.17, 0.06)/—

Ir(dbfmi)3 PO9 28.6 35.9 18.6 (0.15, 0.19)/—

Ir(dbi)3 mCP 61.5 43.7 23.1 (0.19, 0.44)/—

fac-Ir-(mpim)3 TCTA 72.9 92.3 32.2 —/474

Ir(MPPZ)2(acac) CBP 37.3 20.3 13.2 —/580

(4-F-bt)2Ir(acac) CBP 52.4 29.4 17.2 (0.48, 0.51)/—

Ir(MDPP)2(acac) NPB — 9.9 6.2 (0.52, 48)/—

Ir(npy)2(acac) mCP 33.6 21.8 10.5 (0.45, 0.54)/—

PO-01 CBP 83.0a 82.0a 26.0a (0.49, 0.51)/—

(2-BNO)2Ir(prz) TCTA 75.9a 84.8a 22.1a (0.45, 0.54)/—

Ir(MDQ)2(Bpz) CBP 77.4 50.7 21.5 (0.38, 0.60)/—

Os(tfp)2(dppb) TCTA 42.1 47.2 15.7 (0.49, 0.48)/—

Pt(ptp)2 — — 79.2a 20.5a (0.49, 0.50)/—

Y-Pt mCP 74.9 52.1 — (0.52, 0.47)/—

a At 100 cd m–2.
b At 1000 cd m–2, / for the double emissive layer, and + the mixed host emissive layer.
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�EST � 0:1meV, leading to internal TADF quantum
efficiencies of nearly 100% across the visible spec-
trum at room temperature.
An efficient molecular motif is based on a carbazo-

lyl dicyanobenzene structure, where the carbazole is
an electron donating group and the dicyanobenzene
is an electron withdrawing acceptor (Uoyama et al.,
2012). Several examples of these compounds and their
PL spectra are shown in Fig. 6.65. The molecular
structural formulae show a pronounced twist be-
tween the carbazole and the dicyanobenzene groups
that minimize orbital overlaps, and hence results in a
small exchange energy. In Fig. 3.87 we showed that

the lowest unoccupied natural transition orbital
is centered on the cyanobenzene, whereas the highest
occupied transition orbital centers on the carbazole
groups in 4CzIPN, with similar orbital configurations
expected for analogous molecules in this series.
A consequence of the minimal overlap of the transi-
tion orbitals is a featureless, broad excimer-like
luminescence spectrum. Hence, TADF molecules
tend to have non-saturated emission spectra com-
pared with conventional fluorescent or phosphores-
cent lumophores.
Figure 6.66 shows emission transients of a TADF-

based OLED consisting of 5 wt% 4CzIPN in CBP,
forming the emissive layer. Prompt fluorescence with
a natural lifetime of τp¼ 18 ns, followed by TADFwith
τTADF ¼ 5.1 μs at 300 K is shown in Fig. 6.66a. The
transient lifetime increases as temperature is decreased
due to thermally activated energy transfer, as implied
in Fig. 6.64. The spectra for both the prompt and de-
layed fluorescence signals in Fig. 6.66b have peaks at a
wavelength of 507 nm, which supports the conclusion
that the delayed signal is due to the same S1!S0 tran-
sition as the prompt fluorescence emission.
The TADF efficiency is the integral of both the

prompt and delayed emission spectra. That is, from
Eq. 6.1,

ηext ¼ ηintηout ¼ ðηF þ ηDFÞηout; ð6:40Þ
where for consistency, we use the formal definition of
rapid emission as fluorescence (with efficiency ηF),
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Figure 6.63 Photographic EL images of Ir-based PHOLEDs and their color coordinates plotted in the 1931 CIE chromaticity chart (circles). Also indicated
are the sRGB and NTSC color spaces. Courtesy, Universal Display Corp.
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Figure 6.64 Transitions between S1 and T1 leading to TADF. The
exchange energy splitting is �EST. Wiggly arrows indicate non-radiative
transitions from S1 and T1 to the ground state. Straight vertical arrows are
radiative transitions.
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and delayed fluorescence (with efficiency ηDF). Then it
follows:

ηint ¼ γ χSϕF þ χSϕISC;S þ χT

� �
ϕISC;T

h i
: ð6:41Þ

Here, γ is the charge balance factor, ϕF is the fluores-
cence quantum yield, and ϕISC,S and ϕISC,T are the
quantum yields for producing triplets and singlets,
respectively (cf. Fig. 6.64). Hence, the first term is
simply ηF and the second is the efficiency for emission
via TADF, namely ηDF.

Figure 6.66c shows the PL quantum efficiency for
both the fluorescent and TADF emission, along with
the combined spectra that corresponds to the inte-
grated area under the transient PLdata. There is almost
no temperature dependence of the prompt spectral
intensity, as expected for direct fluorescence with rate
kF. However, the TADF signal appears to decrease by
approximately 30% from room temperature to T < 10
K, indicating a weak temperature dependence for this

endothermic process. The temperature dependent
emission rate is understood if we assume that T1 and
S1 are in thermal equilibrium (Kirchhoff et al., 1983).
The ratio of concentrations of excitations in state S1 to
T1 (corresponding to [S1] and [T1], respectively), is
given by their respective ISC rates, that is,

K ¼ S1½ 
= T1½ 
 ¼ kISC;T=kISC;S: ð6:42Þ
This relationship is valid if the rates are greater than
the competing rates in Fig. 6.64 to allow for equilib-
rium between the two states to be established. That is,
we assume that and kISC;S	 kPh þ knrT and kISC;S	
kF þ knrS. Then it follows that the quantum yields
from T1 and S1 are

ϕPh ¼
kPh

kF þ knrSð ÞK þ kPh þ knrT
ð6:43aÞ

and

ϕF ¼
kFK

kF þ knrSð ÞK þ kPh þ knrT
: ð6:43bÞ
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Figure 6.65 (a) Carbazolyl dicyanobenzene molecules and (b) their characteristically featureless photoluminescence spectra. Functionalizing the
molecular species leads to tuning of the spectral peak from the blue into the red (Uoyama et al., 2012).

Reprinted by permission from Springer Nature, Nature, 492, 234, Uoyama, H., Goushi, K., Shizu, K., Nomura, H. & Adachi, C., Highly efficient organic light-emitting
diodes from delayed fluorescence. Copyright 2012.

6.3 ELECTROLUMINESCENT PROCESSES 425



Note that ϕPh and ϕF are the radiative quantum yields,
whereas ϕISC,T and ϕISC,S in Eq. 6.41 are the yields (i.e.
the probabilities) of intersystem crossing for S1  T1

and S1!T1, respectively. Then, the rate for delayed
fluorescence is given by

kTADF ¼ kF þ knrSð ÞK þ kPh þ knrT
1þ K

: ð6:44Þ

In Section 3.7.5 we found the RISC rate is proportional
to the Boltzmann factor, expð��EST=kBTÞ, which
weights the relative filling of T1 and S1 at thermal
equilibrium. Since the degeneracy of the triplet is

three times that of the singlet, and assuming that the
zero field splitting for the triplet state is negligible,
then we can write the relative concentrations of the
triplet and singlet states, K, as

K ¼ kISC;T
kISC;S

¼ 1
3
expð��EST=kBTÞ; ð6:45Þ

which finally yields the expression for the rate of
population of triplet states by ISC:

kISC;T ¼ kISC;S
3

expð��EST=kBTÞ: ð6:46Þ

(Compare this with Eq. 3.208, with k∞ISC;T ¼ kISC;S=3.)
By combining Eqs. 6.42, 6.44, and 6.45, we can ob-

tain kISC,T by making the reasonable assumptions that
kPh þ knrT� kF þ knrSð Þ and K≲ 1 in efficient TADF
systems. Then,

kISC;T ¼ kTADFkISC
kF þ knrS � kTADF

� kTADFkISC
kF

; ð6:47Þ

where on the right hand expression we have made the
further assumption that knrS and kTADF are small com-
pared to the prompt fluorescence rate, kF. Since both
kISC and kF are largely temperature independent, the
activation energy taken from the slope of the kTADF vs.
1/T gives a small exchange energy splitting via
Eqs. 6.46 and 6.47. For 4CzIPN, for example, it was
found that�EST ¼ 83 meV (Uoyama et al., 2012). This
is more than three times the thermal energy at room
temperature. From the intercept of a plot of kISC,T vs.
1/T, at T!∞ we obtain kISC,T ¼ kISC,S/3.
Although the singlet–triplet splitting is larger than

kBT, endothermic transfer S1  T1 can, nevertheless,
be efficient in the absence of parasitic decay channels.
In Fig. 6.67 we show ηext for three OLEDs with EMLs
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Figure 6.67 Efficiencies and EL spectra (inset) of four TADF OLEDs
based on carbazolyl dicyanobenzene molecules doped into CBP at
concentrations of 5 wt% (Uoyama et al., 2012).
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comprising 15 nm 4CzIPN or 4CzTPN-Ph (5 wt%):
CBP for green and yellow emitting devices, respect-
ively. For cyan OLEDs, the EML was 20 nm 2CzPN(5
wt%):PPT:CBP. These structures are similar to those
employed in PHOLEDs, consisting of a layering
scheme that follows: anode/HTL/EML/HBL/ETL/
EIL/cathode. Since triplets have a far longer lifetimes
than singlets, it is important to confine them with an
HBL/EBL around the EML to ensure that they are
harvested by the TADF chromophores. Furthermore,
the triplet and singlet energies of the host should
exceed that of the guest to ensure efficient energy
transfer. As in PHOLEDs, this transfer can occur by
exchange (Dexter), dipole coupling (Förster) or even
direct charge transfer to the guest from the adjacent
ETL and/or HTL layers.

The green emitting 4CzIPN-based device has a
peak room temperature efficiency of ηext ¼ 19.3%,
corresponding to ηint ≃ 100%, with ηext ¼ 11 ± 1% for
the yellow, and 8 ±1% for the cyan devices (Uoyama
et al., 2012). Since these are inherently phosphorescent
devices (i.e. emission rates are controlled by the triplet
lifetime, 1/kph), they are capable of harvesting both
triplets and singlets similar to heavy metal triplet
emitters.

The maximum rate for delayed fluorescent emis-
sion is given by Eq. 6.44. Hence, for kF �108 s�1 and
�EST > 0.07 eV, then K � 0.025, yielding

τTADF ¼ k�1TADF ¼
1þ K

ðkF þ knrSÞK � 400ns: ð6:48Þ

This is apparently a lower limit to the emission time
for non-metalorganic TADFmolecules, with high per-
formance materials demonstrated that exhibit τTADF�
2–100 μs (Zhang et al., 2012, 2015, Wang et al., 2015,
Wang et al., 2016).

Since their introduction in OLEDs, TADF dopant
materials based on carbazolyl, Cu and Au complexes
have produced devices with ηint ≃ 100% and spectra
spanning the entire visible spectrum. These molecules
consistently follow the motif of electron donating and
withdrawing groups at opposite ends of a twisted
backbone, thus limiting the orbital overlap between
these groups. Examples of a few such organic fluor-
ophores listed in Table 6.8 provide their τTADF in
solution or solid matrices, peak emission wavelengths
and maximum efficiencies of OLEDs in which they
are used. The delay time scales with the exchange
energy, as expected. The longest τTADF ¼ 86 μs is
found for the deep red fluorophore, TPA-DCPP (com-
pound 1R) with an�EST ¼ 130 meV, and the shortest
is for DMAC-BP (7G) with τTADF ¼ 2.7 μs and a �EST

¼ 70 meV. It is indeed remarkable that OLEDs

employing molecules with τTADF > 50 μs have ηext >
10%, indicative the presence of very limited non-
radiative recombination pathways.
In some cases, both doped and undoped EMLs

have been shown to have nearly 100% internal quan-
tum efficiency. The green emitting devices (4G and
7G) have nearly lossless endothermic transfer from
the triplet to the singlet state, followed by fluores-
cence whose rate, kF, is significantly larger than com-
peting non-radiative processes, at rate knrS.
One variation on these molecular motifs is the deep

blue “twin emitter” design of 44TCzPN (9B) (Kim
et al., 2016b). Generally, the carbazole fluorophores
are connected via a phenyl group (e.g. 3Y, 4G) that
is incapable of controlling the degree of conjugation
between these units. In the twin emitter design, inter-
connection is via the pair of carbazoles that controls
the angle between the end groups (also carbazoles),
thereby decreasing conjugation. This strategy appears
to eliminate the red shift, leading to deep blue emis-
sion at high OLED quantum efficiency. Indeed, 9B
has a rather short τΤADF even with its large exchange
energy of 210 meV.
Up to this point, only organic molecules have been

discussed. In Sections 3.6.1 and 3.7.5 we introduced
metal–organic complexes that use a Cu linker be-
tween the donor and acceptor moieties. These moi-
eties show characteristic, structureless emission that is
tuned from the blue to the NIR spectral regions, often
with nearly 100% internal quantum efficiency
(Wallesch et al., 2014, Yersin et al., 2017, Shi et al.,
2019). Similarly Ag and Au can link the donor accept-
or groups with similar characteristics to those ob-
tained for the organic complexes in Table 6.8.
Figure 6.68a shows the emission spectra of OLEDs
employing two Au(III) aryl emitting TADF com-
pounds whose molecular structural formulae are
also provided. The device structure was: ITO/
PEDOT:PSS/PVK:OXD-7:Au(III) complex (80:20)/
TPBi/LiF/Al, where the bottom layers are deposited
from solutions, whereas the TPBi blocker and cathode
contacts are deposited by VTE. As for the carbazolyl
and Cu complexes, the emission spectra are broad
and featureless extending from the blue into the NIR
at 700 nm. The peak emission intensity is at 509 nm
and 500 nm, with the shorter wavelength correspond-
ing to the fluorinated compound that has stronger
electron-withdrawing character than the compound
lacking the four F atoms.
The structure of the non-fluorinated compound is

shown in Fig. 6.68b. The twist in the molecular struc-
ture across the Au linker provides isolation between
the orbitals on the donor and acceptor moieties. This
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Table 6.8 Representative fluorescent emitters and hosts used in TADF OLEDs

No. Emitting polymer Conductive host λmax

(nm)
ηext
(%)

τTADF
(μs)

CIE
coord.

Ref.

1R
N N

NN

NC CN

TPA-DCPP

N

N N

N

N N

TPBi

668 9.8 86 0.68, 0.32 (Wang et al.,
2015)

2Y

NN

N

NC CN

N

PyCN-ACR

N N

CBP

575 15.6 4.6 (Cai et al., 2016)

3Y
CN

N

N N

N

N

4CzCNPy

P
O

O

SFXSPO

560 19.7 14.2 0.31, 0.59 (Li et al., 2016a)

4G

N

N N

N

CNNC

4CzPNPh

SFXSPO 516 22.5 5.1 0.48, 0.51 (Li et al., 2016a)

5G

O O
NN

S
O O

PXZ-DPS

CBP 507 17.5 2.6 (Zhang et al.,
2014a)

6G

O

N

N

N

N
OO

bis-PXZ-OXD

P PO O
O

DPEPO

508 14.9 73 (Tanaka et al.,
2015)

7G

N N

O

DMAC-BP

None 510 18.9 2.7 0.26, 0.55 (Zhang et al.,
2015)

8B
N N

S
OO

DMAC-DPS

None 481 14.4 3.0 0.17, 0.30 (Zhang et al.,
2015)

9B

N

N N

N

N

N

N

N

44TCzPN

DPEPO 414 19.5 4.2 0.16, 0.23 (Kim et al., 2016b)
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twist leads to a reduced HOMO-LUMO overlap, and
hence a reduced exchange energy, giving Au(III)-aryl
compounds their TADF character. The temperature
dependence of the emission lifetime of this Au com-
plex following an analysis used for the Cu com-
pounds in Eq. 3.212 gives �EST ¼ 26 meV, with 39
meV for the fluorinated complex in Fig. 6.68a (To
et al., 2017). Notably, metalorganic TADF molecules
often have radiative lifetimes < 1μs, in contrast to the
generally far longer lifetimes (typically > 5 μs) for
pure organic compounds.

It is found in Fig. 6.68b that at 1000 cd/m2, external
efficiencies of 14.7% and 16.5% are obtained for the
non-fluorinated and fluorinated complexes, respect-
ively, with corresponding peak efficiencies at low
luminance of 14.8% and 23.8%. These high room tem-
perature efficiencies are due to the very small ex-
change energies, and hence small TADF lifetimes of
these molecules.

The broad and unsaturated emission of TADF
compounds results from the lack of intramolecular
overlap of the donor-acceptor moieties, giving the
emission a charge transfer character. More saturated
emission can be achieved using a TADF molecular
sensitizer (or assistant molecule) co-doped with a con-
ventional fluorophore with its reduced, excitonic
emission linewidths (Nakanotani et al., 2014). If the
singlet level of the sensitizing molecule is higher than
that of the fluorophore, and if there is spectral overlap
between the singlet emission spectrum of the sensi-
tizer and the absorption spectrum of the fluorescent
emitter, then efficient Förster energy transfer can
occur from the TADF molecule to the fluorescent
emitter. Sensitized TADF is analogous to phosphor-
sensitized fluorescence discussed in Section 6.3.1 (cf.
Figs. 6.30 and 6.31) that was similarly developed to
access the exceptionally large palette of highly effi-
cient fluorescent dopants in OLEDs (Baldo et al.,
2000b, Kanno et al., 2006c, Chang et al., 2007) The
mechanism of charge to exciton to dopant transfer is
shown in Fig. 6.69. Note that sensitized TADF has the
added benefit of accessing the far larger number of
fluorescent dyes that are available as compared with
TADF compounds, thus providing greater flexibility
in choosing an emission color to satisfy a particular
application need.
For sensitized TADF to be efficient, there must be

100% triplet-to-singlet up-conversion on the sensitizer,
followed by equally efficient singlet transfer from the
sensitizer to the fluorescent emitter. We have seen that
the first step in this energy cascade can be achieved
using TADF molecules with a small exchange energy
splitting. We have also shown in Sections 6.3.2, 6.3.3,
and Chapter 3, that FRET can also be highly efficient
when the acceptor and donor are in resonance, and
within a Förster radius, R0.
The down-conversion process in Fig. 6.69 starts

by the formation of an injected electron and hole
into an exciton. This can occur on the host molecule,
or directly on the TADF assistant. The exciton on the
assistant is excited to S1 and then subsequently exo-
thermically transferred by FRET onto the emitting
fluorophore. Figure 6.70a shows the PL spectrum of
the blue TADF-assisted system consisting of a film
using the TADF assistant ACRSA in DPEPO as host,
along with the absorption and PL spectra of the TBPe
dopant in a solution of CH2Cl2. The overlap between
the ACRSA emission and TBPe absorption spectra
yields a transfer radius is R0 ¼ 2.2 nm. The energies
of the S1 and T1 states are 3.50 and 3.00 eV for DPEPO,
and 2.55 eV and 2.52 eV for ACRSA, respectively,
and S1 for the emitter is 2.69 eV. Since ACRSA
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Figure 6.68 (a) Electroluminescence spectra of two TADF OLEDs
employing blue Au-aryl emitters, whose structural formulae are indicated.
(b) External quantum efficiency vs. luminance for the emitters in (a). Also
shown is the molecular structure of the lower of the two compounds in (a)
indicating the locations of the Au linker and the donor (d) and acceptor (a)
moieties. After To et al. (2017).
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is doped at 15 wt% into DPEPO, both singlets and
triplets are efficiently transferred by exchange and/or
FRET to the assistant. In contrast, the emitter mol-
ecule, TBPe, is doped at only 1wt% into the host-
assistant blend, ensuring that only FRET of the sing-
lets in the assistant is active. This avoids direct trans-
fer of triplets from the assistant to the emitter
molecule, which would lead to their loss. The effect
of the assistant is apparent in Fig. 6.70b. The external
quantum efficiency of the device with the TADF sen-
sitizer has a maximum of 13.4%, falling to 8.7% at
1000 cd/m2, with cyan CIE coordinates of (0.17,
0.30). This is compared with a maximum efficiency
of only 1.5% for the TPBe device lacking the sensitizer.
The high energy spectra in Fig. 6.70a point to one

of the challenges of the sensitization strategy used in
both PHOLEDs and TADF OLEDs: deep blue fluor-
escent OLEDs require a sensitizer molecule of even
higher (ultraviolet) energy emission to allow for ef-
ficient exothermic transfer to the fluorophore, and
perhaps even higher energy for the host excited

states. As will be shown in Section 6.7, high energy
emitting materials have considerably shorter oper-
ational lifetimes than their lower energy (e.g. green
or red) emitting counterparts. Hence, it is problem-
atic to realize long-lived devices with emission in the
deep blue.
The spectra of sensitized OLEDs using the various

materials combinations in Fig. 6.69 are shown in
Fig. 6.70c. Unlike TADF emission, the vibronic struc-
ture of the emitting fluorophore is apparent, resulting
in spectra that are comparatively narrow. All materials
combinations have the appropriate energetic arrange-
ment of SH

1 ;T
H
1 > SA

1 ;T
A
1 ≳ SF

1 , where superscripts H, A,
and F correspond to the host, assistant and fluorescent
emitter molecules, respectively. The peak efficiencies
thus obtained using 1 wt% of the fluorophore in 15–50
wt% assistant doped into their respective hosts, are
8.7%, 11.7%, 17.2%, and 10.9% for the blue, green,
yellow, and red OLEDs, respectively. The efficiencies
are consistently lower than optimized TADF devices
due to energy transfer losses incurred at each of the
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Exothermic FRET transfer of the exciton from the assistant to the fluorophore results in emission within the visible or NIR spectrum,
depending on the excitonic energy of the fluorophore. Molecular formulae of several assistant TADF dopants are shown at the bottom
(Nakanotani et al., 2014).
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steps in the cascade from host to assistant to emitter, as
well as to the less than unity PLQY of the various
molecules employed. This is particularly clear in the
red-emitting device in Fig. 6.70c where incomplete
transfer results in a short wavelength tail extending
from λ ¼ 500 to 590 nm.

6.3.5 Exciton annihilation and management
in OLEDs

At high current, the efficiency of all OLEDs decreases
(see, for example, Figs. 6.54 and 6.56). There are three
primary sources for this phenomenon: saturation of
dopant molecular sites with excited states, loss of
charge balance in the EML, and exciton annihilation,
all ofwhich increasewith current (Giebink andForrest,
2008). Exciton annihilation with other excitons and/or
polarons is particularly important, andwas introduced
in Section 3.10. The annihilation reactions that result in
decreased efficiency at high current are the following:
Fluorescent OLEDs

SþT �!kSTA TnþS0 !kTn TþS0 ðSTAÞ ð6:49aÞ

SþP �!kSPA PnþS0 !kPn PþS0 ðSPAÞ ð6:49bÞ

SþS �!kSSA SnþS0 !kSn SþS0 ðSSAÞ ð6:49cÞ
Phosphorescent and TADF OLEDs

TþT �!kTTA�S SnþS0 !kSn SþS0 ðTTA�SÞ ð6:50Þ

TþT �!kTTA�T TnþS0 !kTn TþS0 ðTTA�TÞ
ð6:51aÞ

TþP �!kTPA PnþS0 !kPn PþS0 ðTPAÞ
ð6:51bÞ

Here, the annihilation processes are defined as in
Chapter 3: singlet–triplet (STA), singlet–polaron (SPA),
singlet–singlet (SSA), triplet–triplet that produces sing-
lets or triplets (TTA-S or TTA-T, respectively), and
triplet–polaron (TPA). Note that Eq. 6.50 gives rise to
delayed fluorescence, and thus leads to increased effi-
ciency in singlet emitting OLEDs.
These processes require the collision of two particles

(either an exciton or a polaron) at a commonmolecular
site. The collision results in the delivery of the energy
from the emitting exciton to a second species (exciton
or polaron), which is promoted to a higher energy (hot)
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Figure 6.70 (a) Emission spectra of the TADF sensitizer, ACRSA doped at 15 wt% into a DPEPO host, and the absorption (dashed line) and emission
(lower solid line) spectra of TBPe in a 10 μM/L solution of CH2Cl2. (b) External quantum efficiency of a DPEPO:TBPe (1 wt%) EML OLED with and without
15 wt% doping with ACRSA. Inset: Chemical structural formula of TBPe. (c) Spectra of the blue, green, orange, and red fluorescent dopants in Fig. 6.69
(Nakanotani et al., 2014).
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state, denoted as Sn, Pn, or Tn, where n > 1.
Non-radiative relaxation then returns the hot state
back to its lowest energy level where either a further
annihilation event, or a transition to the ground state
occurs. The rates (k) of the corresponding processes are
also defined in Eqs. 6.49–6.51. Since the same triplet
population leads to singlet or triplet annihilation, the
rate constants governing the relative contributions of
processes in Eqs. 6.50 and 6.51a are related via
kTTA�S ¼ αkTT and kTTA�T ¼ 1� αð ÞkTT, respectively,
where α is the fraction of annihilation events that fol-
low TTA-S vs. kTT, which is the total TTA rate constant.
Since these processes depend on exciton concentration,
then TTA-S occurs at rate αkTTT2 and TTA-T at rate and
1� αð ÞkTTT2.
With these processes and rates, we can write a

generalized rate equation for the dynamics of the
exciton population in the presence of both optical
and electrical excitation at position x within the emis-
sion zone of the OLED, viz.

dNðx; tÞ
dt

¼ Gðx; jÞ �Nðx; tÞ½kN þ Kðx; jÞ
; ð6:52Þ

where G(x, j) is the electrical generation rate at current
density j, kN = kF or kPh for a singlet or triplet exciton,
respectively, and the exciton concentration, N(x, t) is
either the singlet (S(x, t)) or triplet (T(x, t)) density.
These can be either optically or electrically generated
or both, such that N x; tð Þ ¼ NEL x; tð Þ þNPL x; tð Þ. Fi-
nally, K(x, j) is the aggregate rate due to quenching
by all possible mono- and bimolecular processes, and
can be written (Giebink and Forrest, 2008)

K x; jð Þ ¼ knn x; jð Þ þ kpp x; jð Þ þ kNNENEL x; jð Þ
þkNNPNPL xð Þ þ ζ Fð Þ þ… ð6:53Þ

In this expression, the generalized rates due to elec-
tron or hole quenching are kn and kp with correspond-
ing electron and hole densities, n(x) and p(x). The
second two terms are the generalized bimolecular
exciton recombination rates due to electrical (kNNE)
or optical (kNNP) excitation. Finally, ζ(F) is exciton
quenching rate due to the local electric field F(j). As
we will see below, most practical situations require
that we consider only the few processes that are the
most significant to the exciton dynamics in a
particular OLED.

6.3.5.1 Exciton annihilation, triplet fusion, and
singlet fission in fluorescent OLEDs

From Eqs. 6.49a and 6.50, we see that triplet annihila-
tion can lead to either a decrease or an increase in
the singlet density (Zhang and Forrest, 2012). Process

TTA-S results in delayed fluorescent emission that
adds to OLED efficiency by creating additional sing-
lets from non-radiative triplets. Several reports
(Kondakov et al., 2009, Yokoyama et al., 2011,
Wallikewitz et al., 2012) show α > 0, resulting in
fluorescent OLEDs whose internal efficiency exceeds
the 25% spin-statistical limit due to this process.
The rate of STA is kSTAST. Thus, using Eqs. 6.52 and

6.53 we can describe the singlet and triplet density
dynamics by

dS
dt
¼ γðjÞ j

4qd
� kFS� kSTAST þ αkTTT2; ð6:54Þ

dT
dt
¼ γ jð Þ 3j

4qd
� kPhT � 1þ αð ÞkTTT2; ð6:55Þ

where γ(j) is the current-dependent charge balance
factor, and d is the EML thickness. The ¼ and ¾
terms in these expressions reflect the statistics of sing-
let and triplet spin formation. In steady state, the
external quantum efficiency is calculated for
Sðt ¼ ∞; JÞ to give (Zhang and Forrest, 2012)

ηextðjÞ ¼ ηoutϕS
kFSðt ¼ ∞; jÞ

j=qd
: ð6:56Þ

Rubrene is a particularly interesting fluorescent mol-
ecule since its singlet energy (ES� 2.2 eV) is twice that
of the triplet (ET � 1.1 eV), thereby enabling efficient,
resonant TTA-S (Kondakov et al., 2009). When ru-
brene is doped with a fluorophore with emission
energy, EF, such that ET < EF < ES (e.g. DBP with EF

¼ 2.0 eV), two triplets produced on rubrene can
undergo TTA-T (a process called triplet fusion), to
produce one rubrene singlet. Subsequently, the sing-
lets can transfer via FRET to the fluorophore followed
by radiative emission. Unlike TADF, this route to
singlet generation is lossy, since it takes two excited
states (triplets) to generate a radiative singlet, see
Fig. 6.71. Given the dual generation processes of dir-
ect singlet excitation and singlet production via triplet
fusion, the OLED efficiency can exceed that deter-
mined by spin statistics, where only one singlet is
generated per three triplets. Figure 6.71 also shows
the competing process of singlet fission, whereby
one singlet can produce two triplets, following:
S!kS2T 2T under the condition that ES � 2ET . This pro-
cess competes with radiative emission fromDBP. Due
to the exothermic transfer from rubrene to DBP, it is
likely that kF >> kS2T, and hence the latter process is
largely inactive.
These several processes have been identified in a

1 vol.% DBP:rubrene OLEDwith a peak ηext¼ 6.7% at
j ¼ 75 mA/cm2 (Fig. 6.72), clearly exceeding the spin-
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statistical limit of ηext ≃ 5%. The ηext undergoes a
rapid roll-off with increasing j, decreasing to only
0.9% at 57 A/cm2. The EL spectrum shows pure
DBP emission with a peak wavelength of λ¼ 610
nm, and with almost no change with j, indicating
that FRET is efficient (Zhang and Forrest, 2012).
A solution to the steady state rate equations that
considers both triplet fusion and STA (Eqs. 6.54–
6.56), yields a fit to the data (solid line) for kSTA ¼
7.1 � 10�11 cm�3 s�1 and kTTA�S ¼ 6.0 � 10�14 cm�3

s�1. Eliminating one or the other of the processes,
however, does not adequately describe the observed
dependence of ηext on j.

The theory also requires charge balance. The fits are
reasonable assuming γ(j) ¼ 1 for j > 1 A/cm2, after
which γ(j) decreases due to charge leakage through the
emissive layer, and field-induced exciton dissociation
(Giebink and Forrest, 2008). The leakage is evident in

the emission spectra for OLEDs that show a noticeable
increase in the contribution from rubrene (at λ¼ 550
nm) at j > 60 A/cm2. Exciton–polaron annihilation is
also possible in fluorescent OLEDs; however, it is not
needed to achieve the fit in Fig. 6.72.
The time dependent solutions to Eqs. 6.54 and

6.55 that include both STA and TTA-S with rate
constants used in Fig. 6.72 also accurately represent
the data obtained for both the turn-on and turn-off
transients of the EL intensity, shown in Fig. 6.73. At
low j, the EL intensity gradually increases to steady
state over tens of microseconds. This is consistent
with TTA-S since the triplet density slowly in-
creases over this timescale. In contrast, at high j,
the EL intensity rapidly peaks, and then gradually
decays to a steady-state intensity approximately
70% of its peak value. This is a signature of STA
since the singlet density decreases with increasing
triplet density due to increased annihilation (Zhang
et al., 2010). The EL turn-off transients for all cur-
rent densities show delayed fluorescence (right
hand graphs in Fig. 6.73) due to TTA-S (Kondakov
et al., 2009, Zhang et al., 2010). The steady-state
EL intensity, ELSS, and the initial delayed fluores-
cence intensity, ELTTA–S are related by the ratio,
ρðjÞ ¼ ELTTA�S=ELSS that characterizes the fraction
of TTA-generated-emission relative to the total
emission intensity.

ES = 2.2 eV 2ET = 1.1 eVTTA-SFRET

emission

S fission

DBP 
Rubrene

EF = 2.0 eV

excitation

Figure 6.71 Emission from a DBP:rubrene OLED due to a combination
of direct electrical excitation of rubrene singlets and triplets, along with
triplet fusion (right) resulting in additional rubrene singlets.
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The question now arises: what is the maximum
quantum efficiency that can be achieved by delayed
fluorescence generated by TTA-S? Using Eqs. 6.54
and 6.55, we can write ρ(j) as

ρðjÞ ¼ 3αkTTA�ST2

kPhT þ ð1þ αÞkTTA�ST2 þ 3αkTTA�ST2 : ð6:57Þ

Since the phosphorescent rate is very small compared
to the other rates; then lim

j!∞
ρ ¼ 3α=ð4αþ 1Þ. The upper

limit of the internal quantum efficiency is ηint;max ¼
25%=ð1� ρÞ ¼ 25%� ð4αþ 1Þ=ðαþ 1Þ. When α ¼ 1,
ηint,max ¼ 62.5%; a limit can only be reached for kTTA-

ST >> kPh with negligible STA. This limit is consider-
ably lower than 100% that is accessible by triplet
emission via phosphorescence or TADF. Indeed, the
highest observed internal quantum efficiency via de-
layed fluorescence is �50–55% (Kondakov et al., 2009,
Zhang and Forrest, 2012).
It is apparent from the foregoing that TTA-S can

add to the device efficiency at low j, but at high j it
must compete with losses due to STA, where the
build-up of triplets results in quenching of the high
density of singlets. To find the j where the increase in
efficiency is overcome by losses, we define the effect-
ive triplet current density as

jT ¼ 4qd
γ jð Þ αkTTT2 � kSTAST

� �
; ð6:58Þ

which allows us to rewrite Eq. 6.54 as

dS
dt
¼ γðjÞ j

4qd
1þ jT

j


 �
� kFS: ð6:59Þ

Now, jT can be either positive or negative, depending
on whether TTA-S or STA dominates. The calculated
jT/j for the DBP:rubrene OLED is shown in Fig. 6.74.
With increasing j, jT/j is initially positive, and increases
due to TTA-S to a peak of 0.53 at j ¼ 50 mA/cm2;
and then decreases due to the increased rate of STA.
A critical current density, jC can be defined when jT/j¼
0where the effects of TTA and STA are equal. Above jC
¼ 2.2 A/cm2 triplets lead to a net decrease in quantum
efficiency.
Singlet fission can result up to 125% internal effi-

ciency if the triplets are harvested by a molecule with
a large phosphorescent efficiency, such as a heavy
metal complex. An energy level diagram showing
singlet fission yielding two triplets per singlet is
shown in Fig. 6.75. We assume that the host molecule
can engage in efficient singlet fission, that is, EHS1 �
2EHT1, where the substrate H refers to the host.
A guest phosphor whose triplet energy is EGT1 �
EHT1 is doped into the host at a concentration that

permits Dexter transfer of triplets from the host to
the guest molecule. The host is electrically excited,
creating the usual 1:3 singlet:triplet ratio. The triplets
are transferred directly to the guest, accounting for
75% of the excited states. On the other hand, the
singlet population undergoes fission to create two
triplets for each singlet. These excess triplets then
transfer to the phosphor, which add to the emission
intensity. In principle, therefore, there are 125 emit-
ting triplets generated for each 100 electron–hole pairs
injected into the OLED EML.
There is somewhat weak evidence that this process

has been observed in the rubrene:Erq3 host/guest
system (Nagata et al., 2018). The guest is a rare earth
phosphor. Unlike heavy metal electrophosphorescent
complexes, the triplet transition occurs directly be-
tween atomic orbitals on the rare earth, rather than
via ligand transitions. For Er, the intra-4f transition
4I13=2!4I15=2 (4I15=2 corresponds to the ground state)
has a NIR emission energy of 0.80 eV. This is below
the rubrene triplet at 1.14 eV, which allows for
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Figure 6.74 Effective triplet normalized current density, jT vs. j for a 1%
vol. DBP:rubrene OLED. The critical current (jC) where the increase in
quantum efficiency due to TTA-S is exceeded by loss due to STA is shown.

S0

S1

T1

Singlet fission host Triplet emitting guest

Figure 6.75 Energy level diagram of the emission region of an OLED
undergoing the process of singlet fission yielding two emissive triplets
(triangles) for every singlet (circle).
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efficient exothermic transfer to the Er ion. The 8-hyr-
doxyquinoline ligand singlet and triplet energies on
Erq3 are 2.85 eV and 2.23 eV, respectively, and hence
do not participate in the emission process. While rare
earth molecules undergo triplet emission with narrow
emission spectra, coupling to the atomic orbitals is
weak, and hence such devices have not been found
useful for OLED applications.

To determine whether or not singlet fission to the Er
complex, the change in PL intensity,�IPL, vs. magnetic
fieldwasmeasured for a 2mol.%Erq3:rubrenefilm.As
we will discuss in detail in Section 7.6, the magnetic
field,B, decreases the number of correlated triplet pairs
with singlet character, denoted by 1(TT). Thus, the
magnetic field enhances the rate of the reaction: S1 Ð
1ðTTÞ Ð T1 þ T1 (Piland et al., 2013). As the field in-
creases, there should be a decrease in the number of
singlet fission products. It is observed that the fraction
of light emitted in the NIR by the Er-complex with
increasing magnetic field decreases by 9.5% at B ¼
0.4T from its value at B ¼ 0 due to a decrease in the
production of 1(TT) precursor states. Also, note that
the fraction of PL in the visible from rubrene fluores-
cence increases (+11.3%) due to a concomitant increase
in singlets that are not lost to triplets.

The emission spectrum from an OLED employing
an Erq3:rubrene EML is identical to the narrow emis-
sion spectrum centered at 1.55 μm characteristic of
the Er 4I13=2!4I15=2 transition. Quantitative analysis
of the dependence of the intensity dependence on B
yields a singlet fission yield under electrical excita-
tion of 51.6%. However, the efficiency of the OLED is
very low (i.e. far from the predicted 125%), which is
attributed to the PLQY of only ΦPL �10-3 for Erq3.

6.3.5.2 Reducing efficiency roll-off via triplet
management

Triplet-induced quenching in OLEDs (Eq. 6.49a) can
be reduced or even eliminated by blending a “triplet
manager” molecule into the EML to divert triplets
from the emitting guest molecule. The process of trip-
let management is illustrated in Fig. 6.76. If the T
manager has a higher S and lower T energy than the
guest, it facilitates Förster transfer of singlets to the
guest, and Dexter transfer of triplets from the guest to
the manager, thereby potentially eliminating STA on
the guest. This strategy was demonstrated in OLEDs
with EMLs comprising an Alq3 host doped with 2 vol.
% of DCM2 along with various concentrations (0 � x
� 70 vol.%) of ADN for triplet management. The
triplet energies of Alq3 (ET1 ¼ 2 eV), DCM2 (1.74
eV), and ADN (1.69 eV) are consistent with the re-
quirements in Fig. 6.76 (Zhang et al., 2011). Since

triplet transfer occurs primarily by exchange inter-
actions, the manager concentration must be high (>
10%) for this scheme to be effective. Transfer of sing-
lets is via Förster transfer, requiring dopant concen-
trations of only a few percent, which is sufficiently
low to avoid concentration quenching.
Figure 6.77a shows the transient EL for a series of

managed OLEDs with the structure of: ITO/35 nm
NPD/25 nm-thick EML/25 nm BCP ETL/0.8 nm
LiF/100 nm Al with different ADN fractions, x, in
the EML. For the unmanaged (control) device (x ¼
0), the EL rapidly reaches a peak and then decays to a
steady state intensity at �50% of its initial value. This
decrease in efficiency is due to STA as the triplet
population builds up over several milliseconds (see
Fig. 6.73, lower left) (Zhang et al., 2010). When the
guest triplet population approaches steady state,
STA stabilizes at a reduced equilibrium singlet popu-
lation. In the presence of the T manager, the magni-
tude of the EL transient decay reduces with increasing
x, and disappears entirely at x � 50%, indicating the
complete suppression of STA. Figure 6.77b shows the
EL intensity peak-to-steady-state ratio, ρ(j). We find
that ρ(j) decreases with increased manager concentra-
tion, and ρ(j) ¼ 1 for x � 50%, corresponding to an
absence of STA.
Two annihilation processes dominate energy trans-

fer in triplet-managed OLEDs, namely guest STA,
Sþ TG!S0 þ TG, and host-to-guest triplet Dexter
transfer, TH!TG. The EL transient follows the singlet
population whose dynamics are described by (Zhang
et al., 2011)

dSðtÞ
dt
¼ � kF þ kSTATGðtÞð ÞSðtÞ þ γ

1
4

j
qd

; ð6:60Þ

Host 
(Alq3)
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T

T Manager
(ADN)
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Emitter
(DCM2)

S

T

Emission

Figure 6.76 Concept of a triplet managed fluorescent OLED
EML. The triplet and singlet levels and the transitions between them
are shown. The manager is co-doped with the emitter (guest) and host
molecules in the EML. Its triplet energy is lower than that of the host and
the fluorophore to capture triplets before they can undergo STA with host
and emitter singlets. Förster transfers are shown as solid arrows, and
exchange (Dexter) transfers by dashed arrows.
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dTHðtÞ
dt

¼ �kHGexp � 2
L

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

NGTðjÞ � TGðtÞ
3

s !
THðtÞ þ γ

3
4

j
qd

;

ð6:61Þ
and

dTGðtÞ
dt

¼ kHGexp � 2
L

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

NGTðjÞ � TGðtÞ
3

s !
THðtÞ;

ð6:62Þ
where we assume γ is independent of current, kHG and
L are the host-to-guest triplet transfer rate coefficient
and molecular van der Waals radius, respectively,
and NGT(j) is the saturation guest T population. That
is, when TGðtÞ!NGTðjÞ, the transfer stops and
dTG=dt ¼ 0. The exponential factors are due to trans-
fer of excitons between molecules consistent with the
Dexter process. Eventually, TH saturates due to TTA
and natural decay, but these processes are slower
(�1 ms) than the time scale for EL decay, and are
thus neglected.
Assuming the boundary condition that TG ¼ 0 at t
¼ 0, and TG¼NGT as t! ∞ in Eq. 6.61, we obtain

ρðjÞ ¼ 1þ kSTANGTðjÞ
kF

: ð6:63Þ

The external quantum efficiency roll-off is then given

by
ηextð jÞ
η0

¼ γð jÞ
ρð jÞ, where η0 is the external efficiency for

γ ¼ 1, and γ(j) includes the current dependent charge
balance along with all other loss factors under elec-
trical excitation, such as SPA.

For a 2 vol.% DCM2 concentration, L � 3 nm
as determined from the average distance between
dopant molecules. With the constraint on NGT(j)
given by Eq. 6.63 and γ ¼ 1, the EL transients are fit
by Eqs. 6.60–6.62 as shown by the solid lines in
Fig. 6.77a. From the fits, we obtain kSTA ¼ 1.5 �
10�10 cm3 s�1 independent of host and manager con-
centrations, and kHG¼ 2.5� 107 s�1 for x¼ 0 and 10%,
and kHG ¼ 3 � 108 s�1 for x ¼ 30% ADN. Also, NGT is
obtained using Eq. 6.63, with results indicated on the
right hand side of Fig. 6.77b. The introduction of the
triplet manager substantially reduces NGT. For ex-
ample, at j ¼ 0.5–2.5 A/cm2, NGT is reduced from 4 �
1018 cm�3 (x¼ 0) to<3� 1017 cm�3 (x¼ 30%), and to 0
cm�3 at x � 50%. The manager effectively eliminates
the nearly 50% decline in brightness (and efficiency)
observed in its absence. This strategy not only empha-
sizes the importance of STA in fluorescent OLEDs, but
it also shows a path to achieve very high brightness via
the intentional reduction in the triplet population. We
will show in Sections 6.7 and 6.8 that triplet manage-
ment can also result in an increased PHOLED lifetime
and continuous wave (CW) operation of optically
pumped organic lasers.

6.3.5.3 Efficiency roll-off in PHOLEDs

A defining characteristic of phosphorescent emission
is its long triplet decay time (�500 ns to 10’s of μs)
compared with fluorescence (1–10 ns)While this is the
origin of the high efficiency in PHOLEDs and TADF
OLEDs, it also provides an extended period in which
a triplet can interact with another excited state or
polaron. Given the lack of a strong absorption into

0 15 30

0.0

0.2

0.4

0.6

0.8

1.0

0 1 2 3

1.0

1.2

1.4

1.6

N
G

T
 (1

018
cm

–3
)

1.8

2.0

0

1

2

3

4

(b)

EL
 In

te
ns

ity
 (a

.u
.)

(a)

j (A/cm2)

0% ADN

10% ADN

30% ADN

>50% ADN

ρ(
j)

 =
 P

L p
ea

k/
PL

St
ea

dy
 S

ta
te

Time (µs)
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the triplet manifold and the non-radiative nature of
the host triplet, energy transfer occurs via hopping or
direct charge trapping in phosphorescent devices.
This requires a phosphor doping density that is sig-
nificantly greater than used in fluorescent devices,
where energy transfer is primarily via long-range
FRET. This also results in an increased probability
for triplet–triplet and triplet–polaron encounters on
the dopant molecules, or in dopant molecular clusters
at high current densities, leading to additional chan-
nels for non-radiative recombination at high current.

In Section 3.9 we showed that kTTA is related to the
triplet diffusion constant, D, via

kTTA ¼ 8πDRc ð6:64Þ

where Rc is the exciton capture radius. The factor of
two difference between this expression and Eq. 3.261
is that here we consider the collision rate between two
identical (i.e. triplet–triplet) particles. It has been ar-
gued that exciton annihilation can occur in a single
step via FRET (Staroske et al., 2007, Zhang et al.,
2016a), or via multiple exchange transfers from
molecule to molecule (Zhang and Forrest, 2013), as
illustrated in Fig. 6.78. Following the treatment in
Section 3.9, we obtain the diffusion constants for
these two different processes:

DFRET ¼ a2kPh
R0

a

� �6
ð6:65Þ

and

Dex ¼ a2KJλexpð�2a=LÞ; ð6:66Þ
where a ¼ 1=

ffiffiffiffiffiffiffiffi
CN3
p

is nominally the distance between
dopant molecules determined by the doping fraction,
C, and the molecular density,N. Also, R0 is the Förster

transfer radius, K is a constant, and Jλ is the overlap
integral between the emission and absorption spectra
of the donor and acceptor molecules, respectively (see
Section 3.8). By measuring the dependence of kTTA vs.
a for PtOEP:CBP, Ir(ppy)3:CBP, and Ir(ppy)2acac:CBP
guest–host systems in Fig. 6.79, the analysis using
Eqs. 6.64–6.66 accurately fits the Dexter process
(straight lines) compared to FRET (dashed lines), sug-
gesting that triplet diffusion in is predominantly due
to multi-step transfer. Note that all of these systems
are characterized by strongly confined triplets on the
guest molecules whose triplet energies are significant-
ly less than that of the host (e.g. the Ir-complexes both
have ET1¼ 2.4 eV). On the right hand axis in Fig. 6.79,
we show the intermolecular hopping rate,
kH ¼ 6kTTA=ð8πa2Þ. The number of steps taken prior
to an annihilation reaction is N = kH/kPh, which gives
N � 3–30 (Zhang and Forrest, 2013).
The efficiency roll-off in PHOLEDs at high current

density is thus due to a combination of: (i) TTA
yielding singlets and triplets, (ii) TPA (Baldo et al.,
2000a), and (iii) loss of charge balance (Reineke et al.,
2007, Giebink and Forrest, 2008). It has also been
suggested (Kalinowski et al., 2002) that loss of trip-
lets in PHOLEDs can arise from field-induced
quenching due to field ionization (Onsager, 1938).
Given the compact nature of triplets, this mechanism
is unlikely to be important.
Focusing our attention on the primary mechanism

of TTA, we write the respective dynamical equation:

Host Un-excited phosphor

Excited phosphor

Figure 6.78 Single step (dashed arrow) FRET vs. multistep (solid arrows)
exchange-mediated diffusion resulting in triplet–triplet annihilation.
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Figure 6.79 Triplet–triplet annihilation rate, kTTA/a2, vs. the distance
between dopant molecules, a, for three phosphors doped into CBP. Also
shown (right hand axis) is the intermolecular hopping rate, kH (Zhang and
Forrest, 2013).
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dT
dt
¼ γ jð Þj

qd
� kPhT � 1

2
kTTAT2: ð6:67Þ

The factorof½accounts for the lossofoneof two triplets
in TTA (Chandrasekhar, 1943). Following the endof the
excitation pulse (i.e. j¼ 0), the solution to Eq. 6.68 is

TðtÞ ¼ Tð0Þ
1þ Tð0Þ kTTA

2kPh

� �
expðkPhtÞ � Tð0Þ kTTA

kPh

: ð6:68Þ

Assuming that the luminescence intensity (L) is lin-
early proportional to the concentration of excited
states, that is, LðtÞ / kPhT, then the time evolution
of phosphorescent emission referenced to its value at
t ¼ 0 is obtained from Eq. 6.67:

LðtÞ ¼ Lð0Þ
1þ Tð0Þ kTTA

2kPh

� �
expðkPhtÞ � Tð0Þ kTTA

2kPh

: ð6:69Þ

The external quantum efficiency can also be calcu-
lated from the steady state solution of Eq. 6.67:

ηext
η0
¼ j0

4j

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 8

j
j0

s
� 1

 !
; ð6:70Þ

where η0 is the quantum efficiency in the absence of
TTA (measured at j! 0), and the roll-off current, j0, is
defined at ηext ¼ 1

2η0. Then it follows that:

j0 ¼ 2k2Phqd
kTTA

: ð6:71Þ

The importance of TTA in determining the roll-off in
efficiency of PHOLEDs has been widely observed. For
example, in Fig. 6.80a we show the transient PL tran-
sient data of an 8 vol.% PtOEP:Alq3 film. The triplet
density, T(0), obtained from the absorption coefficient
of Alq3 (Garbuzov et al., 1996) and the optical inten-
sity, are provided. The increased curvature with trip-
let density shows the quadratic dependence of
TTA. Solutions to Eq. 6.69 provide fits to the data,
yielding kPh ¼ 3.1 � 104 s�1 and kTTA ¼ 1.2 � 10�13

cm3 s�1, shown by the solid lines in the figure (Baldo
et al., 2000a).
This same materials system was used in a PHOLED

with a 10 nm PtOEP:Alq3 EML, where the PtOEP
doping concentration was 1, 8, and 16 vol.%. The
solid lines in Fig. 6.80b are steady state solutions to
Eq. 6.67, yielding the roll-off current densities, j0,
shown for each PtOEP concentration. Apparently, j0
increases with concentration due to triplet diffusion.
As the dopant concentration increases, triplets diffus-
ing on the host can more easily find a dopant mol-
ecule and subsequently radiatively recombine,

leading to reduced collisions with other triplets at
high current. The value of j0 that is inferred from
kTTA obtained from transient analysis (Eq. 6.71,
dashed line in Fig. 6.80b) is in reasonable agreement
with that obtained in steady state for the sample with
8 vol.% PtOEP, providing further support for the
dominance of TTA at high j.
The theory in Eq. 6.67 neglects host triplets. How-

ever, at the highest current densities and lowest
dopant concentrations, the exceptionally long-lived
triplets on the fluorescent host molecules will them-
selves annihilate. To take this into account, terms
corresponding to guest–host and host-host triplet an-
nihilation of the form 1

2 kGHTGTH and 1
2kHHT2

H, respect-
ively, must be included. Here, kGH and kHH are the
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Figure 6.80 (a) Transient PL of a 8 vol.% PtOEP:Alq3 film excited by
500 ps pulses at λ= 337 nm. The triplet densities at t = 0 are indicated for
each transient (see text). (b) Steady state external quantum efficiencies
(data points) of PHOLEDs employing PtOEP:Alq3 EMLs with various PtOEP
concentrations. Also shown are fits to steady state theory (solid lines) with
the corresponding roll-off current densities, j0, indicated. Also shown is a
fit (dashed line) to the 8 vol.% PtOEP:Alq3 EML PHOLED using kTTA
obtained from the transient data in (a) (Baldo et al., 2000a).
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respective guest–host and host-host triplet annihila-
tion rates (Baldo et al., 2000a).

One further high triplet process that must be con-
sidered in PHOLEDs is TPA. In this case, the gener-
alized dynamical Eqs. 6.52 and 6.53 reduce to

dT
dt
¼ �kPh � kTPAnnþ kTPApp

� �
T þ γ jð Þj

qd
; ð6:72Þ

where kTPAn,p is the TPA rate for electrons, holes with
densities n, p, respectively. Now, the current in
OLEDs typically follows j / Vmþ1. Hence, solutions
to Eq. 6.72 are

ηextðjÞ
η0
¼ 1

1þ αj1=ðmþ1Þ
; ð6:73Þ

where we have assumed that γ and α are constants
independent of j (Baldo et al., 2000a, Reineke et al.,
2007).

The importance of TPA has been investigated by
observing the PL intensity due to optical pumping of
the EML as a function of current in single carrier (i.e.
electron or hole) devices. Then, from changes in the
transient decay rate, the magnitude of kTPA can be
determined (Baldo et al., 2000a, Reineke et al., 2007,
Giebink and Forrest, 2008). This method has been
applied to study TPA in electron-only devices with
the structure: ITO/45 nm Alq3/10 nm 6 vol.% PtOEP:
Alq3/45 nm Alq3/Mg:Ag cathode. The PL transients
were obtained by exciting the devices with a pulsed
N2 laser at λ= 337 nm, with results shown in
Fig. 6.81a. The transient solutions to Eq. 6.72 with
p ¼ 0 and m ¼ 1 in Eq. 6.74 are shown by the dashed
lines that provide a convincing fit to the data. The
decay rate increases with j, characteristic of enhanced
TPA at high electron densities. Values of kTPAn ran-
ging from 4 to 35 μs�1 as inferred from these fits are
provided in Fig. 6.81b. The lifetime is decreased to
half its initial value at j0 ¼ 200 mA/cm2. This is
compared with j0 ≃ 4 mA/cm2 due to TTA. Hence,
while TPA is present in the PtOEP:Alq3 system, its
contribution to the observed efficiency roll-off is in-
significant at even the highest currents. This same
conclusion has been reached for Ir-based devices
(Reineke et al., 2007, Giebink and Forrest, 2008).

6.4 OLED displays

Mobile applications such as smart phones and tablets
are now dominantly featuring OLED displays due to
their high contrast, high efficiency (leading to long bat-
tery lifetimes), thinness, and optical design simplicity
(which leads to lower costs). As we have discussed in

Section 6.1, OLEDs are also moving rapidly into the TV
market for many of these same reasons. In this section,
we discuss the elements of an OLED display, and the
demands their designs place on the pixel architecture
itself.
A schematic design of OLED displays is illustrated

in Fig. 6.82. There are two OLED display architec-
tures. For mobile applications, red, green and blue
OLED sub-pixels are positioned side-by-side above
the substrate plane to give the appearance of full
color rendition to the viewer who, in the far field,
cannot resolve the individual pixels (typically
�10–30 μm in diameter). Each sub-pixel is a top
emitting device using a transparent cathode that
rests on its own driver transistor circuit to provide
rapid, individual addressing of the OLEDs.
A circular polarizer with a low reflection coating is
located on the display surface to eliminate back re-
flections. The second architecture employed in many
television sets comprises three white OLED
(WOLED) sub-pixels positioned beneath a set of
color filters (CF). The color filters produce the R, G,
and B output needed to generate the full-color
image. Often, a fourth white emitting OLED is used
along with the R, G, and B pixels to enhance lumi-
nosity of a white display field, enabling intense high
definition images. Since these displays are viewed
from a distance, the pixel pitch and dimensions (>50
μm) are more relaxed than for mobile displays. The
color-filtered designs in Fig. 6.82b are inherently less
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efficient than the RGB architecture in Fig. 6.82a since
the unwanted portions of the spectrum are removed
from the white emission spectrum, whereas the RGB
display pixel delivers only the color needed to
achieve the desired color coordinates of the pixel
triad.

The relative simplicity of the OLED display is in
striking contrast to a LCD shown in Fig. 6.83. The
LCD is based on a white backlight that distributes
light across the entire image field. Interposed between
the backlight and the observer are several layers need-
ed to create the image: a polarizer is followed by the

WOLED
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Cover glass

TFT glass

Color 
filters

WOLED
panel

OLED
panel

Front layer with
contrast coating

Substrate
Substrate

Front layer with
contrast coating

Front Polarizer

Cover glass

TFT glass
OLED

(a) (b)

1 pixel

Figure 6.82 Schematic illustration of two types of OLED displays. (a) Full color RGB OLED pixel display used predominantly in mobile applications, and (b)
white OLED (WOLED) pixels + color filters used in televisions. The front contrast layer includes a circular polarizer and an additional coating to minimize
reflections. Insets: Cross-sections showing the essential details of the full color pixels used in these displays. TFT ¼ thin film transistor drive electronics,
CF ¼ color filter. (www.flatpanelshd.com)

Color
filters

Polarizing
film

1 pixel

Front layer with
contrast coating

TFT Polarizing
film

Diffusers &
lightguides

LED backlight
(Direct / Edge) 

Liquid cystals

CF glass

TFT glass

Front polarizer

Rear polarizer

Backlight

LC
CF

Figure 6.83 Schematic illustration of a liquid crystal (LC) display using an LED backlight. Inset: Cross-section showing the essential details of the full color
pixels used in the display. TFT = thin film transistor drive electronics. (www.flatpanelshd.com)
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LC light valve array that switches the light on and off
by application of an electric field. The field rotates the
LC molecules, which in turn rotate the polarization
vector of the incident light. Similar to an OLED dis-
play, the LC array is addressed by a TFT backplane
positioned behind each light valve. Next is the color
filter array that admits only R, G, or B light from each
of the LC devices. This is followed by a second polar-
izer oriented perpendicular to the first, and finally the
front glass with an antireflection coating to provide a
high contrast image. Great care is needed to generate
a uniform backlight that prevents visible differences
in intensity, contrast, shadowing, etc. (known as dis-
play mura). This is done by using either a compact
fluorescent tube, or an array of LEDs located around
the display periphery. Its light output is then evenly
distributed across the entire panel via diffusers and
light guides. Alternatively, an array of LEDs is placed
on the backplane itself to locally illuminate a few
thousand pixels at an intensity that ensures image
consistency under a variety of room lighting situ-
ations. There are several optical elements used in
light distribution not shown in Fig. 6.83 including a
diffuser, reflector, light guides, etc.

The LCD is inherently different than an OLED dis-
play in that an LCD is a color-subtractive device,
whereas an OLED is a color-additive device. Color
subtraction results in the waste of energy since light is
required to illuminate a pixel even when it is turned
off. Also, since the LC light valve itself is not 100%
opaque when off, the color gamut as well as the
contrast of the LCD is considerably less than an
OLED display. One means to improve LCD efficiency
and color gamut is to use a sheet of quantum dots
(QDs) in front of a blue LED backlight. The QD

diameters are varied to down-convert the blue light
to a narrow green and red emission spectrum. The
larger QDs emit in the red, whereas the smaller in the
green. Hence, the spectrally broad emission of a white
LED or fluorescent backlight is replaced by more
saturated and efficient R, G, and B sources whose
colors are once again selected by the LC arrays. This
improved display is called QD-LED LCD. We note
that the speed of response and viewing angle depend-
ence of LCDs remain unchanged by the presence of
QD color-changing media.
A qualitative comparison of the performance LCDs,

QD-LED and OLED displays is provided in Table 6.9.
Display pixels are required to deliver a maximum
brightness of 100 nits. Given the several optical elem-
ents with only limited transparency, approximately
5% of the light from the LCD backlight reaches the
viewer. In contrast, 30–40% of the light emitted by the
OLED is viewed, resulting in a considerable savings
in power consumption. The reduced complexity and
thinness of the OLED display allows for flexible or
foldable form factors that are unachievable via
LCD technology. Indeed, the fewer layers and optical
elements of the OLED display should also lead to
lower cost, although to date LCD displays are less
expensive due to the much longer experience gained
in their manufacture. As we have discussed, OLEDs
can be switched on or off in a few microseconds,
whereas switching the LC molecules requires their
physical rotation, which takes place over several
milliseconds. Hence, fast moving images are blurred
or tunnel (i.e. rapidly moving objects briefly vanish),
which is completely avoided in OLED displays. The
polarized light in an LCD also results in variations in
contrast and brightness with viewing angle.

Table 6.9 Qualitative comparison of features of LCD and OLED displays

Feature LCD QD-LED LCD OLED

Thickness >2.5 cm >2.5 cm � 3 mm

Powera 1 0.7 0.3

Life span 50,000 h 50,000 h 40,000 h

Viewing angleb 100–150° 100–150° 170°

Contrast ratioc 5000:1 5000:1 106:1

Response speed 1–5 ms 1–5 ms 1–10 μs

Form factor flat flat flat, curved, flexible

a Power consumption is approximate and normalized to that of an LCD assuming all displays have the same area. The OLED display assumes that R and
G colors are produced by phosphorescence, and B by fluorescence.

b Viewing angle in LCD and QD-LED LCD displays is superior along the horizontal compared with the vertical directions. OLEDs are nearly ideal Lambertian
sources, and hence have no angular viewing dependence.

c Contrasts ratios of OLEDs are limited by front surface reflections.
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Importantly, the exceptionally high on/off ratio of an
OLED display compared with an LCD gives the im-
ages a crisp, high contrast, and even 3D appearance.
Finally, we note that both standard and high defin-

ition (4K and 8K) LCD and OLED displays are com-
mercialized, with the latter displays now available up
to 7700 along the diagonal. Given the ability to achieve
extremely small OLED pixels coupled to their fast
response time, OLEDs are now entering the virtual
and augmented reality equipment markets. The per-
formance objectives for OLEDs used in displays are:

(i) High external quantum efficiency for all R, G, and
B sub-pixel OLEDs used to achieve the desired
color gamut at maximum display intensity (typ-
ically �100 nits) is required to reduce the total
display current, and hence increase the battery
life in mobile applications. While 100 nits is the
intensity needed for a white display field, we
will show in the following section that the ac-
tual device intensity needs to be significantly
higher than this when its limited aperture ratio
(i.e. the area of a pixel that emits light vs. the
total pixel footprint) and the front surface po-
larizer losses are considered.

(ii) Minimal angle dependence of intensity and wave-
length, that is, they should be close to ideal Lam-
bertian sources to avoid color shifts and display
dimming with angle that are common in LCDs.

(iii) Low voltage operation at display intensities to be
compatible with low power drive electronics.
Combined with a high quantum efficiency, this
implies a high display power efficiency.

(iv) Saturated color emission in blue, green, and red
permitting the largest possible color gamut.
This implies narrow natural emission line-
widths for the R, G and B sub-pixels.

(v) Very long operational lifetimes with stable color
and intensities extending to >10,000 h at display
brightness.

(vi) Top emission is important for high-resolution
displays used in small appliances for mobile
applications. This allows for a high pixel pitch
when combined with an opaque transistor
driver backplane.

(vii) Rapid temporal response to create realistic, fast
moving images. Pixel switching times of �1
ms are generally adequate.

(viii) Low cost materials and fabrication processes. To
date, most displays are fabricated on glass and
plastic substrates that can be costly. Also, the
organic materials should be easily accessible via
simple and efficient synthetic processes of only a

few steps. Synthetic accessibility has a far greater
impact on cost than does that of the materials
themselves. For example, Ir or Pt in phosphors
have only a minimal impact on the total display
cost if the emitting metal complexes are readily
synthesized. Also, fabrication costs can be exces-
sive when using shadow masks and similar “in-
direct” patterning processes. Direct printing via
OVJP or ink jet printing, for example, hold prom-
ise for lowering costs in future generation OLED
displays. Patterning must also have a sufficient
resolution for the particular display application:
�10–30 μm formobile appliances, and 50–100 μm
for high definition TVs.

In the following section, we will discuss a few of the
most important considerations that displays require
in the design of the OLED itself.

6.4.1 Top emitting OLEDs for displays

Example sub-pixel structures used in displays are il-
lustrated in Fig. 6.84. The OLED is often constructed
directly onto the source or drain contact of the driver
TFT that is fabricated on the substrate surface. The
array of TFT drivers is called the backplane. The back-
plane is typically based on low temperature poly-Si
(LTPS) technology. Recently, considerable progress
has been made in metal oxide transistor technology,
which is attractive for OLED displays due to its low
temperature processing. Metal oxide electronics may
eventually overtake LTPS backplanes, particularly in
flexible displays where the substrate is a temperature-
sensitive plastic foil. The backplane circuit comprises a
multi-transistor current driver (e.g. a four transistor
current mirror or a voltage stabilization circuit,
Sasaoka et al., 2001) used to provide a high on/off
contrast ratio (i.e. high image dynamic range), fast pixel
switching, and temperature and compensation to pre-
vent color shifts with prolonged operation of the dis-
play (Tsujimura, 2012).
To save space and achieve a high pixel pitch, top

emitting devices are placed directly onto the TFT
surface (Fig. 6.84a). This architecture is particularly
relevant for small mobile displays, or displays em-
ployed in virtual reality appliances that require very
high resolution. The architecture features a transpar-
ent or semitransparent cathode on top of a conven-
tional OLED stack consisting of an anode on the
bottom and cathode on top, or inverted OLED
whose anode and cathode are reversed. There are
two choices to achieve an efficient transparent cath-
ode: use a very thin, semitransparent low work
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function metal, or employ a transparent metal oxide
such as ITO. Whereas the former approach may have
high resistance or a discontinuous contact, the high
work functions of metal oxides can create an energy
barrier to electron injection that can reduce efficiency.
In Fig. 6.84b, we see that a bottom emitting pixel
requires that the OLED be fabricated over a window
in the backplane. High resolution may not always be
required, making this architecture desirable for many
applications.

Table 6.10 shows the approximate R, G, and B pixel
brightness needed for a tablet display (Samsung S8/4
at 100% duty cycle) used at a maximum viewing
brightness of 400 nits, assuming a front polarizer
loss of 50%. Interestingly, the low aperture ratio and

polarizer losses require that the actual pixel bright-
ness is >10 times the intensity that is viewed. Also
note that the green pixel is operated at �10 times the
luminance of the blue pixel, and nearly three times that
of the red. This allows for uniform aging of all pixels to
avoid color shifts with display use, since the green
PHOLED lives far longer than the blue fluorescent
OLED (see Section 6.7). It is worth noting, too, that
the intensities required in mobile appliances such as
tablets are considerably higher than for TVs and moni-
tors, since the former are designed for use in bright
outdoor environments, whereas larger, stationary dis-
plays are ordinarily viewed indoors.
In Chapter 4 we showed that efficient electron in-

jection requires that the cathode work function align
with the LUMO of the organic layer that it contacts.
Alternatively, defects at the surface of the semicon-
ductor can act as an energy “ladder” to assist elec-
trons in surmounting the cathode-organic barrier.
This is illustrated for an Alq3-based device with an
ITO cathode sputtered onto a CuPc buffer in Fig. 6.85
(Parthasarathy et al., 1998). To avoid damage to the
underlying organic induced during ITO sputter de-
position, a very low power (5–10 W for the initial
layer) is used. This results in a growth rate of <0.1
Å/s for the initial few monolayers. The growth rate is
then increased to achieve the final thickness. Some
degree of damage to the interface is necessary since
the ionization potential of ITO is too large for electron
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Figure 6.84 (a) Example top emitting pixel used in a display. The OLED
is constructed onto the surface of a TFT circuit, and uses either a fully
transparent metal oxide or semitransparent thin metal cathode at the
emitting surface. A color filter may or may not be used for modifying the
pixel spectrum. (b) A bottom emitting display pixel.

Table 6.10 Approximate pixel aperture ratios and brightnesses used in a
mobile tablet display (C. W. Tang, private communication, 2017)

Color Aperture ratio
(%)

Screen lum.
(nits)

Pixel lum.
(nits)

Red 6.7 100 2990

Green 9.7 285 5880

Blue 8.4 25 600

White 24.8 400 3225

EL

EL
V

+

_
ITO

CuPc

α-NPD
CuPc

ITO
Glass

Alq3

(a)

(b)

ITO

Anode

ITO CuPc CuPcAlq3

Cathode 6.0 eV
5.7 eV

0.9 eV
4.8 eV

1.7 eV
3.1 eV

2.7 eV
HOMO

4.7 eV

1.6 eV

0.2 eV

LUMO

Dss

α-NPD

Figure 6.85 (a) Transparent OLED with ITO serving as both cathode and
anode. CuPc is a buffer layer that prevents sputtering damage to the
emitting Alq3 layer. (b) Energy level diagram showing the defect levels of
density Dss in the CuPc buffer (Parthasarathy et al., 1998).
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injection. Hence a thin (3–6 nm) and relatively robust
CuPc interface buffer layer is grown on the Alq3 EML
surface. The buffer incurs limited damage that pro-
vides defect levels, or energy steps that lower the
injection barrier (Parthasarathy et al., 1998).
A feature of a top emitting OLED is that the anode

contact on the substrate can also be made transparent
using a second metal oxide contact such as ITO or
indium zinc oxide (IZO). This type of device is very
nearly totally transparent, thereby enabling transpar-
ent OLED (TOLED) displays and windows, shown in
Figs. 6.1 and 6.2 (Bulovic et al., 1996).
Doping the electron and hole transport layers in an

inverted n-i-p PHOLEDwith transparent cathode and
anode contacts results in considerably lower voltage
operation compared with transparent fluorescent
OLEDs. The device in Fig. 6.86 features a 15 nm
thick Li-doped Bphen EIL deposited onto an ITO
bottom cathode, followed by a 20 nm thick Bphen
ETL/EBL, a 10 nm thick EML consisting of CBP
doped with Ir(ppy)3, a 15 nm thick HBL comprising
Ir(ppz)3, a 200 nm thick F4-TCNQ dopedm-MTDATA
HTL, and a 20 nm thick CuPc HIL capped with a 60
nm thick ITO anode (Pfeiffer et al., 2003). The Li-
doped BPhen increases the cathode electron injection
efficiency while also absorbing sputtering damage
during ITO deposition. This device is 80% transparent
at the peak emission wavelength of Ir(ppy)3 of λ¼ 510
nm, and is >65% transparent across the entire visible
spectrum. The voltage required to achieve a given
luminance is reduced by �1.5–2 V compared to a
conventional bottom emitting OLED due to the dop-
ing of the transport layers. The peak quantum effi-
ciency of the n-i-p OLED is 7.5% at a luminance of
1000 cd/m2, which is less than that for a conventional
device with ηext¼ 9% at this brightness, indicative of a

lower injection efficiency of the low work function
metal oxide cathode.
Higher efficiencies have been achieved by replacing

the ITO cathode with a thin, semitransparent metal
contact. Combining a semitransparent metal contact
with doped charge transport layers whose thickness
can be varied without significantly changing the op-
erating voltage, can be used to adjust the optical field
within the device to optimize the light outcoupling
efficiency (Lin et al., 2006, Leem et al., 2009, Hofmann
et al., 2010). For example, ηext ¼ 29% is achieved by
combining these features in a top emitting device with
a thick metal anode on the substrate surface and a
thin, semitransparent Ag cathode capped with an α-
NPD antireflection layer (Hofmann et al., 2010). The
red-emitting device shown in the inset of Fig. 6.87
comprises an Ir(MDQ)2(acac) phosphor doped at 10
vol.% in α-NPD. The doped transport layers provide
flexible choices for the dielectric stack thicknesses
without affecting the drive voltage (and hence lumi-
nance power efficiency).
The spectra of this device show a strong dependence

on viewing angle. This is a result of the optical micro-
cavity formed between the two reflective metal elec-
trodes; a problem that is significantly reduced when
both contacts use more transparent metal oxides such
as in Fig. 6.86. The spectra are modeled assuming a
weak Fabry–Pérot microcavity, which yields the fol-
lowing angle-dependent intensity spectrum (Deppe
et al., 1994):

Iðλ; θÞ=I0ðλÞ ¼
T2½1þ R1 þ 2

ffiffiffiffiffiffi
R1
p

cosð�ϕ1 þ 4πnEMLzEML cosθEML=λÞ

1� ffiffiffiffiffiffiffiffiffiffiffi

R1R2
p� �2 þ 4

ffiffiffiffiffiffiffiffiffiffiffi
R1R2
p

sin2 �ϕ=2ð Þ
;

ð6:74Þ
where T and R are the transmissivity and reflectivity
of the rear anode mirror (subscript 1) and the front
semitransparent cathode (subscript 2), zEML is the
position of the EML relative to the anode, and θEML

is the angle with index of refraction, nEML. Also, ϕ1, ϕ2,
and �ϕ are the phase shifts at the mirror, the semi-
transparent cathode, and the total phase shift accu-
mulated by a photon after one transit of the cavity.
The total phase shift due to the accumulation of phase
shifts within each layer, i, in the stack is

�ϕ ¼ �ϕ1 � ϕ2 þ
X

i

4πnidi cosθi
λ

: ð6:75Þ

Here, ni and di are the refractive index and thickness
of the ith layer, respectively, and θi is the angle of
propagation. The total optical cavity length is then
(Lee et al., 2006)

Ir(ppy)3

Ir(
pp

z)
3

F 4
 T

C
N

Q
:

m
-M

TD
A

TA

ITO

2
10–1

100

101

102

103

104

3 4 5 6
Voltage (V)

7 8 9

LI
:B

Ph
en

BP
he

n C
BP

C
uP

c

ITO

EL
 In

te
ns

ity
 (c

d/
m

2 )

Figure 6.86 Electroluminescence–voltage characteristics (squares) of a
transparent n-i-p PHOLED with the structure shown in the inset. The
triangles correspond to a conventional bottom emitting OLED without a
doped HTL or ETL (Pfeiffer et al., 2003).

444 ORGANIC LIGHT EMITTERS



Lopt ¼ λ

4π
jϕ1j þ jϕ1jð Þ þ

X
i

nidi � λ

4π
jϕ1j þ jϕ1jð Þ þ nL:

ð6:76Þ
At normal incidence, the numerator in Eq. 6.74 has a
maximumwhen the emitting molecule lies precisely at
the antinode of the opticalfield in the dielectric stack, in
which case nz/λ¼ (2m + 1)/2, wherem¼ 0, 1, 2… is the
optical order of the cavity, and z is the distance to the
anode. The denominator in Eq. 6.74 is determined by
the interference within the layers. Thus, the thickness
of the dopedHTL is chose such that the EML is located
at the antinode of the optical field.

One other spectral feature that is affected by the
microcavity is the emission full width at half
maximum (FWHM):

�λ

λ
¼ λ

2nLcav

1� ffiffiffiffiffiffiffiffiffiffiffi
R1R2
p

πðR1R2Þ1=4
" #

: ð6:77Þ

That is, as the reflectivity increases, the spectral line
narrows; an effect that can be significant in OLEDs
with both top and bottom reflective metal contacts.
The allowed cavity modes are enhanced at the expense
of modes that are not resonantly coupled to the cavity.
Now the integrated emission intensity enhancement
depends on thenatural linewidth of the emission source
(�λn) and the cavity spectral width in Eq. 6.77, viz.

Iint ¼ Iðλ0Þ
ffiffiffiffiffiffiffiffiffi
πln2
p

ð�λ=�λnÞ ð6:78Þ
for a Gaussian lineshape. The resonant enhancement
factor is (Deppe et al., 1994)

Iðλ0Þ ¼ ξ

2
1þ ffiffiffiffiffiffi

R1
p� �2ð1� R2Þ
1� ffiffiffiffiffiffiffiffiffiffiffi

R1R2
p� �2 τcav

τn

� �
; ð6:79Þ

where ξ ¼ 0, 1, or 2 if the emitting dipoles are located
at a cavity node, if they are distributed over several
optical nodes, or if they are located at an antinode,
respectively. Also, τcav is the lifetime of the dipole in
the cavity that is typically longer than the natural
lifetime, τn, due to the Purcell effect (see below). How-
ever, in moderately weak cavities using emitters with
broad spectral lifetimes, τcav ≃ τn. Indeed, even in rela-
tively strong cavities that comprise cathodes with
reflectivities approaching 70% (and hence a greatly
attenuated emission intensity according to Eq. 6.79),
the spectrum is only slightly narrowed from its nat-
ural linewidth, although even a minor narrowing can
result in a noticeable angular dependence of the spec-
trum (Lee et al., 2006).
The spectra in Fig. 6.87 shows pronounced

microcavity-induced shifts. The peak wavelength at
normal incidence is 665 nm at normal incidence, mov-
ing to 610 nm at θ ¼ 50°. This is accompanied by
intensity attenuation as the viewing angle moves
away from the cavity resonance. Furthermore, the
spectral narrowing is evident when compared to the
PL spectrum of the emitter, Ir(MDQ)2(acac) (dashed
line). The cavity linewidth at normal incidence is�λ¼
60 nm compared to a natural linewidth of �λn ¼ 90
nm. The first order cavity in Fig. 6.87 has a peak quan-
tum efficiency of 29%, falling to 17% and 12% for
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Reprinted from Hofmann, S., Thomschke, M., Freitag, P., Furno, M., Lüssem, B. & Leo, K. 2010. Top-emitting organic light-emitting diodes: Influence of cavity design.
Applied Physics Letters, 97, 253308, with the permission of AIP Publishing.
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second and third order cavities obtained by increasing
the doped HTL thickness.
The calculated output intensities as a function of

the ETL and HTL, and cathode thickness (and hence
reflectivity, R1) for these PHOLEDs are shown in
Fig. 6.88 (Hofmann et al., 2010). The integrated intensity
decreases as the optical cavity thickness is increased to
accept higher order optical modes. Similarly, as the
optical order is increased, the maximum output is
achieved with thinner and less reflective top contacts.
To summarize, we have described two strategies

for achieving top emission. The less reflective trans-
parent oxide cathode produces a very weak micro-
cavity, and hence the impact on the OLED optical
output intensity and spectral content is minimal, al-
though this is at the expense of a reduced (by �20%)
output efficiency. We will show in Section 6.6, how-
ever, that optimal designs can eliminate these losses by
using improved cathodematerials and sputtering con-
ditions. In contrast, semitransparent metal cathodes
can produce a higher output intensity compared to
conventional devices. This is due tomicrocavity reson-
ances that dramatically shift the OLED color

coordinates with viewing angle. Careful cavity design
and control of layer thicknesses is imperative to assure
the device-to-device variations are minimized.
Whether transparent oxide or semitransparent thin

metal cathodes are used, both structures present chal-
lenges to processing and contact resistance. That is,
the metal oxide resistivity is considerably larger than
for metals, yet very thin metal films are also resistive
and can be discontinuous. Many top emitting OLED
displays use semitransparent metal contacts largely
due to their simplicity and compatibility with other
deposition processes used in display manufacture.

6.4.2 Full color displays and pixelation

In the context of Fig. 6.82 we noted that full color
images require dividing each pixel into three (R, G, B)
sub-pixels that can be independently tuned to achieve
the desired luminosity and color coordinates. Each
sub-pixel, in turn, requires its own TFT drive circuit.
Several different schemes have been devised to pixel-
ate the display, two ofwhich are illustrated in Fig. 6.82:
positioning of the triad of sub-pixels side-by-side to
achieve a brilliant, large color gamut display, and the
use of white emitting OLED (WOLED) pixels posi-
tioned beneath R, G and B color filters. Several other
methods of pixelation are shown in Fig. 6.89. Bottom
emitting pixels are shown, although each configur-
ation can be inverted for top emission.
Beyond the RGB and WOLED + color filter pixel-

ation schemes, two others warrant our attention. In
Fig. 6.89c the RGB triad comprises three blue OLEDs,
two of them positioned over fluorescent color changing
media (CCM) (Niko et al., 1997, Sokolik et al., 2001). In
contrast to color filters that simply eliminate the un-
wanted spectral content and thus lead to efficiency
losses, CCM are films that luminesce with near unity
PL quantum yield when pumped by the blue
OLED. Fluorophores such as coumarin for green
emission, and laser dyes of lumogen and DCM have
been employed to generate the green and red pixels,
respectively. Colloids containing QDs of different
diameters is another type of CCM. Direct pumping
of the red CCM by a blue source is inefficient. Hence,
it is usually combined with the green fluorophore,
such that there is a cascade from blue to green to red.
While this scheme is more efficient than simple color

filtering of white light, it remains considerably less
efficient that direct RGB emission in Fig. 6.89a. The
internal efficiency of the CCM (which ignores outcou-
pling and spin dependent losses) is calculated using

ηint;CCM ¼ ηext;OLEDð1� RÞϕCCMexpð�αCCMdCCMÞ;
ð6:80Þ
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where ηext;OLED is the external efficiency of the blue
OLED, R is the reflectivity of the CCM, ϕCCM its
PLQY, αCCM is its absorption coefficient, and dCCM

its thickness. Similar to filtering schemes, unabsorbed
light constitutes both leakage and loss that can result
in shifting of color coordinates. Furthermore, we
note that there is a power loss associated with
down-conversion since a fraction of energy of the
blue photon is lost in generating green or red fluores-
cence. That is, the optical output power of the CCM
sub-pixel is reduced by the ratio of the peak OLED
and CCM wavelengths. That is,

ηP;CCM ¼ ηP;OLEDðλOLED=λCCMÞ: ð6:81Þ

These losses are also present in filtered schemes in
Fig. 6.89b. Since the CCM is an active light emitting
layer, it is subject to long termdegradation experienced
by the OLED itself. In spite of its many advantages,
CCM pixelation is not widely employed due to the
added complexity and requirements for stable and
efficient fluorophores that strongly absorb in the blue
OLED spectral region. In contrast, QD-based CCMs
are currently finding use in large OLED displays.

Direct emission can also be achieved by vertically
stacking the sub-pixels, as shown in Fig. 6.89d. The
stacked OLED (SOLED) vertically positions the

separately optimized sub-pixels, separated by trans-
parent contacts that allow for individual addressing
(Shen et al., 1997). A detail of a SOLED pixel is shown
in Fig. 6.90 along with images of the SOLED biased to
emit R, G, B, and white (Parthasarathy et al., 1999).
This scheme has advantages for high resolution dis-
plays since it forms a compact triad in the vertical
dimension, thus minimizing the pixel footprint. Each
sub-pixel can, in principle, achieve 100% internal effi-
ciency using phosphors or TADF lumophores pro-
vided that the intervening electrodes are optically
lossless. Metal oxide and thin metal intermediate elec-
trodes are employed for this purpose. In Section 6.5
we show that SOLEDs are attractive for high intensity
lighting applications, albeit in those devices there is
no need to contact the intermediate electrodes to sep-
arately tune elements in the stack.
Although there are several advantages to this archi-

tecture, bringing the contacts out from the individual
layers onto the substrate without shorting can be
challenging, and can occupy a large peripheral area
around the base of the stack that increases the effect-
ive pixel size. The addressing scheme for stacked
contacts in Fig. 6.90 differs from that used in laterally
separated, individually addressed pixels. To simplify
biasing, an insulating layer (shown by a small box in
the inset) is inserted between contacts E3 and E4. This

(a)

(b)

(c)

(d)

Cathode
Organic layers
ITOSubstrate

CCM

Blue OLED

White OLED

Filter

SOLED

Transparent
Contact

Figure 6.89 Several methods of pixelation in full color displays. (a) RGB
pixels positioned side-by-side, (b) individually addressable WOLEDs
positioned above RGB filters, (c) blue OLEDs positioned above R and
G emitting color changing media (CCM), and (d) stacked RGB OLEDs
(SOLEDs).
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Figure 6.90 Cross-section of a SOLED with its biasing scheme shown in
inset. Also shown are images of R, G, B, and white emission achieved by
separate biasing of the various elements in the stack. White is achieved by
simultaneously turning on all three pixels (Parthasarathy et al., 1999).
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avoids the need to reverse the polarity of the contacts
or inverting one of the devices in the stack, and hence
eliminates the need for two different pixel addressing
circuits when the current blocking layer is absent.
A design constraint that determines the stacking

order and the thickness of each of the sub-pixels is
the existence of color-shifting microcavity effects dis-
cussed in the previous section (Bulovic et al., 1998a).
While the metal-free, ITO interconnection electrodes
in Fig. 6.90 show only weak cavity effects, placing
them in the deep, multilayer stack of the SOLED can
result in significant color shifts that reduce the access-
ible color gamut of the pixel. In the device in Fig. 6.90,
the optimal stacking order that minimizes cavity ef-
fects is, from the substrate surface, R–B–G. Also, im-
proved color coordinates are achieved by adjusting
the cavity length through the appropriate choice of
transport layer thicknesses that is made possible by
conductivity doping of the layers. The SOLED can use
either top or bottom transparent contacts, or both, for
use in transparent or top emitting displays.

6.5 OLED lighting and lighting devices

Approximately 25% of the total industrial electricity
use in the US is devoted to powering illumination
sources, and yet a vast majority of those sources are
highly inefficient (�5%) and short-lifetime (800–1000
h) incandescent light bulbs; a technology that is ap-
proaching its 150th anniversary. Hence, consider-
able effort has been devoted over the last few
decades to develop alternative sources that can pro-
vide pleasant illumination for building interiors as
well as for signage and street lighting. Currently,

inorganic LEDs provide desirable features of effi-
ciency, brightness and satisfying colors, and as a
result are rapidly moving into the marketplace. The
ultrahigh efficiency and tunable color emission of
OLEDs has also drawn attention for these same ap-
plications (Kassakian, 2013). The interest in OLEDs
for solid state lighting is motivated by their low form
factor including bendability and conformability, and
the ability to precisely tune their emission to achieve
desired CRI and CCT values. The development of
WOLEDs used in displays has also driven rapid
progress in lighting applications. Unlike displays,
however, WOLED lighting fixtures do not require
high resolution patterning of R, G and B emitting
pixels, thus leading to a significant cost savings and
simplification of their manufacturing process. Inter-
ior lighting applications generally require a highly
uniform, glare-free emission that casts soft shadows
to provide some depth to viewed objects. OLED
illumination is ideally suited for this purpose. How-
ever, they are less attractive for outdoor lighting due
to their relatively low intensities.
Table 6.11 provides a comparison between OLED

and other lighting sources. Currently, OLED efficien-
cies are as high as 150 lm/W, which is second only to
inorganic LEDs. By combining multiple emitting
phosphors, a high CRI at the desired CCT.
Importantly, the surface temperature of OLED fix-

tures is only a few degrees above ambient (Qi and
Forrest, 2011, Bergemann et al., 2012, Levermore et al.,
2012). This feature is critically important when con-
sidering installation in buildings since this eliminates
the necessity to dissipate heat generated in its fixture,
or luminaire. A thermal image of a high intensity green

Table 6.11 Comparison of the performance of lighting sources

Feature Incandescent Fluorescent LED OLED

Efficacy 17 lm/W 40–90 lm/W 80–90 lm/W, white
65 lm/W, warm white
240 lm/W, lab demo

150 lm/W, lab demos

CRI 100 80–85 80, white
90, warm white

Up to 95

Form factor Heat generating Long or compact gas filled glass
tube

Point source high intensity
lamp

Large area thin diffuse
source,
flexible, transparent

Bulb temp. 3000°C 50°C 150°C 30°C

Toxicity None Mercury Low Low

Lifetime 0.8 kh 20 kh 50 kh 40 kh

Dimmable Yes, but much lower
efficacy

Yes, efficiency decreases Yes, efficiency increases Yes, efficiency increases

Cost ($/klm) 0.7 3.00 (CFL) 3.00 ~100
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PHOLED is shown in Fig. 6.91 along with the thermal
transients at different drive currents. The theoretical
fits to the data (lines) are based on a transfer matrix
approach using Laplace transforms (Qi and Forrest,
2011, Bergemann et al., 2012) to account for the mul-
tiple layers comprising the packaged device, and their
thermal losses (including convection, conduction and
radiation). Even at very high currents, the maximum
temperature change is only �T � 5°C, which is in
striking contrast to the temperature at the surface of
an inorganic LED (�125°C). Interestingly, the tem-
perature of the OLED is primarily determined by the
package configuration. A small air gap between the
OLED and the lid in Fig. 6.91 results in reduced heat
conduction away from the source, accounting for a
significant fraction of the �T observed.

The low temperature of the OLED is due to a com-
bination of its high luminous efficiency and large area.
As a distributed lighting source, its thermal and optical
power densities are several orders of magnitude lower
than in inorganic devices. For example, a 1 mm2 LED
area can provide >1 klm light output, whereas an
OLED requires �1 m2 to deliver the same luminance.

The large area format of OLED lighting has several
advantages as well as some notable disadvantages.
We have seen in Chapter 5 that OLEDs can be depos-
ited on lightweight flexible plastic or metal foils, al-
lowing them to be adapted to many different building
configurations. This feature alone provides architec-
tural advantages when designing lighting fixtures

that are installed in modern structures. Furthermore,
unlike other lighting technologies, the OLED itself is
the luminaire: it does not need to be mounted into
reflecting cones or other fixtures that reduce glare
and distribute the light. To provide similar areal light-
ing, LED point sources must be mounted on a light
distribution system. For example, diffusers can add
weight, complexity, and cost to an otherwise simple
LED source. On the other hand, large OLED fixtures
can provide uniform lighting where shadows cast are
too soft, leading to reduced depth perception of the
lighted space. And the large substrate areas lead to
high cost and potentially low manufacturing yield.
Hence, the current price of OLED lighting is � US
$100/klm, which is at least 20 times higher than LED
lighting and 200 times that of incandescence. These
costs are expected to be reduced as the demand for
OLED lighting increases, but at present they are too
high for widespread deployment.
The lifetime of WOLEDs is somewhat less than that

of LEDs (40 kh vs. > 50 kh, respectively), which is
limited by the lifetime of the blue emitting component
(Section 6.7). Nevertheless, WOLED lifetime is suffi-
cient for many indoor illumination applications. And
finally, the materials and processes used in fabricating
OLED fixtures have relatively low environmental im-
pact. Unlike Hg-containing fluorescent lighting, there
are no significant amounts of toxic materials used in
OLED fixtures, permitting disposal without special
handling.
Hence, OLEDs present an attractive source of effi-

cient solid state-lighting (Kassakian, 2013). As we will
see in the following sections, numerous device struc-
tures have been developed to improve OLEDs for
illumination applications. When considering possible
device architectures, the following criteria should
be met:

i. High efficiency: Ultimately, the value of a light
source is determined by its luminous power effi-
ciency, or efficacy (Section 6.2.3). For this reason,
PHOLEDs are suitable for all lighting applications
with their potential for ηint ¼ 100%. Doped charge
conductive layers are also useful for reducing
voltage, and hence power loss. We will show
that, in principle, hybrid blue fluorescent/green
+ red phosphorescent WOLEDs can also obtain
unity internal efficiency.

ii. High brightness: The surface brightness of an OLED
lighting fixture should be �3000–5000 cd/m2.
Higher brightness leads to glare, and lower bright-
ness requires excessively large areas to produce the
desired level of illumination. Both brightness and
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Figure 6.91 Temperature increase of a 25 cm2 green emitting PHOLED
in a sealed glass package following the onset of current steps with steady
state values of (from bottom to top) 2, 3, and 4 mA/cm2. The lines are fits
using a multilayer transfer-matrix approach. The largest impact on the
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(red) is 28.2°C (Bergemann et al., 2012).
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efficiency also demand that effective light outcou-
pling methods be used to minimize optical losses.
This topic is the subject of Section 6.6.

iii. High CRI at the desired CCT: A CRI > 80, and
preferably >90, is needed for aesthetically pleas-
ing lighting appliances. CCTs of �3000–4000
K are also desirable. Due to the relatively narrow
emission spectra of OLEDs, this generally requires
that the EML comprise three or more lumophores
that span the visible spectrum to result in accept-
able color renditions while also achieving high
efficiency.

iv. Color and intensity stability: The lighting source
should be free of color drift over its operational
lifetime. Current standards also demand that the
source should not lose more than 30% of its initial
intensity (known as T70, i.e. the time to reach 70%
of its initial luminance) in times less than 10 kh.

v. Low cost: Minimizing OLED complexity and fab-
rication processes should lead to an increased
manufacturing yield and reduced materials cost.

There are a great many approaches to achieving
these objectives. Figure 6.92 shows six different ex-
ample WOLED designs. There are many variations
for each of these species, some of which are detailed
in the ensuing discussions. The wide choice of struc-
ture speaks to the inherent flexibility available in the
design of organic electronic devices. Organic thin
film devices allow for layering schemes that combine
numerous functional materials into a single structure
without the need for lattice matching to a particular
substrate. While considerable early work focused on
fluorescence (Kido et al., 1995), the need for high
efficiency compels us to focus our discussion on
structures that are capable of achieving unity intern-
al efficiency. All such devices comprise at least one
phosphor or TADF material. Similarly, we will not
discuss color down conversion via CCM used in
displays (Lee et al., 2011a). Our treatment of the
topic of WOLED lighting sources is meant to provide
insights into how devices are designed and opti-
mized for illumination applications. The reader
interested in more in-depth discussions of this topic
is referred to Further reading and the extensive scien-
tific literature.

6.5.1 Multicolor blended EMLs

Figure 6.92a shows a WOLED with a single EML
comprising three or four lumophores separated into
different sectors in a common EML. These can be
phosphors emitting in the red, green and blue to provide

a high CRI along with a high efficacy. Even higher CRIs
are achieved by including a yellow emitting phosphor
into the EML. Alternatively, a fluorescent blue emitter
can be combined with red and green phosphors to
achieve a hybrid fluorescent/phosphorescent WOLED.
The earliest example of an all-phosphor WOLED

was based on this structure comprised the cyan-
emitting FIrpic (λpeak ¼ 472 nm), yellow-emitting
Bt2Ir(acac) (λpeak ¼ 563 nm), and red-emitting Btp2Ir
(acac) (λpeak ¼ 620 nm), doped into a primarily elec-
tron conducting CBP host (D’Andrade et al.,
2002b). Blending different phosphors into a common
transport layer presents several challenges. Since trip-
lets are readily transferred from the blue to the yellow
to the red phosphors, their relative positions, doping
concentrations, and the thicknesses of zones within
the EML determine the spectral balance. Since the
exciton formation in this structure is primarily at the
HTL/EML interface, and FIrpic is the least efficient of
the three phosphors, the highest efficiency is obtained
using an EML comprising CBP doped with a 20 nm
thick 6 wt% FIrpic region at the HTL/EML interface,
followed by a 2 nm thick 8 wt% Btp2Ir(acac) region,
and toppedwith a 2 nm thick 8wt%Bt2Ir(acac) region.
The exciton blocking ETL comprises BCP, followed by
the metal cathode. The triplet exciton transfer length
is 8.3 nm in CBP. This distance allows triplet excitons

(a)

(f)(e)(d)

(c)(b)

Figure 6.92 Several different WOLED architectures. The EMLs are in
color, the transport layers (e.g. the HTL, ETL, etc.) are shown in orange
and light blue, and the cathode is gray. Most layers and details are
omitted for clarity. (a) RGB lumophores spatially separated in a single EML
(emission zones delineated by dashed lines), (b) blended EML consisting of
3 or more lumophores, (c) two color blended EML consisting of two
lumophores or a phosphor that emits from the blue monomer + red/
yellow excimer state, (d) stacked WOLED consisting of any combination of
R, G, B, or white emitting zones separated by transparent charge
generation layers (white stripes), (e) vertically stacked WOLED with each
luminous region separately addressable to tune color, and (f) horizontally
striped WOLED with each sub-pixel separately addressed to tune color.
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to drift across the entire 24 nm thick EML while being
sequentially transferred to each of the dopants in the
desired proportions to result in efficient light emission
of the appropriate white color balance. This phosphor-
escent WOLED had a maximum ηext ¼ 5.2%, a power
efficiency of 6.4 lm/W and a CRI ¼ 83. The CIE coord-
inates at (0.37, 0.40) place it near to the Planckian locus
(Fig. 6.13)with CCT ≃ 4000 K.A problem encountered
by combining three lumophores in a single layer is that
the color balance shifts with intensity, that is, as the
current increases, the peak emission canmove fromone
part of the EML toward another, thus resulting in a
variation in the balance between blue vs. yellow vs. red
emission.

To more completely separate the dopants and to
control color drifts with current, a different host for
each emission color can be used. An example is
shown in Fig. 6.93, where 20 wt% of the blue dopant,
FIr6, is doped into UGH2, followed by 2 wt% Ir(ppy)3
(green) in mCP and 4 wt% PQIr (red) in TCTA. The

exciton formation zone is distributed between the
blue and green emitting regions of the EML. The
small energy steps between each of the layers impede
electron and hole transfer, retaining the desired
amount of charge within each layer. Combining this
balance with the amount and position of phosphor
dopants results in the desired spectrum. In this archi-
tecture, the red phosphor, PQIr is excited via Dexter
transfer from excitons originating on Ir(ppy)3, where-
as those generated on FIr6 are trapped.
This device exhibits near unity internal quantum

efficiency, largely attributed to the generation of all
excitons on the dopants themselves, and the high radia-
tive efficiency and energy transfer to the several phos-
phors. This device has an external efficiency of 23%,
alongwith a power efficiency of 37 lm/Wat 500 cd/m2,
falling only slightly from its low brightness peak effi-
ciency of ηext ¼ 28%. At 10 mA/cm2 (�20 lm/W), the
drive voltage is 5.0 V, indicating that the small energy
barriers between dopants do not appreciably decrease
ηP. This device has CRI ¼ 81 at coordinates (0.37,0.41),
corresponding to a CCT ≃ 4000 K at 1 mA/cm2. In-
deed, the CRI andCIE coordinates shift only by�2–3%
even as j increases by a factor of 100. Hence, this scheme
is effective in maintaining color stability at all bright-
ness levels (Sun and Forrest, 2007, 2008b).
High efficiencies have also been achieved with a

simplification to the structure in Fig. 6.93 by doping
two phosphors (20 wt% FIrpic and 8 wt% Ir(ppy)3)
into a single, 12 nm thick TPBi host, and the third
phosphor (10 wt% Ir(MDQ)2(acac)) doped into an
even wider gap 8 nm thick TCTA host. Unlike the
device in Fig. 6.93 whose spectrum is controlled by
energy barriers between layers, the two-host structure
is controlled by diffusion across undoped regions of
the hosts to limit the rate of energy transfer. Thus,
excitons are generated in the interface region (dashed
box, Fig. 6.94) primarily on FIrpic and TCTA. The res-
onant HOMO levels of both materials encourage hole
transfer across the HJ, whereas electrons are blocked
from entering the red-doped zone. The red dopant is
spaced away from the blue doped section at the junc-
tion to prevent energy transfer that would substantial-
ly decrease the blue spectral content with increasing
current. Hence, the primary mechanism for populat-
ing the red emission zone is via diffusion fromFIrpic at
rate kb-r. Further, a portion of excitons diffuse from this
zone to the green-doped region, which again is offset
by a 2 nm thick TPBi diffusion zone. This allows host-
dopant Dexter transfer at rate kb-g.
Since the emission is controlled by diffusion rather

than energy barriers, there is little or no spectral shift
from L ¼ 100 to 5000 cd/m2. These devices exhibited
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an efficiency (using a hemispherical lens to extract the
glass substrate modes) of ηext ¼ 24% and ηP ¼ 55 lm/
W at 1000 cd/m2. At this luminance, CRI¼ 80 and the
chromaticity coordinates are (0.45, 0.47) which gives it
a yellow-green cast. The spectral shift away from the
Planckian locus at CCT ≃ 3000 K is one reason for its
high power efficiency. The efficiency was increased
further via the use of conductivity dopants in both the
NPB HTL and the BPhen ETL. Even higher efficien-
cies are achieved with enhanced light outcoupling
schemes, to be discussed in Section 6.6 (Reineke
et al., 2009).
The devices thus far have been characterized by

thick EMLs (20–25 nm) and color rendering indices
that appear to have a maximum value of 80, with
most structures achieving a maximum external effi-
ciency (without using additional outcoupling optics)
of �20–25%. To achieve the combination of both very
high CRI and quantum efficiency comparable to the
best available lighting sources, four dopants may be
required. That is, including a yellow phosphor can
pull the coordinates toward the Planckian locus
when added to the red, green, and blue emitting
sections. The device in Fig. 6.95a shows an EML com-
prising a blue emitting FIrpic layer on the EML side of
the ETL/EML interface where exciton formation oc-
curs (Chang et al., 2013b). Excitons generated on the
TPBi ETL transfer to the common CBP host and are
subsequently transferred to FIrpic. Both hosts are
chosen for their high triplet energies, leading to effi-
cient energy transfer to FIrpic in the exciton formation
region. Those excitons not harvested in FIrpic

continue to diffuse through the 33.5 nm thick EML,
entering layers with dopants with a lower triplet en-
ergy than in the previous layer. As in the devices
already discussed, the thickness of each layer and the
phosphor doping concentration determines the emis-
sion intensity as the excitons move along the energy
cascade from high to low energy via: CBP!FIrpic!
IrðppyÞ3!Bt2IrðacacÞ!IrðMDQÞ2ðacacÞ, shown in
the energy level diagram in Fig. 6.95b No intermediate
exciton transport layers such as those in Fig. 6.94 are
used. This allows for lossless energy harvesting by the
lower energy emitting species.
To facilitate energy transfer to the lowest energy

phosphors of Bt2Ir(acac) and Ir(MDQ)2(acac), the yel-
low and red emitting zones are co-doped with Ir(-
ppy)3. This allows for very efficient transfer
from CBP to Ir(ppy)3 due to the energetic resonance
between these two species, and then sequentially
from Ir(ppy)3 to the redder dopants. Complete trans-
fer is inferred from the lack of Ir(ppy)3 emission in
PHOLEDs where only Ir(ppy)3 and the long wave-
length emitters are co-doped into the same EML.
The spectral intensity of the device with only

the blue dopant, the B+G dopants, the B+G+Y dop-
ants and then finally all four dopants in Fig. 6.99c
show that by increasing the number of dopants, the
spectrum naturally broadens, and importantly, ηext
at L ¼ 1000 cd/m2 increases from 8.6% to 19.2%.
Hence, all four dopants in a single CBP host are
needed to harvest �100% of the generated excited
states. The very high internal efficiency of the de-
vice, along with the use of four phosphor dopants

3

Exciton generation interface

Tr
ip

le
t 

En
er

gy
 (e

V
)

2

1

0

0 6 8 12
Thickness (nm)

14 20

NPB

TCTA

D
kb-r

kb-g

kBT

D
F

F

Flrpic

TPBi TPBi

H
O

M
O

 and LU
M

O
 energy (eV

)

–2

–3

–4

–5

–6

Ir(MDQ)2(acac) Ir(ppy)3

10 wt% 20 wt% 8 wt%

Figure 6.94 Energy level scheme of a high efficiency triple doped EML comprising two hosts. The TCTA and TPBi hosts and phosphors used are indicated,
along with their relative positions within the 20 nm thick EML. Active energy transfer processes are denoted D for Dexter and F for FRET. These processes
are crossed out if inactive. Also, the several transfer rates, k, are shown (Reineke et al., 2009).

452 ORGANIC LIGHT EMITTERS



leads to ηP ¼ 61.7 lm/W, and ηext ¼ 41.5% using a
hemispherical lens to extract glass substrate modes.
The CRI ¼ 83 with chromaticity coordinates of
(0.44, 0.45) at L ¼ 1000 cd/m2, correspond to a
warm white CCT ¼ 3332 K. High performance is
obtained at the expense of device complexity,
which may lead to high cost.

The three dopants can also be blended within the
same zone of a single host EML (Fig. 6.92b). As in
other designs, the various doping concentrations
must be carefully balanced to obtain the desired emis-
sion spectrum and efficiency. The energy level dia-
gram in Fig. 6.96 shows an example of this structure
comprising the blue, green and red phosphors, FIr6,
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Ir(ppy)3 and PQIr simultaneously co-doped at 20 wt%,
0.5 wt%, and 2 wt%, respectively, into the same
UHG2 host. Given its wide energy gap, UGH2 does
not carry charge; FIr6 thus serves as both an electron
and hole conductor. Its energy levels are aligned to
the LUMO of the TPBi ETL/EBL and the HOMO of
the TCTA HTL, allowing for direct electron and hole
injection onto FIr6. This avoids the need for energy
transfer from host to guest, and the accompanying
exchange energy losses incurred forming singlets on
the host that subsequently transfer to the triplet of the
blue dopant.
Direct exciton formation on FIr6 is followed by

transfer of some of the triplets onto Ir(ppy)3 and

PQIr in proportions determined by their relative
concentrations. Given the high sensitivity of the eye
to green, the Ir(ppy)3 concentration is kept relatively
low to limit its emission intensity. The performance
of this device is summarized in Fig. 6.97a. The power
efficiencies in both the forward viewing direction,
and the total efficiency are indicated. Also shown
in the forward direction are the currents at which
the WOLED reaches 100, 1000, and 104 cd/m2 lumi-
nance. The maximum total external efficiency is 42
lm/W at low luminance intensity, decreasing to 10
lm/W at 20 mA/cm2, which is approximately 10
times the current needed to achieve a luminance of
L0 ¼ 1000–3000 cd/m2. Measurable emission is ob-
served at 3.3 V, which is near the estimated 3.0
V necessary to directly generate a blue emitting trip-
let exciton on a FIr6 dopant molecule, assuming
resonant injection of holes in TCTA into the
HOMO, and electrons in TPBI into the LUMO of
FIr6. The voltage required to excite green and red
emission from Ir(ppy)3 and PQIr, respectively, is<3.0
V. Thus, the emission color shifts with increasing volt-
age, as observed in the inset of Fig. 6.97a. The CIE
coordinates of (0.43, 0.45) at 0.1 mA/cm2 blue-shift to
(0.38, 0.45) at 10 mA/cm2, with CRI¼ 80 (CCT ≃ 4100
K). The exceptionally low operating voltage is due to
the use of thin, multiply doped layers along with near
resonant charge injection followed by direct triplet
formation on FIr6.
To understand energy transfer between the do-

pants, the PL transient decay was studied in optic-
ally pumped thin-films of UGH2 doped at 20 wt%
with FIr6, and of the triple-doped EML. Given its
high doping concentration, only FIr6 is excited by
the λ ¼ 337 nm pump. The energy transfer channels
originating from the excitation of FIr6 to the vari-
ous dopants are depicted in Fig. 6.97b, inset. Energy
transfer from FIr6 to both Ir(ppy)3 and PQIr is
shown by dotted lines. Although energy transfer
from Ir(ppy)3 to PQIr is possible, the low concen-
tration of both species makes this unlikely. Solid
lines show radiative relaxation to the ground
state. The lifetime of FIr6 decreases from τ ¼ 1.60
μs in a UGH2:FIr6 film, to 0.75 μs in the triple
doped system.
The lifetimes of Ir(ppy)3 (Baldo and Forrest, 2000)

and PQIr (Lamansky et al., 2001) are τ¼ 0.8 μs and 2.0
μs (D’Andrade et al., 2004). It was found that τ ¼ 0.80
μs, and 0.93 μs for the peak emission features at λ ¼
510 nm and 600 nm. Hence, the lifetime decrease in
the triple doped film suggests that FIr6 emission is
quenched by energy transfer to the green and red
dopants. Thus, the luminescence process starts with
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exciton formation on FIr6, followed by direct transfer
to the lower energy phosphors to obtain balanced
white emission. The lifetime of the coupled system is
determined by the dopant with the shortest natural
phosphorescent decay rate (i.e. Ir(ppy)3).

Given the large area required to provide the total
luminance necessary for interior lighting, solution
processing may be a viable path to low cost. As we
have shown, high efficiency along with acceptable
color content to achieve a pleasant color balance also
requires multiple dopants arranged to avoid spectral
shifts with brightness. Previously, we showed that
solution processes generally impose a trade-off be-
tween complexity and performance in OLEDs for
displays. The same appears to be the case for
WOLED lighting.

A high performance solution processed WOLED
consists of the B, G, R phosphors 15% FIrpic, 1%
Ir(ppy)3, and 0.6% Ir(MDQ)2(acac) used with a mixed
host comprising the hole conducting moieties,
TCTA and TAPC. The 40 nm thick EML was sand-
wiched between PEDOT:PSS HIL and a vacuum de-
posited TmPyPB ETL, capped with a LiF/Al cathode.
Here, TmPyBP, TCTA and TAPC are all chosen for
their high triplet energies of 2.78, 2.78, and 3.5 eV,
respectively, compared to FIrpic (2.65 eV). The TCTA
was blended at 25% concentration into TAPCdue to its
resonant LUMO energy (2.3 eV measured from vac-
uum) alignment with FIrpic, whereas the HOMO of
TAPC (5.3 eV) is aligned with PEDOT:PSS (5.1 eV).
Hence, this blend comprises three emitters with
efficient energy transfer from the host while also
supporting both electron and hole transport. As a

result, the solution processed EML WOLED has
ηP ¼ 23.3 lm/W, V ¼ 4.6V, CRI ¼ 73, and CIE ¼ (0.35,
0.41) corresponding to CCT ≃ 4700 K at L ¼ 1000
cd/m2 (Fu et al., 2012). This performance is competi-
tive with analogous vacuum-deposited blended EML
WOLEDs.
An example polymer-based blended two-

phosphor EML WOLED is shown in Fig. 6.98
(Huang et al., 2009). This device consists of a 30
nm thick PEDOT:PSS hole injection and transport
layer. The electron and hole transporting EML com-
prise a 70 nm thick blend of the small molecule
phosphors, 7 wt% blue emitting FIrpic and 0.25
wt% orange emitting Os-complex, Os-O (see inset,
Fig. 6.98), co-doped into PVK mixed with 30 wt%
OXD-7. Only a very small amount of Os-O is re-
quired since its lower triplet energy makes it an
efficient exciton trap. Together, the two dopants
emit broadly across the visible to provide white
light. The optimized device exhibited ηP ¼ 18.5
lm/W and ηext ¼ 12.6%.
As noted previously, a white light source can be

obtained using only two color emitters. This is illus-
trated for two pairs of illuminants (cyan-red or blue-
yellow) in the chromaticity space in Fig. 6.99. As long
as the line connecting the CIE coordinates of the illu-
minant pairs passes through the Planckian locus,
white emission will be perceived. However, as appar-
ent from Fig. 6.98, only two emitters result in weak
green emission due to the relative narrowness of ex-
citon spectra. Hence, while the source will appear
white, its CRI will be lower than required for a high
quality illumination source. The device in Fig. 6.98
has CIE coordinates of (0.38, 0.38), but the CRI < 70
results from spectral “holes” in the green (Su et al.,
2008, Wang et al., 2009a, Wu et al., 2009). While sub-
stituting two phosphors for three lends simplicity to
the WOLED design and also to high efficacy, the low
color purity would render objects using this source
with an odd appearance.
Thus far, we have shown two types of blended

EMLs; those with dopants segregated into zones as
in Fig. 6.92a, and those that are fully blended
(Fig. 6.92b). The zone/fully blended architectures
can also be combined. This strategy has been applied
to a device in which a separate, 4 nm thick exciton
generating zone comprising only 8 wt% FIrpic is
placed adjacent to an 11 nm thick zone containing a
blend of the green emitting 8 wt% Ir(ppy)3 and the
red phosphor, 1 wt%, Ir(PPQ)2(acac) doped into a
common, high triplet energy (2.9 eV) mCP host. As
in other such designs, the highest triplet energy
phosphor, FIrpic, is located at the exciton formation
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zone near the TAZ-based ETL/EML interface. The
co-doping of the RG zone results in color that is
determined by the energy transfer efficiency from
the relatively high concentration of G to R dopants,
almost eliminating the color dependence on current.
For example, it is found that the color coordinate
shift over a luminance variation from 500 to 10,000
cd/m2 of the RG-B device is�CIE¼ (0.00, 0.00). This
is compared to (+0.01, �0.01) for a PHOLED com-
prising the same dopants in an EML of equal thick-
ness (15 nm) but separated into three discrete R-G-B
zones. The peak performance of the two-zone, three
dopant WOLED is ηext ¼ 19.1%, ηP ¼ 37.3 lm/W, CIE
¼ (0.39, 0.42) corresponding to CCT ≃ 4000 K, which
is competitive with the three zone device using the
same materials combinations (Wang et al., 2009b).

6.5.2 Hybrid fluorescent/phosphorescent WOLEDs

Among the many properties required for OLED
lighting, achieving high power efficiency and long
operational lifetime are the most important. Unfor-
tunately, obtaining blue PHOLEDs with long life-
time has been problematic (see Section 6.7), leading
to alternative architectures that replace the blue
phosphorescent unit with a more stable, but efficient
fluorescent substitute. We have shown that OLED
displays employ fluorescent blue OLEDs to minim-
ize the loss of reliability encountered in using blue

PHOLEDs, albeit at a significant loss in efficiency for
this color pixel. However, this compromise is un-
acceptable in WOLEDs that must rely on 100% in-
ternal efficiency to be competitive with existing
lighting sources.
The spectrum of white emission is approximately

25% blue, with the remainder in the green to the red
spectral regions. This fortuitous division in spectral
content suggests a means for achieving satisfactory
white emission with ηint ¼ 100% by using a blue
fluorophore to harvest the 25% electrically generated
singlets, and green and red phosphors to harvest the
remaining 75% triplets. Harvesting singlets directly
on a fluorescent molecule has several advantages: it
eliminates the need for a host with a triplet energy
that is greater than that of the blue phosphor. Further,
it eliminates exchange energy losses in converting
singlets to high energy (blue emitting) triplets, thus
reducing the PHOLED drive voltage. This results in
an increase in power efficiency needed for lighting.
And finally, blue singlet emitting materials have con-
siderably longer operational lifetimes than blue
phosphors.
The first demonstration of a hybrid fluorescent/

phosphorescent WOLED employed a blue fluorophore
placed directly into the exciton generation regions of
the EML. The red and green phosphors were located
within a triplet diffusion length of their origin, but
sufficiently far from the blue fluorophore to prevent
direct energy transfer. The independent harvesting of
singlets and triplets is illustrated by the energy level
diagram in Fig. 6.100a (Sun et al., 2006). The process
starts with electrical generation of excitons in the host
in a ratio of χS ¼ 0.25 and χT ¼ 0.75. The singlets
transfer via FRET to the blue fluorophore, BCzVBi,
which is doped at 5 wt% in CBP to minimize direct
Dexter transfer of triplets from host to dopant. A thin
(6 nm) CBP spacer that is thinner than the triplet diffu-
sion length separates the blue fluorescent/exciton gen-
eration region from green (5 wt% Ir(ppy)3) and red
(4 wt% PQIr) phosphorescent zones that harvest the
triplets via Dexter transfer from the CBP host (see
inset, Fig. 6.100b for the device structure). In this
demonstration, the BCzVBi has a lower triplet en-
ergy than either of the phosphors or CBP, and hence
transfer to the BCzVBi triplet is a significant loss
channel.
By omitting the phosphors and measuring the blue

emission for devices with only the blue fluorophore
doped near the ETL or HTL interface, it was deter-
mined that all excitons were formed within �5 nm of
both interfaces. The device spectrum in Fig. 6.100 at
j ¼ 100 mA/cm2 is fit using
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ηext ¼ ð1� χtrapÞηB þ ½ð1� χtrapÞχT þ χtrap
ηGR; ð6:82Þ

where χtrap is the ratio of excitons formed by charge
trapping directly on the phosphors to those diffusing
from the generating interfaces, ηB is the efficiency of
blue emission (which includes the probability of sing-
let formation), and ηGR is the efficiency of the red and
green phosphorescence.

Analysis of the spectra in Fig. 6.100b (with layer
thicknesses b1¼ 15 nm, b2¼ 10 nm, r¼ 8 nm, and g¼
12 nm, along with a 20 nm thick BPhen ETL) indicate
that χtrap¼ 20%, with the remaining triplets diffusing
through the fluorescent and host layers to reach the
phosphors. Note that there is only a small color shift
when the current varies by over a factor of 100,
indicating a reasonably stable balance of exciton dis-
tribution in this diffusion-controlled device. The dir-
ect exciton formation via trapping results in a
decrease in blue emission, which ultimately limits
the device efficiency (Sun et al., 2006). Indeed, the
low efficiency of the blue fluorophore coupled to
exciton losses ultimately leads to a WOLED effi-
ciency of ηext ¼ 18.7% and ηP ¼ 23.8 lm/W at 500
cd/m2, along with CRI ¼ 85 at CIE ¼ (0.40, 0.41),
corresponding to CCT ¼ 3750 K.

A device similar to that in Fig. 6.100 eliminates the
zone containing the red phosphor, which is replaced
by the red fluorophore, DCJTB. This is lightly doped
(�0.08 wt%) into the 15 nm thick, green emitting zone
with 8 wt% Ir(ppy)3 in CBP (Kanno et al., 2006c).
Thus, red emission from the fluorophore is due to
phosphor-sensitized fluorescence in the green emit-
ting zone (cf. Fig. 6.30). Triplets generated at the
HTL/EML and ETL/EML interfaces drift to the
green-red phosphorescent/fluorescent zone across

two, 2 nm thick undoped CBP host spacer layers.
Triplets are partially harvested by the phosphor,
where a fraction is Förster-transferred to the singlet
state of red-emitting DCJTB. The blue spectrum is
emitted from singlets transferred directly to BCzVBi
from the CBP at the edges of the EML. Since all the
singlets are harvested by the blue dopant, and triplets
by the green phosphor, this two-dopant structure still
has the potential of ηint ¼ 100% even though two
fluorescent dopants are used.
Evidence for sensitized fluorescence is shown by

the transient EL response in the green and red spec-
tral regions in Fig. 6.101, inset. The rapid (�1 ns)
fluorescence of DCJTB takes several hundred nano-
seconds since its excitation is via transfer from the Ir
(ppy)3 triplet manifold. Even though the fluores-
cent/phosphorescent/fluorescent architecture has
the potential for unity quantum efficiency, there are
several losses using the particular dopants chosen in
this particular device. While the spectrum is inde-
pendent of current in Fig. 6.101 due to diffusion-
controlled transfer, the quantum and power efficien-
cies are approximately 20% lower than the fluores-
cent/phosphorescent device in Fig. 6.100 due to
losses in the sensitized fluorescent transfer. The
CRI of the device is 79 with CIE coordinates of ap-
proximately (0.38,0.42).
There are several variations to the hybrid fluores-

cent/phosphorescent structure that can improve its
performance (Rosenow et al., 2010). Nearly unity in-
ternal efficiency has been achieved with the structure
whose energy level diagram is shown in Fig. 6.102a
(Sun et al., 2014a). A common CBP host is used with
excitons formed near its interface with the TmPyPb
ETL and at the TCTA HTL. The blue fluorescent
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4P-NPD triplet energy (2.3 eV) is lower than that of
the green phosphor, Ir(ppy)2(acac) at 2.4 eV. Hence
the green phosphor is positioned near to the TCTA
with a 2 nm thick spacer between this material and
the red emitting Ir(MDQ)2(acac), whose triplet energy
(2.0 eV) is less than that of 4P-NPD. Since the singlet
exciton diffusion length is considerably shorter than
the 8 nm thick 4P-NPD, there is efficient triplet trans-
fer between these latter two materials, while the sing-
lets are immediately harvested by the fluorophore.
The spacer discourages transfer of Ir(ppy)2(acac) trip-
lets to the red phosphor, thus maintaining the desired
color balance.
The spectrum in Fig. 6.102b shows significant color

shifts with brightness attributed to a shift of the ex-
citon generation zone from the ETL toward the HTL
interface with increasing drive current (note that the
green intensity stays constant in these normalized
spectra). A forward viewing external quantum
efficiency of 21.2% indicates nearly unity internal ef-
ficiency. Furthermore, the maximum ηP ¼ 40.7 lm/W
decreases only weakly with intensity. The high power
efficiency is achieved by n-type doping the ETL
with 4% Cs2CO3 to minimize the drive voltage. The
CRI ¼ 85 and CIE ¼ (0.42, 0.44) corresponding to
CCT ¼ 3544 K (Sun et al., 2014a).
Following similar design concepts to that in

Fig. 6.102, but including a yellow emitting phosphor
in a four-color fluorescent/phosphorescent WOLED,
a very high CRI ¼ 94 was achieved along with ηext ¼
14.3% and ηP ¼ 26.2 lm/W (Sun et al., 2014b). Hence,

hybrid devices have been shown to combine high
quantum efficiency with good color quality, while
potentially eliminating the short operational lifetime
of all-phosphorescent WOLEDs.
The hybrid approach has also been demonstrated,

albeit with less success, in polymers. Solution process-
ing creates difficulties in the control of emission
color via a zone-doped structure such as exploited in
vacuum-deposited small molecule WOLEDs. A
method that takes advantage of the synthetic diversity
of polymers is to copolymerize red, green, and blue
emitting moieties along the molecular backbone. In
Scheme 2 we show a polymer with segments that are
incorporated into the feed stock at concentrations that
lead to the desired color balance (Jiang et al., 2006). In
this copolymer, green fluorescent benzothiadiazole
units are incorporated into a blue emittingpolyfluorene
backbone. Then a red emitting, pendant Ir phosphor
complex fills out the spectrum. Copolymer WOLEDs
based on these three lumophores have not shown par-
ticularly high efficiencies, although this approach may
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light-emitting device based on a compound fluorescent-phosphor-sensitized-
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provide a path to achieving high efficiency with im-
proved emitting units and charge conduction charac-
teristics in a simplified WOLED structure.

6.5.3 WOLEDs based on excimer emission

In the preceding sections, we have seen that produ-
cing high quality white light can entail complex en-
gineering of the EML that typically contains three (or
even more) luminescent zones, each with a phosphor
or fluorophore emitting in a separate region of the
visible spectrum. In this context, in Section 3.6.3 we
showed that the emission spectra of excimers and
exciplexes are broad and featureless. Hence, it is rea-
sonable to expect that such excited state species might
be a route to creating a broad, white spectrum. The
blue emitting square planar Pt phosphorescent mol-
ecules can efficiently emit from exciplexes due to
coupling within the molecular stacks, thus leading to
broad white light emission (Adamovich et al., 2002).
In particular, the monomeric (blue) emission of a
single lumophore can be combined with broad
green-red excimer emission from the same molecular
species to result in a single-dopant WOLED. By care-
fully controlling the doping concentration of the
phosphors in the host, a fraction of the molecules
will form excimer emitting clusters, whereas the re-
mainder will be isolated within the blend to emit from
their native blue monomer state.

Monomer/excimer WOLEDs are attractive due to
their inherent simplicity. While they have demon-
strated high efficiencies, one drawback is that the
emission spectrum is difficult to precisely control
since it is a sensitive function of both doping concen-
tration as well as the position of the exciton formation
and light emitting zones within the device (D’Andrade
and Forrest, 2004, Fleetham and Li, 2014). Hence, most
such devices have CRI � 70, which is below that re-
quired for high quality lighting.

The earliest demonstration of a phosphorescent
monomer/excimer WOLED employed a series of
blue emitting square planar Pt molecules comprising

fluorine electron withdrawing groups (Adamovich
et al., 2002). At high concentrations, the relatively
strong Pt . . Pt bonds form oligomers in the ground
state. Their close π–π stacking gives rise to broad and
unstructured excimer emission.
An example of interactions between Pt mol-

ecules leading to monomer/excimer WOLED
spectra is illustrated in Fig. 6.103. The binuclear
Pt interactions result in triplet metal–metal ligand
charge transfer states (3MMLCT) that are desta-
bilized compared to the 3MLCT of the monomer.
Thus, the dz2 and Pt-π levels are split due to
interactions between Pt atoms on neighboring
molecules. This leads to additional, lower energy
and broadened, non-bonding σ� transitions. The
combination of monomer 3MLCT and excimer
3MMLCT transitions results in the broad emission
spectrum of Fig. 6.103b. In Sections 3.6.3 and 3.7.3
we provide a detailed description of the excimer
and spin–orbit interactions in dihedral and octahe-
dral transition metal complexes.
The EL spectra in Fig. 6.104 are from PHOLEDs

whose EML comprises a tridentate square planar Pt
(II) molecule, Pt-17, mixed at several different concen-
trations in the host, 26mCPy (Bakken et al., 2012). At
only 2 wt% Pt-17, the spectrum is dominated bymono-
mer emission between λ ¼ 440 nm and 530 nm, with a
weak tail extending to longer wavelengths due to ex-
cimer emission from a few molecular aggregates. As
the Pt-17 concentration is increased to > 18%, the
emission is dominated by excimer transitions, resulting
in a shift from blue to orange, with broad peak at
600 nm. Due to non-radiative coupling from within
the aggregates, however, the peak external efficiency
decreases from ηext ¼ 13% at 2 wt% concentration,
to ηext ¼ 8% when the concentration is increased to
26 wt%. Hence, while excimer transitions can lead to
broad spectral emission, at the same time they lead to a
decrease in quantum efficiency.
The highest performance WOLEDs reported using

the structures in Fig. 6.104 with a 40 nm thick 18 wt%
Pt-17:(1:1 TAPC:PO15) EML had a forward viewing
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Scheme 2. Left to right: green, blue, and red emitting units.
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ηext ¼ 15.7% with ηP ¼ 27.3 lm/W, CRI ¼ 80, and
CIE¼ (0.37,0.40), corresponding to CCT ≃ 4600 K at a
luminance of approximately 500 cd/m2.
The design of monomer/excimer WOLEDs de-

pends on the control of the dynamics leading to
the generation of excimers in a molecular mixture.
The mechanism by which the energy is transferred
to the excimer state is different for neat and doped
films. In neat films, excitons are first generated on the
monomer, and are subsequently transferred to the
excimer state. The formation rate of optically gener-
ated triplet excimers from adjacent excited and unex-
cited monomers follows:

3M� þ 1M�!kX 3E� �!kXP hνþ 2S0; ð6:83Þ

where kX is the rate of formation of the triplet
excimer, kXP is the rate of excimer phosphorescence,
3M

�
is the excited monomer triplet state, 1M is the

ground state, and 3E
�
is the excited triplet excimer

state in the solid film. If the formation is via elec-
trical injection, a neutral charge transfer complex is
formed by the combination of an anion and cation
precursor pair:

M� þMþ �!kACX 3E� !kXP hνþ 2S0; ð6:84Þ
where kACX is the rate of excimer formation from the
charge transfer couple, M� and M+. Following ana-
lyses similar to that developed for exciton dynamics
in Section 6.3.5, the rate equations for excimer for-
mation in a neat film are (D’Andrade and Forrest,
2003)

d3M�

dt
¼ �kPh 3M�

� �� kMnr
3M�
� �� kX 1MM�

� �þ G

d3E�

dt
¼ kX 1M3M�

� �� kXP
3E�
� �� kEnr

3E�
� �

ð6:85Þ
where kMnr and kEnr are the non-radiative decay rates of
the excited monomer and excimer, respectively, and
G is the generation rate of triplet monomers due to
the intersystem crossing of photogenerated mono-
mer singlet states on the phosphor. As previously
(cf. Eqs. 6.54 and 6.55), in these rate equations,M and
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E represent monomer and excimer concentrations
(which differs from their representations as states
in Eqs. 6.83 and 6.84). The solutions to Eq. 6.85 at
G ¼ 0 are

3M� tð Þ ¼ A1exp �k1tð Þ
3E� tð Þ ¼ A2exp �k1tð Þ þ A3exp �k2tð Þ

ð6:86Þ

where A1, A2, and A3 are determined by initial condi-
tions, and the decay rates, k1 and k2, are given by

k1 ¼ kPh þ kMnr þ kXð1MÞ
k2 ¼ kXP þ kEnr

ð6:87Þ

Triplet energy transfer between adjacent mol-
ecules is by thermally activated diffusion with
an activation energy of Ea, giving (Baldo and
Forrest, 2000)

kXð1MÞ ¼ k∞Xexp �Ea=kBT½ 
; ð6:88Þ

where k∞X is the monomer–excimer transfer rate at
T!∞. When Ea � kBT, excimers are formed by
exothermic transfer of the excited state from the
monomer, whereas for Ea > kBT, the formation is
endothermic. Hence, the relative emission intensities
from excimer to monomer should change significant-
ly with temperature, and the lifetime of the monomer
should follow Eq. 6.87. Equation 6.88 also implies that
the formation of triplet excimers is monomer-
concentration dependent.

From the foregoing, we can find the lifetime of the
monomer exciton vs. temperature, T, using

k1 Tð Þ
k1 T0ð Þ ¼

kPh þ kMnr þ kXð1MÞ
kPh þ kMnr þ k∞Xexp �Ea=kT½ 
� � ; ð6:89Þ

with steady state solutions to Eq. 6.85 of

3M� ¼ G
kPh þ kMnr þ kXð1MÞ ; ð6:90Þ

3E� ¼ kXð1MÞ
kPh þ kMnr þ kXð1MÞ �

G
kXP þ kEnr


 �
: ð6:91Þ

The monomer emission intensity is proportional
to kPh(3M�), and follows (D’Andrade and Forrest, 2003)

LMðTÞ ¼ A4 kPh þ kMnr
� �

kPh þ kMnr þ k∞Xexp �Ea=kBT½ 
� � ; ð6:92Þ

where A4 is a constant. Given that and kEr
3E�0
� 

is
proportional to the excimer emission intensity, and
assuming that the PL efficiency of the excimer is

temperature independent, the emission intensity of
the excimer is

LXðTÞ ¼ A5exp �Ea=kBT½ 

kPh þ kMnr þ k∞Xexp Ea=kBT½ 
� � ; ð6:93Þ

where A5 is a constant. Note that the low efficiency of
excimer diffusion due to exciton self-trapping reduces
quenching from TTA compared with monomer-based
electrophosphorescent systems.
In the solid state, monomers must be nearest neigh-

bors to form an excimer. We have seen that solid films
of square planar molecules with close π�π ligand
contact should promote the formation of excimer spe-
cies, even in lightly doped films. Further, the rate
equations above suggest that the ratio of excimer-
to-monomer emission depends on the monomer
concentration.
Varying the doping concentration of an excimer-

forming molecule thus controls the excimer-to-mono-
mer emission intensity ratio. The PL and absorption
of the host and guest molecules, respectively, must
overlap for efficient Dexter and Förster energy trans-
fer to occur between the two species (see Section 3.8).
The rate equations for excimer formation processes in
a doped system are thus

d1H�

dt
¼ �kHnr 1H�

� �� kET 1M1H�
� �þ G

d3M�

dt
¼ �kPh 3M�

� �� kMnr
3M�
� ��QkX 1M3M�

� �
þkET 1M1H�

� �
d3E�

dt
¼ QkX 1M3M�

� �� kEr
3E�
� �� kEnr

3E�
� �

ð6:94Þ
where kHnr is the non-radiative decay rate of the ex-
cited host, 1H is the singlet host state concentration,
kET is the rate at which the exciton is transferred from
the host to the dopant molecule, and Q is the prob-
ability that two dopant molecules are nearest neigh-
bors. At doping levels where all host emission is
quenched, the radiative decay rate of the excited
host state is assumed to be negligible compared to
the transfer rate of the exciton from the host to the
dopant molecule.
For neat films, Q ¼ 1, and for doped films, Q ¼ 1 �

(1 � f)C, where C is the number of possible lattice
positions around one molecule that can lead to
the formation of an excimeric pair (i.e. the coordin-
ation number), and f is the mole fraction of the dop-
ant. This assumes that dopant molecules are
randomly dispersed without a tendency to form
clusters. Apparently, Q ¼ Cf for small dopant
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concentrations. The excimer and monomer emission
intensities are then:

LM ¼ kPh
kPh þ kMnr þQkXð1MÞ ·

kETð1MÞG
kHnr þ kETð1MÞ

 �

LX ¼ kEr
kEr þ kEnr

·
QkXð1MÞ

kMr þ kMnr þQkXð1MÞ

 �

·
kETð1MÞG

kHnr þ kETð1MÞ

LX

LM ¼
kEr

kEr þ kEnr
·
QkXð1MÞ

kPh


 �
ð6:95Þ

The ratio LX/LM varies as Q1M, and for small dopant
concentrations, Q varies linearly with concentration.
The excimer-to-monomer emission intensity ratio
should, therefore, exhibit a quadratic dependence
with 1M.
This model has been applied to understand the

dynamics of the monomer–excimer emitting phos-
phor, FPt1 (D’Andrade et al., 2002a, D’Andrade and
Forrest, 2003), shown in the inset, Fig. 6.105. The PL
spectra of a neat thin film of FPt1 are shown as a
function of temperature, along with the EL spectrum
of a PHOLED with a 30 nm thick, neat FPt1 EML. At
low temperatures, the excimer emission at 2.07 eV is
completely dominated by monomer emission with a
clearly resolved vibronic progression whose corres-
ponding transitions are labeled. This contrasts with
the highest temperature spectrum where only weak
excimer emission is observed.

The room temperature PHOLED EL spectrum
shows none of the features found in the PL spectrum.
Instead, only a broad peak, red-shifted to 1.84 eV
associated with dimer emission is observed. Recall
from Section 3.6 that excimers and dimers differ in
that the former has no bound ground state. It results
from an excitation shared by two nearest neighbor
molecules that form a new, coupled eigenstate. In
contrast, the dimer is stable in both the ground and
the excited state, and results from the weak Pt. . .Pt
interactions between adjacent molecules. These weak
bonds are considerably more stable than the excimer
interactions, thus accounting for the significant red
shift between the excimer and dimer spectra.
The excimer dynamics are obtained from the tem-

perature dependence of the relative monomer and ex-
cimer PL intensities, as shown in Fig. 6.106. The data
show the intensities of the highest energy monomer
feature in Fig. 6.105 (i.e. the 3M� 0!0ð Þ transition) and
the excimer (3E

�
) as a function of temperature. The

monomer intensity increases as temperature is
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reduced, until it saturates at T < 40 K. At the same
time, the excimer peak decreases with temperature
until its intensity is overwhelmed by the monomer
emission, again at approximately 40 K.

The seemingly opposite response to temperature
of the excimer and monomer intensities suggests
that these processes are linked, that is, the monomer
excitation transfers more rapidly to the excimer state
as temperature increases. The foregoing analysis
leading to the temperature dependences of the lumi-
nance in Eqs. 6.92 and 6.93, therefore, should give us
insight into the energy transfer process. Indeed, the
solid lines in Fig. 6.106 are fits to these equations,
yielding activation energies of Ea ¼ 35 meV for
LM(T), and 39 meV for LX(T). Interestingly, even the
magnitudes of these temperature variations are ap-
proximately equal, with k∞X=ðkPh þ kMnrÞ � 185 in both
cases. This strongly suggests that the two states are
coupled. Following the model of excimer-monomer
coupling presented in Figs. 3.44 and 3.45 (Birks,
1975, Nasu, 1987), there is apparently an activation
energy barrier between monomer and excimer mani-
folds, as shown in Fig. 6.107. As triplets on individ-
ual monomers diffuse toward each other, they
encounter a barrier due to Pauli exclusion and Cou-
lomb repulsion of their orbitals. At a critical ap-
proach distance, their wavefunctions are shared to
form an excimer state that is stabilized relative to the
individual monomers. This results in a red shift of
the emission energy as large as 560 meV. Analyses of
the data are consistent with an energy barrier be-
tween these two states of 37 meV that inhibits ex-
cimer formation as temperature is decreased. As

noted above, a more stable Pt . . . Pt dimer state is
identified in the EL spectra that results in an even
greater red shift, to 1.84 eV.
A demonstration of the control of Pt. . .Pt dimeriza-

tion, and hence the 3MMLCT interactions is based on
a series of binuclear Pt complexes shown in Fig 6.108,
where the relative opening angle between adjacent
ligands is varied by modifications of the steric bulk
of the bridging pyrazolate (Ma et al., 2005, 2006). This
series of molecules was introduced in Section 3.7.3
(Fig. 3.79) in the context of spin–orbit coupling. The
complexes have the general formula C^NPt(μ-
pz0)2PtC^N (here, C^N ¼ 2-(2,4-difluorophenyl)pyr-
idyl, pz0 for compound 1 ¼ μ-pyrazolate, 2 ¼ 3-me-
thyl-5-tert-butylpyrazolate, and 3 ¼ 3,5-bis(tert-butyl)
pyrazolate). The opening angle determines the Pt. . .Pt
bond length, and hence the strength of the 3MMLCT
transition. As the Pt atoms are spaced more closely
together, the dimer becomes increasingly stable, re-
sulting in a larger red shift as seen in both theWOLED
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EL and PL spectra of these compounds in Fig. 6.108.
The PL spectra are taken with the molecules mixed
into a large energy gap polystyrene matrix. In the
PHOLEDs, the complexes are doped at 8 wt% in
mCP in an EML sandwiched between an NPD HTL,
and a BCP EBL/Alq3 ETL cap. When the ligand angle
is 90o for compound 1, there is very little Pt–Pt inter-
action, resulting in a nearly unchanged spectrum
from the monomer 3LC/3MLCT transition of the
square planar (C^N)Pt complex itself. In contrast, 2
and 3 have considerably stronger Pt dimer inter-
actions, resulting in increasingly larger red shifts of
up to 200 nm in solid solution as the bond distance
decreases to 2.834 Å. The differences in EL and PL
spectra are attributed to different couplings to the
host. The orbital interactions between 2 and 3 and
mCP result in a hypsochromic shift compared to poly-
styrene, where such interactions are completely ab-
sent. The shifts are a result of the solid-state solvation
polarization interactions discussed in Section 3.6.7.
Further, compound 1 shows no such shift since the
monomer excited state is confined to the ligands
themselves.
While spectral shifts and broadening are precisely

controlled by the ligand bulk, it does not result in
sufficient spectral broadening to generate efficient
white emission. In fact, only compound 1 generates
excimer broadening in the presence of monomer
emission at high doping concentrations (30–70%)
due to the exposure of its ligands that allows for
monomer coupling to nearbymolecules. Unfortunate-
ly, the efficiencies of these white PHOLEDs are < 4%.
When 3 is used as a dopant in 1, the monomer

emission from the latter compound is mixed with
the orange-red spectrum of the latter, giving broad
red emission with 5.4% efficiency (Ma et al., 2006).
The foregoing analysis of excimers is general, and

can be used to understand and ultimately optimize
excimer-based PHOLED emission in neat systems,
as well as in the often more efficient guest–host
systems that can precisely control the excimer-to-
monomer intensity ratio. The phosphor, FPt1, itself
has proven to yield modestly efficient WOLEDs
when combined with an additional blue phosphor,
FIrpic, in a CBP host. The FIrpic is included to shift
the spectrum toward the green to compensate for the
strong red shift of FPt1 needed to achieve high effi-
ciency. The PL spectra of the CBP + 6 wt% FPt1 +
6 wt% FIrpic blend is shown in Fig. 6.109, upper
inset. The monomer emission features are apparent
at 450–525 nm, whereas the broad excimer emission
is seen at longer wavelengths. The WOLED EL spec-
tra at several current densities employing this
double-doped EML are provided in Fig. 6.109.
Again, both the monomer 3M

�
and excimer 3E

�
fea-

tures are readily resolved. The devices had slightly
green CIE coordinates of (0.33, 0.44), resulting in CRI
¼ 78 and CCT� 5500 K. However, as is often the case
with excimer-monomer devices, the forward view-
ing efficiencies were only ηext¼ 4% and ηP¼ 4.4 lm/W
(D’Andrade et al., 2002a).
Among the most efficient single dopant monomer–

excimer devices are those based on a symmetric tetra-
dentate square planar Pt (Pt707) doped at 14 wt% into
mCBP (Li et al., 2014). The monomer-to-excimer ratio
is controlled by the concentration, as is the efficiency.
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The devices exhibit ηext ¼ 17.7% and ηP ¼ 24.0 lm/W
at 1000 cd/m2, making them competitive with many
multi-monomer emitting phosphor devices. Further,
their CIE coordinates are (0.37, 0.42) (corresponding
to CCT ≃ 4550 K), although the low CRI ¼ 70 makes
these devices unsuitable for high quality lighting
applications.

6.5.4 WOLEDs employing TADF emission

In this section we discuss two WOLEDs based on
TADF that have been engineered to achieve high
efficiency. The first uses a blue TADF emitter that
transfers a portion of its energy to conventional yel-
low and red emitting fluorescent materials (Higuchi
et al., 2015). The second is based on a blue emitting
TADF emitter used in combination with a yellow Ir-
phosphor molecule (Cho et al., 2015). Both structures
share many of the same operational principles as
hybrid fluorescent/phosphorescent and phosphor-
sensitized fluorescent WOLEDs in Section 6.5.2.

The hybrid TADF/sensitized fluorescent device
EML energy scheme is shown in Fig. 6.110. The EML
consists of an electron and hole conducting blue emit-
ting TADF molecule, DMACDPS, located in the ex-
citon generation region. Its peak wavelength is 480

nm, andwhen used alone as an emittingmolecule, the
blue OLED has an external efficiency of 15%. In the
WOLED, the blue emitting/exciton formation zone is
separated by a 2 nm thick mCP spacer, chosen for its
high triplet energy to avoid recombination of the
TADF molecular triplets. At the opposite side of the
spacer, the mCP is doped at 1 wt% with red emitting
DBP and 10 wt% yellow emitting TTPA. The spacer
prevents direct singlet transfer to these molecules,
which would inevitably result in a red OLED based
solely on DBP emission. Rather, the spacer requires
energy transfer from DMACDPS to TTPA to DBP. By
maintaining a very low DBP concentration, a balance
of blue, yellow and red emission is established.
The excitation processes of the various lumophores

are verified by the transient response of the WOLED
in Fig. 6.111a. Whereas the fluorescent emission from
TTPA and DBP occurs on a timescale of 1–10 ns, all
three WOLED spectra are governed by the phosphor-
escent lifetime of DMACDPS of τ � 4 μs. Thus, the
luminescence persists until all blue triplets have been
converted to singlets, and subsequently radiatively
recombine, or transfer to the fluorophores that emit
at longer wavelengths.
The WOLED emission spectrum is relatively inde-

pendent of current, as shown in Fig. 6.111b. This in-
dicates that the process in Fig. 6.110 is indeed limited
by FRET-based diffusion. While good spectral cover-
age across the visible is not achieved (hence resulting
in a low CRI), the CIE coordinates are unchanged
over a decade variation in current. The maximum
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external quantum efficiency is 12.1% and ηP ¼ 22.0
lm/W, with CIE ¼ (0.25, 0.31) at 1000 cd/m2, result-
ing in a green-blue cast (Higuchi et al., 2015).
An alternative two-color WOLED uses a TADF

molecule that serves the dual purpose of a blue emit-
ter, and as a host to a high efficiency yellow Ir-based
phosphor (Cho et al., 2015). The very high efficiency
of both the blue TADF molecule, DCzIPN at 16.4%
and the yellow Ir complex, PO-01, results in a high
WOLED efficiency as well. The orange and blue emit-
ting sections in the EML are separated to prevent
rapid energy transfer from DCzIPN to PO-01 in the
mCP host. Excitons are generated at both the ETL/
EML and HTL/EML interfaces. A fraction is harvest-
ed on the TADF emitter, and the remainder diffuse to
PO-01. The WOLED has a maximum external effi-
ciency of 21% achieved at 100 cd/m2 with CIE color
coordinates of (0.31, 0.33), which is near to the isoe-
nergetic point of (0.33, 0.33). However, the color co-
ordinates are intensity dependent with the greatest
blue spectral content at an intermediate luminance
of 1000 cd/m2 due to shifts in the position of the
emission zone due to exciton formation moving be-
tween the ETL to the HTL sides of the EML. Also, as is
characteristic of two-color WOLEDs, there is only
weak emission in the green. Thus, while the CIE co-
ordinates are nearly ideal, the CRI is too low for high
quality illumination sources (Cho et al., 2015).
Given the results in this section, it is unclear

whether TADF-based WOLEDs or those employing
excimer/exciplex emission will have the high per-
formance necessary to be useful in general lighting
applications. However, the simplicity of single or
even double dopant WOLEDs is an attractive means
for lowering cost.

6.5.5 Stacked and striped phosphorescent
WOLEDs

We found in Section 6.4 that RGB OLEDs can be
arranged in a stack with each color element individu-
ally addressed to achieve any desired color, including
white with a bias-selectable CRI and CCT (Shen et al.,
1997, Gu et al., 1999, Parthasarathy et al., 1999). Alter-
natively, the potential of the internal contacts can be
allowed to float, as in Fig. 6.92d. In this configuration,
both high efficiency and brightness are achieved, al-
though dynamic color tuning is not possible.
The operating principle of the stacked WOLED is

shown in Fig. 6.112. The SOLED consists of N emit-
ting sub-elements comprising individual OLEDs that
emit either the same or different colors. That is, the
design of each element in the stack can be

independently designed and optimized to serve a par-
ticular function. The elements are separated by trans-
parent charge generation layers (CGLs) consisting of a
conducting medium that can inject charge of either
polarity into the immediately adjacent sub-elements.
The luminance emitted by each stacked element is
additive. Hence, a single injected electron generates N
photons, with a total external efficiency of:

ηext ¼
XN
i¼1

TCGL;iηint;iηout;i; ð6:96Þ

where TCGL,i is the transmissivity of the CGL and
the transparent contact of the ith element, and ηint,i
is the internal quantum efficiency. Here i ¼ 1 is for
the bottom sub-element, and i¼N for the top element
in Fig. 6.112b. Interestingly, there are different out-
coupling efficiencies for each member of the stack
since the optical field is different depending on pos-
ition (see Section 6.6) (Bulovic et al., 1998a). We
will show that the CGL transmissivity can approach
100%, allowing, in principle, the external quantum
efficiency of a SOLED to exceed 100%.
The increased luminance comes at the expense of

increased voltage. Thus, a current, I0, at voltage, V0,
delivers a luminous intensity, L0, for a single element
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Figure 6.112 Comparison between (a) a single element OLED and (b) a
stacked OLED, or SOLED. For a single element OLED, a current, I0, at
voltage, V0 generates luminance, L0. For a three sub-element SOLED, I0
generates three times the luminance, 3L0, but requires voltage, 3V0.
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OLED. All other factors being equal, when placed in a
stack of N elements, I0 results in NL0, but at voltage
NV0. Thus, the power efficiency remains unchanged.
This is an obvious restatement of the conservation of
energy. The disadvantage of higher operational volt-
age and increased layer complexity notwithstanding,
there are compelling advantages of using SOLEDs in
lighting and displays:

(i) The additive luminance leads to very high
brightness at low current, particularly useful in
lighting applications.

(ii) Since a higher luminance is achieved at lower
current densities, and since the operational life-
time of an OLED depends on current, the SOLED
architecture results in a longer useful device life
(see Section 6.7) (Zhang et al., 2014b).

(iii) Lower current at a particular brightness leads to
reduced operating temperature, which also ex-
tends device lifetime (Adamovich et al., 2012,
Levermore et al., 2012).

(iv) Reduced current operation reduces annihilation-
based losses, resulting at higher efficiency at an
equivalent current (and hence higher brightness)
than a single element device.

(v) The SOLED architecture allows for a flexible
approach to device design. For example, white
emission can be achieved by stacking individual
white emitting devices (Kanno et al., 2006a, 2006b,
Adamovich et al., 2012). Alternatively, red, green,
and blue PHOLEDs (Liao et al., 2004, Qi et al.,
2008, Chen et al., 2011), or any combination of a
multicolor and monochromatic elements, can be
stacked (Lee et al., 2008, Chen et al., 2011).

(vi) The SOLED thickness is �Nd, where d is the
thickness of each sub-element comprising the
stack. The added thickness can result in reduced
shorts between anode and cathode, and hence an
increased manufacturing yield, although internal
shorts between elements is not expected to differ
from single element OLEDs.

Since many approaches to achieving white emis-
sion already discussed are compatible with the
SOLED architecture, a primary focus of SOLED re-
search has been to develop transparent and electrical-
ly lossless CGLs. The earliest devices employed ITO,
which stacks multiple TOLEDs in an integrated struc-
ture (Shen et al., 1997, Gu et al., 1999, Parthasarathy
et al., 1999, Matsumoto et al., 2003). The energetic
sputtering process is helpful in creating defects that
promote electron injection into the ETL. However, as
discussed in Section 6.4, significant damage and

shorting must be avoided by using a very low sput-
tering power, and the resulting slow deposition rate is
inconvenient for rapid, high volume manufacturing.
To avoid sputtering, compound CGLs comprising

vacuum thermally deposited metal oxides such as
V2O3 (Matsumoto et al., 2003) or MoO3 (Kanno et al.,
2006a, 2006b, Lee et al., 2008) used in conjunction with
a doped organic electron injection layer have shown
good performance. A comparison of the transmittance
of these two oxides is provided in Fig. 6.113. For broad
spectral bandwidth WOLEDs, MoO3 is a better choice
due to its high transmittance from 85% in the deep
blue, to >90% in the red.
A device structure comprising two RGBwhite emit-

ting sub-pixel elements along with a 10 nm MoO3/20
nm BPhen:Li (1:1 molar ratio) CGL is shown in
Fig. 6.114. The very deep MoO3 LUMO (-6.35 eV
below the vacuum level (Bao et al., 2010)) allows for
rapid and efficient electron–hole recombination at its
interface with the NPD HTL of the upper element.
Similarly, the Li-doped BPhen in the CGL supplies
electrons for injection into the lower element. The
residual positive charge in the n-type Li-doped layer
captures excess electrons in the MoO3, thus complet-
ing the circuit with charges injected from the anode
and cathode. While there is a large barrier between
the MoO3 LUMO and the Li+ level, the excess charge
induces energy level bending that allows for charge
transfer until the Li and MoO3 are once more neutral
(Lee et al., 2012).
The function of the CGL can be understood in terms

of the energy level alignments shown in Fig. 6.115.
The CGL in the device in Fig. 6.114 is illustrated in
Fig. 6.115a. MoO3 has a deep LUMO that aligns with
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of MoO3 and V2O3 (Kanno et al., 2006a).
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the n-doped ETL, forming an interface dipole of en-
ergy,�n. The LUMO alignment to the p-HTL permits
efficient electron–hole recombination. The dipole plus
energy level bending near the interface due to dopant
charge depletion (i.e. electron injection from Li:BPhen
into the adjacent OLED ETL) subsequently allows for
electron-injection into the ETL of the second OLED in
the stack. Alternatively, a highly doped p-n organic
junction induces significant interface energy level
bending, leading to tunneling of holes and electrons
across the interface region. This case, shown in
Fig. 6.115b, will be discussed further below.
Returning to the device in Fig. 6.114, each sub-

element has the following structure: NPD (40 nm)/
Ir(ppz)3 (10 nm)/mCP:10 wt% FlzIr (20 nm)/CPB:3
wt% Ir(ppy)3:10 wt% PQIr/Bphen(20nm)/Li:BPhen
(1:1 molar ratio) (20 nm). The EML is comprised of
two sections: one with green and red phosphors in a
CBP host, and the other with the blue phosphor (FlzIr)
doped into mCP. Both elements use a combination
EBL (BPhen) and hole blocking layer (Ir(ppz)3), the
latter needed due to the very high LUMO energy of
the blue dopant.

The stacked WOLED performance is shown in
Fig. 6.116 (Kanno et al., 2006a). The peak ηext moves
monotonically to higher currents, and hence higher
brightness, with the number of stages. As a result, the
current density required to achieve a given luminance
decreases as the number of sub-elements increases
from 1, to 2, to 3. Both effects are due to reduced
annihilation since the EML is effectively “spread out”
among the multiple elements. Furthermore, the peak
efficiency is approximately a linear function of the
number of stacked elements. Thus, the peak forward
viewing efficiencies from the glass surface are ηext ¼
13.6, 24.7, and 34.9% for 1-, 2-, and 3-element SOLEDs.
These efficiencies correspond to 1.8 and 2.6 times the
efficiency of a single element device for the 2- and 3-
element SOLEDs, suggesting that losses at each CGL
are only � 10%. As noted, conservation of energy
requires that the power efficiency of multi-element
devices not exceed that of a single stage OLED. This
is clearly the case in Fig. 6.116a, where the power effi-
ciency of each device is approximately equal.
In Fig. 6.116b we show the j–V characteristics for

the same three SOLEDs whose characteristics are
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summarized in Table 6.12. Since the applied voltage is
approximately an integer multiple of the number of
identical elements, we infer that the charge injection
from the CGLs is nearly lossless. Indeed, the charge
injection of the CGLs appears to be even more effi-
cient than for the Al and ITO cathode and anode.

As noted previously, SOLEDs can exhibit notice-
able microcavity effects due to the numerous dielec-
tric layers comprising the stacks. These effects can be
ameliorated by varying the thickness of the layers,
thereby changing the optical path lengths (and
hence the optical intensity profiles) within the stacks.
The influence of stacking on the EL spectra of the
devices in Figs. 6.114 and 6.116 is shown in
Fig. 6.117. As elements are added to the stack, the
peak emission moves from the blue, to the green,
and then back to the blue for 1-, 2-, and 3-element
devices, respectively. Since the emission zone in each
element is also current dependent, the spectra vary
with current, as shown in the inset, Fig. 6.117.

The MoO3/BPhen:Li compound CGL has been
adapted to many different stacked structures. For

example, a significantly improved color rendition has
been achieved by stacking fluorescent/phosphores-
cent white elements having structures and materials
sets similar to that in Fig. 6.100. A 3-SOLED device
with such a hybrid sub-element had a total efficiency
of ηext ¼ 57%, ηP ¼ 22 lm/W and CIE coordinates
of (0.38, 0.44), corresponding to CCT ≃ 4100 K with
CRI ¼ 82 at a luminance of 1000 cd/m2. This device
showed an almost optically and electrically lossless
CGL. The peak external efficiencies were 1.9 and 2.85
times larger for the 2- and 3-SOLEDs compared to the
single element devices, corresponding to only a 5%
loss at each stage. Similarly, the change in voltage
drop across the device also scaled nearly linearly
with the number of elements (Kanno et al., 2006b).
A different architectural approach using the

MoO3/BPhen:Li CGL places three different colorWO-
LEDs in a stack, as shown in Fig. 6.118a. One element
(nearest the cathode) has a red-emitting EML consist-
ing of PQIr dopedCBP, followed by the green emitting
Ir(ppy)3:CBP element, and a blue emitting FIr6:UGH2
element (Qi et al., 2008). This is an “RGB” structure,
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Table 6.12 Performance characteristics of the white phosphorescent
SOLEDs in Figs. 6.114 and 6.116 (Kanno et al., 2006a)

Device ηext
(max)
[%]a

ηP (max)
[lm/W]a

Volt.b CIE
coord.b

CRIb

1-SOLED 13.6 28.9 9.2 (0.36, 0.46) 62

2-SOLED 24.7 28.9 18.0 (0.39, 0.45) 64

3-SOLED 34.9 22.7 24.1 (0.35, 0.44) 66

a Efficiencies measured in the forward viewing direction.
b Voltage, CIE, and CRI all measured at j ¼ 10 mA/cm2.
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density (Kanno et al., 2006a).
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where the first letter corresponds to the element near-
est the cathode. The sub-pixel ordering is critical in
managing microcavity effects to obtain the desired
output spectrum. In Fig. 6.118, the color balance of
the BGR SOLED is improved compared to the RGB
SOLED, with CRI values for the two devices of 79 and
63, respectively. Due to the larger content of green and
red emission, however, the RGB device has the highest
quantumandpower efficiencies of ηext¼ 36%, and ηP¼
21 lm/W and CIE coordinates of (0.45, 0.36), corres-
ponding toCCT ≃ 2450 KwithCRI¼ 63. This is a very
warm white, with characteristics that fall short of ac-
ceptable for lighting applications, although further op-
timization is undoubtedly possible.
Lithium used in the CGLs in Fig. 6.118 can diffuse

through the layers as the device ages. For this reason,
other n-type dopants such as Cs2CO3 have been used
as the electron donor (Lee et al., 2008), as well as
devices whose CGL comprises a combination of
strong n-type donors such as LiF and Ca in mixtures
with thin cathode metals Al and Ag (Sun et al., 2005).
Metal oxide/Li-doped organic CGLs are simply

p-n junctions that efficiently inject electrons and
holes into the adjacent OLED elements. Fully organic
doped p-n tunnel junctions (Fig. 6.115b) have also
been found to be an effective CGL architecture. The
first such example used an n-type layer consisting of
1.2 vol.% Li doped into electron conducting Alq3 or
TPBI, combined with a p-type, α-NPD layer doped
with 1 vol.% FeCl3 in both fluorescent and phosphor-
escent stacked devices (Liao et al., 2004). The organic
junctions were used in green monochrome Ir(ppy)3-
based SOLEDs, with results in Fig. 6.119. The

structure of the 3-SOLED was ITO/SA/EML/CGL/
EML/CGL/EML/SC/Mg:Ag, with the 2-SOLED and
1-SOLED (single element) structures eliminating one
or two EML/CGL units, respectively. Here, the sep-
arate units are EML ¼ 30 nm NPD/20 nm 5 vol.%
Ir(ppy)3:CBP/20 nm TPBI; an anode side optical
spacer unit to control microcavity emission spectra
of SA¼ 60 nmNPD, and a cathode side optical spacer
of SC¼ 40 nm TPBI. Also, CGL¼Alq3:Li/NPD:FeCl3.
The CGLs are nearly lossless, with luminous efficien-
cies of 43.5, 81.7, and 136.3 cd/A at j ¼ 1 mA/cm2 for
the 1-, 2-, and 3-unit devices respectively. This corres-
ponds to efficiency ratios of 1.9 and 3.1 for the 2-
SOLED and 3-SOLED compared to the single element
device. The voltages also nearly exactly double, and
increase by 150% for comparable, fluorescent 2- and 3-
element devices compared to the conventional OLED.
An organic that has similar frontier orbital energy

alignments as MoO3 is HATCN, with a LUMO en-
ergy of �6.0 eV (from the vacuum level) and a
HOMO at �9.9 eV (Kim et al., 2009). This can be
used in an all-organic CGL with a multilayer struc-
ture of p-HTL/HATCN/n-ETL, which is analogous
to charge injecting junctions using MoO3 (Liao et al.,
2008, Lee et al., 2012).
A CGL that is a hybrid combination of organic and

inorganic compounds has been demonstrated in tan-
dem white phosphorescent SOLEDs comprising a
combination of a blue element stacked with a red/
green emitting element (see Fig. 6.120). The green-red
section employed Ir(MDQ)2(acac) and Ir(ppy)2(acac)
for red and green, and FIrpic for the blue emitting
element. The CGL p-n junction comprised a p-MoO3

doped TCTA layer, and an n-Li2CO3 doped TPBi layer.
These were separated by an interfacial region
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consisting of a type II pentacene donor/C60 acceptor
HJ. The rationale for the interface zone is its ability to
transfer charge across the donor/acceptor junction.
This results in a reservoir of holes on the p-side and
electrons on the n-side that greatly increase the con-
ductivity, and the opportunity for charges to recom-
bine within the CGL even at high current densities.
A consequence is that there is very little dependence
of quantum efficiency on luminance up to >5000
cd/m2 (Chen et al., 2011).

The effectiveness of the hybrid HJ was assessed by
comparing the performance of the device in Fig. 6.124
with an identical two stage SOLED lacking the junc-
tion. The pentacene/C60 CGL device had a voltage of
6.0 and 6.9 V at 100 and 1000 cd/m2, respectively,
which is significantly lower with 6.7 and 8.3 V for the
device lacking the layer. This has a significant impact
on the power efficiency of the devices. At 1000 cd/m2,
the device with the hybrid interface junction had ηext ¼
45%, ηP ¼ 45 lm/W and CIE coordinates of (0.39, 0.44),
corresponding to CCT ≃ 4000 K with CRI ¼ 78. These
metrics are only slightly degraded from their values at
ten times lower luminance (Chen et al., 2011).

We previously noted that color tunability afforded
by a device with individual contacts to each element
in the stack can be used to change the CRI, CCT, and
color coordinates of a light source simply by changing
the current drive across each of the stacked elements.
This has numerous advantages, in that room lighting
often has different requirements for different occa-
sions or times of day. For example, to complement
the human circadian rhythm, the workplace can bene-
fit from lighting fixtures with a higher red content (i.e.
lower CCT) in the mornings and evenings, and a
cooler, bluer hue during mid-day hours. Also, color-
variable lighting can set a mood or highlight objects
within a space. For all of these reasons, color

tunability afforded by OLED lighting makes it
uniquely attractive to the consumer.
A difficulty in realizing color-tunable SOLEDs is

fabricating and accessing low resistance contacts be-
tween the stacked elements. Illumination sources,
however, are customarily viewed in the far field, obvi-
ating the need for the fabrication of small pixels that
eases access to the interior contacts. Alternatively, the
R, G, and B elements can be formed into long, laterally
spaced stripes, as in Fig. 6.92f. This considerably eases
both patterning and contacting of the individual color
emission regions. Further, both stacked and striped
PHOLEDs can achieve 100% internal efficiency in a
white device, since the individual R, G, and
B PHOLEDs can be separately optimized. While these
approaches aremore complex (and hence costlier) than
two terminal WOLEDs, they provide the highest po-
tential efficiency, and a wide range of color tunability.
A striped RGB WOLED has been fabricated by

direct printing using organic vapor jet printing as
described in Section 5.6.6 (Arnold et al., 2008). The
device architecture and fabrication process are
shown schematically in Fig. 6.121. Starting at the

LiF/AI

Green-red EL unit
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Blue EL unit

TPBi:Li2CO3 (30 nm)

TCTA:MoO3 (40 nm)

C60 (20 nm)
CGL

pentacene(15 nm)

Glass substrate

Figure 6.120 A phosphorescent WOLED comprising a stack of green-
red and blue emitting elements, along with a hybrid organic/inorganic
compound CGL (Chen et al., 2011).
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Figure 6.121 (a) Conceptual view of direct printing of closely spaced
R, G, and B PHOLED stripes by organic vapor jet printing to create a
tunable color illumination source. The nozzle and its organic vapor flow
field are shown above the stipes. (b) Spectra of the three PHOLEDs (solid
lines), including two different white spectra obtained by differentially
tuning the emission intensities from the PHOLEDs (Arnold et al., 2008).

Reprinted from Arnold, M. S., McGraw, G. C., Lunt, R. R. & Forrest, S. R. 2008.
Direct Vapor Jet Printing of Three Color Segment Organic Light Emitting
Devices for White Light Illumination. Appl. Phys. Lett., 92, 053301, with the
permission of AIP Publishing.
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ITO-coated glass substrate, the NPD HTL is
blanket-deposited by vacuum thermal evaporation
across the entire substrate. Then the separate EMLs
are sequentially printed by volatilizing the dopants
and hosts in a dilute, hot N2 gas stream and car-
ried through a nozzle that directs the dopant/host
mixture onto a substrate that is linearly translated
at a rate ranging from 3 to 15 mm/s. The substrate
is returned to the vacuum deposition chamber
where the BPhen EBL, Alq3 ETL and LiF/Al cath-
odes are deposited through striped shadow masks
to pattern the PHOLEDs. The R, G, and B EMLs
consisted of the commercial, red emitting Ir-
dopant RD-15, green emitting Ir(ppy)3 doped in
CBP, and blue emitting FIr6 doped into mCP with-
in the OVJP print-head apparatus.
The emission spectra of the three parallel striped

PHOLEDs are shown in Fig. 6.121b, along with white
spectra with color coordinates of (0.33, 0.33) (dashed
line) and (0.40, 0.31) (dotted line) accessed by differ-
entially tuning the current of the individual stripes.
The source appears as a single hue (including white)
in the far field, or in the near field by placing the
stripes behind a ground glass light diffuser. For the
devices shown, the peak efficiency of the source at
coordinates of (0.40, 0.31) was ηext ¼ 12.1%, ηP ¼ 11.9

lm/W. These values are comparable to those obtained
using analogous vacuum-deposited PHOLED stripes
(Arnold et al., 2008).
A similar striped device was fabricated using

high efficiency phosphorescent dopants deposited
entirely by VTE. The 15 cm � 15 cm panel in Fig.
6.122a employed a thick, light-extracting block and
diffuser. Figure 6.122b shows only the green stripes
turned on. Without the light extraction block, the
striped WOLED had ηP ¼ 41 lm/W at 1000 cd/m2,
with color coordinates of (0.476, 0.433), CRI ¼ 90,
and CCT ¼ 2700 K. The light extraction block in
Fig. 6.122c increased the output efficiency by a fac-
tor of 1.53, leading to an efficacy of 63 lm/W at
1000 cd/m2, with drive voltages of 3.0 V, 2.7 V, and
4.2 V for the R, G, and B stripes, respectively (Weaver
et al., 2014). These results suggest that striped
PHOLEDdesigns are suited for producing both highly
efficient and attractive color tunable lighting sources.

6.6 Light outcoupling

In the foregoing sections,we have seen that the internal
efficiency of PHOLEDs can be as high as 100%. How-
ever, the external efficiency on flat glass substrates is
limited to approximately 20% due to TIR. The fraction
of light emitted from the dielectric substrate surface
from a Lambertian source is � 1=2n2 ≃ 0:2, where n ¼
1.5 is the refractive index of glass (Greenham et al.,
1994). Hence, there is considerable benefit to be gained
if the light trappedwithin theOLED is extracted. There
are four primary sources of loss illustrated in Fig. 6.123
that decrease ηout in Eq. 6.1: (i) substrate modes, due to
light trapped in the substrate from TIR at the sub-
strate/air interface, (ii) waveguide modes due to launch-
ing of light parallel to the substrate plane within the
relatively high index of refraction layers comprising
the device and the transparent anode, (iii) surface plas-
mon polariton modes (SPP) excited in the conductive
contacts, and (iv) lossy modes due to material and con-
tact absorption.
In this section, we discuss strategies to extract light

from each of these loss channels. We will find that
extracting substrate modes is the easiest, and can lead
to a 100% increase in the outcoupled light intensity,
followed by waveguide modes, and the most difficult
to outcouple, surface plasmon modes. If outcoupled,
ηout between 70–80% can be achieved which, combined
with their potential ηint ¼ 100%, can make OLEDs the
most efficient illumination sources available.
There are numerous solutions to outcoupling

the trapped modes from OLEDs. We point out, how-
ever, that all practical solutions (i.e. those that are
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Figure 6.122 (a) Emission of the separate R, G, and B striped PHOLEDs
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individual striped PHOLEDs turned on independently. (b) All green pixels
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acceptable for incorporation in large area devices such
as displays or lighting) should have the following
properties:

(i) The wavelength and intensity of the OLED
should not be affected by the outcoupling
scheme, and in particular, should not be a func-
tion of viewing angle.

(ii) The solution should be minimally invasive of the
OLED structure itself. That is, the ideal outcou-
pling scheme should not require changes to the
OLED which is assumed to have been separately
optimized to achieve maximum internal and
luminous efficiencies, with the desired color co-
ordinates and brightness. Placing additional con-
straints on the OLED design by an outcoupling
scheme can possibly result in a decrease in
performance.

(iii) The solution should be inexpensive, allowing for
minimal cost impact when used over the large
areas required by both displays and lighting
applications.

6.6.1 Theory of outcoupling

In its simplest terms, we view an OLED as an optical
cavity comprising a dielectric in which there is an
emitting molecule (medium 1) bounded on one sur-
face by a reflective, metal contact (medium 2). Of
course, the OLED is considerably more complicated
than this simple two layer picture, but the bilayer
embodies the essential physics needed to calculate
the output spectrum and angular power distribution.
Including the additional layers that more accurately
represent an OLED is a simple matter that will be
described later.

In Fig. 6.128 we show a radiating dipole (i.e. the
emitter molecule) at angle Θ and position z in an

optical microcavity of thickness d formed by the
OLED. The dipole radiation field results in propaga-
tion whose directions are defined by the vector k,
with component k∥ along the substrate plane, and
k⊥ perpendicular to the plane. When the dipole oscil-
lates near an interface between two materials, it trans-
fers energy to that interface (i.e. it excites a plasmon),
resulting in a reflected electric field, modifying both
the dipole frequency and lifetime. The interaction of
the dipole and its field within a cavity is known as the
Purcell effect. The reflected electric field, FR, is stron-
gest near a highly reflective medium (i.e. at the inter-
face with a metal mirror versus at a dielectric
discontinuity). The field modifies the OLED emission.
There are two related situations to consider: one in
which the interface is weakly reflecting in an OLED
with two transparent contacts, and the second more
common scenario where one surface is a reflective
metal cathode or anode contact.
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Figure 6.123 Optical paths launched by an emitting molecule within an OLED. Shown on the right bottom of the substrate is a glass lens or prism used to
outcouple substrate modes that would otherwise be totally internally reflected (Brütting et al., 2013).
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the optical cavity of thickness d formed by an OLED. The direction of
propagation is k, with in-plane component k||. A mirror forms the top
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(Brütting et al., 2013).
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Following the procedure of Chance, Prock, and Silbey
(CPS), the equation of motion for a dipole of moment,
p, oscillating at natural frequency, ω, in a microcavity
is given by (Chance et al., 1974, 1978)

d2p
dt2
þ ω2p ¼ q2

m�
FR � 1

τ0

dp
dt

; ð6:97Þ

where m� is the effective mass of the dipole and τ0 is
the natural damping (i.e. radiative) time of the oscil-
lation in the absence of the mirror. Now both the
dipole and the field oscillate at the same frequency,
and have the same vector dependence since one is the
image of the other. Equation 6.97 has the following
solutions:

p ¼ p0exp �i ωþ�ωð Þt� t=2τð Þ ð6:98aÞ
and

FR ¼ F0exp �i ωþ�ωð Þt� t=2τð Þ; ð6:98bÞ
where�ω is the frequency shift and τ is the lifetime in
the presence of the mirror. In the limit of �ω!0,
which is characteristic of weak microcavities, then
substituting Eq. 6.98 into Eq. 6.97 gives

1
τ
¼ 1

τ0
þ q2

2p0m�ω


 �
ImðF0Þ ð6:99aÞ

and, likewise, to first order, the frequency is shifted by

�ω � 1
8ωτ2

� 1
4ω0τ0τ

� q2

2m�ω0p0
ReðF0Þ: ð6:99bÞ

Generally, the frequency shift is sufficiently small that
it is ignored in treatments of the weak microcavity
effects typically encountered in OLEDs. From these
two expressions, we see that the radiative rate is
related to the out-of-phase electric field, and the fre-
quency shift to the in-phase components of the
reflected field.
The total field within medium 1 is the superposition

of the dipole field and that reflected from the mirror.
The field is calculated by considering a dipole in a
homogeneous dielectric medium with permittivity,
ε0εr. Then the Hertzian vector is given by

Π ¼ p0exp ik1rð Þ
4πε0εrr

; ð6:100Þ

where r is the distance from the dipole to the point of
observation, and k1 is the component of the wavevec-
tor parallel to r̂ in medium 1. Then, the electric field is
given by

F ¼ k21Π þ ∇∇·Π ð6:101Þ
and the magnetic field by

H ¼ �iω∇�Π: ð6:102Þ

Since the dipole field is cylindrically symmetric (see
Fig. 6.124), we can solve this in terms of Bessel func-
tions of the zeroth order, J0. Then the expression for
the Hertzian vector is (Wasey and Barnes, 2000)

Π ¼ ip0

4πε0εr

Ð∞
0

u
l
JðuρÞexpðiljzjÞdu; ð6:103Þ

where the integral is over the variable, u ¼ kk=k1,
k‖ is the in-plane wavevector, and l ¼ ðk21 � u2Þ1=2
is the wavevector for propagation perpendicular
(i.e. in the ẑ-direction) to the plane of the cavity
(kz). For this expression, we use the cylindrical
coordinate system, (ρ, ϕ, z). Over the domain, 0 �
u � 1, energy is radiated into the half-space below
the mirror. In a multilayer system, waveguide
modes can also be excited for particular angles
of emission. At u > 1, non-radiative, evanescent
SPP modes are excited, and when u becomes large
at small separations between the dipole and me-
dium 2, lossy non-radiative surface waves are
generated.
With the modified emission rate, we can proceed

with our determination of the reflected field. An
isotropically oriented dipole (which is not always
the case for emitting molecules in OLEDs, see
Section 6.6.5) can have its components decomposed
into directions parallel (∥) and (⊥) perpendicular to
the plane, yielding

1
τjj;?
¼ 1

τ0
1� η0intzjj;?
� �

; ð6:104Þ

where η0int is the internal quantum yield of the dipole
in medium 1 without the metal mirror. The param-
eters z∥,⊥ are given by (Barnes, 1998)

z? ¼ 1� 3
2
Im
ð∞
0

u3

l1
ð1� rp1;2Þexpð�iβÞdu ð6:105aÞ

and

zk ¼ 1� 3
4
Im
ð∞
0

u
l1
ð1þ rs1;2Þ � ð1� u2Þð1þ rp1;2Þ
h i

� expð�iβÞdu; ð6:105bÞ
where rs;p1;2 are the Fresnel reflection coefficients for s-
and p-polarized light at the interface between media 1
and 2, l1 is the value of l in medium 1, and β is the
phase difference between the emitted and reflected
plane waves. This treatment can be extended to con-
sider multiple layers based on transfer-matrix or
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dyadic Green’s function formalisms to account for the
reflection at each interface, or depending on the value
of u, excitation of guided modes within a particular
medium (Chance et al., 1978, Celebi et al., 2007, Setz
et al., 2011).

Equation 6.104 gives the decay rate due to a dipole
oriented either parallel or perpendicular to the mirror.
For an isotropic dipole orientation, the total observed
damping rate is simply

1
τ
¼ 2

3τk
þ 1
3τ?

; ð6:106Þ

where there are two possible in-plane (x, y), and one
out-of-plane (z) orientation.

The modification of the emission rate with distance
can be dramatic, as shown by the data points for the
normalized PL lifetime for Ir(ppy)3 emission in the
PHOLED in Fig. 6.125 (Setz et al., 2011). Depending
the distance as determined by a dielectric spacer to
the contact (in this case the ETL), the radiative lifetime
is considerably shorter for dipoles near the mirror
surface, to τ> τ0 at �150 nm distant from the mirror.
For this device, the minimum distance from the emit-
ting molecule to the cathode is 10 nm, determined by
the hole blocking layer thickness. However, as the
dipole distance is decreased, then τ!0 (Amos and
Barnes, 1997). The oscillations, which arise from the
phase differences between the superposed dipole and
reflected fields, are damped as the distance from the

dipole to the mirror increases. The peaks occur at field
maxima, that is, where the reflected and the emitted
fields are in phase. The damping results since the
reflected field intensity also decreases with distance.
At very small dipole-to-mirror distances, however,
the lifetime vanishes due to efficient excitation of
SPPs in the metal. The solid lines in Fig. 6.125 are fits
to the data based on CPS theory. Each line corres-
ponds to a different emitter efficiency, η0int. As the
emitting molecule becomes increasingly efficient, the
oscillations are stronger due to the increased interfer-
ence from the superimposed reflected field. The best
fit to the data corresponds to η0int ¼ 0:5, where the CPS
theory accurately approximates the observed optical
emission.
An SPP mode is schematically illustrated in

Fig. 6.126. Light incident on the metal couples to the
charge at its surface, inducing a charge density wave
that is trapped at the metal/dielectric interface. The
resulting p-polarized mode has wavelength, λSPP. The
dispersion relationship of these modes is

kSPP=k0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε1ðωÞε2ðωÞ

ε1ðωÞ þ ε2ðωÞ

s
; ð6:107Þ

where ε1;2ðωÞ is the complex relative dielectric con-
stant of medium 1, 2 at frequency ω ¼ kk=c. The field
from the SPP evanescently penetrates a short distance,
δ2, into the metal mirror. Resistance in the metal leads
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to losses. As the distance from the radiative dipole to
themetal decreases, the coupling increases, resulting in
a significantly increased loss, as observed in Fig. 6.125.
However, the field can penetrate into the metal layer if
its thickness is d� δ2, and hence can be extracted from
the opposite (unilluminated) metal surface.
With the solutions for the electric field in

Eqs. 6.100–6.103, the Poynting vector, S ¼ F�H
yields the energy flux, from which we obtain the
total (integrated) power emitted by the dipole at
wavelength λ, viz.

PtotðλÞ ¼ τ0
τ
¼ 1� η0intðλÞ
� þ η0intðλÞ

ð∞
0

Pðkjj; λ; zÞdkjj:

ð6:108Þ
The first term in Eq. 6.108 is for transverse magnetic
(TM, i.e. p-polarized) radiation emitted by dipoles
oriented parallel to the substrate plane, and the sec-
ond term includes both TM and transverse electric
(TE, i.e. s-polarized) radiation emitted by perpendicu-
lar dipoles.
Thus, the power is equal the ratio of the rates for

emission with andwithout the mirror. The rate within
the cavity is 1=τ ¼ 1=τ0r þ 1=τnr, where τ0r is the modi-
fied lifetime in the absence of non-radiative relaxation
at rate τnr, and 1=τ0 ¼ 1=τr þ 1=τnr is the analogous
expression in the absence of the mirror.
If the emission spectrum of the dipoles is S(λ), the

total emitted power is found by integrating over λ:

Ptot ¼ 1þ η0int

ð∞
0

ð∞
0

SðλÞPðkjj; λ; zÞdkjjdλ� 1

8<
:

9=
;: ð6:109Þ

More simply, the integral is the Purcell factor, PF,
giving

Ptot ¼ 1þ η0intðPF� 1Þ: ð6:110Þ

This modifies the cavity lifetime: 1=τ0r ¼ PF=τr, that is,
the Purcell factor is the ratio of the radiative rate in a

cavity to the natural lifetime of the emitter. Since the
efficiency is given by η0int ¼ τnr=ðτr þ τnrÞ with a simi-
lar expression for ηint, then Eqs. 6.108–6.110 yield the
quantum efficiency of the dipole in the cavity:

ηint
η0int
¼ F

τ

τ0
¼ PF

1þ η0intðPF� 1Þ : ð6:111Þ

In analyzing the OLED spectrum, it is useful to de-
compose the power dissipated into its various
modes, as well as the total output power as deter-
mined using Eq. 6.108. This can be accomplished by
calculating the fraction of optical power emitted into
each channel (i.e. the various waveguide and sub-
strate modes) bounded by the allowed wavevectors,
k1 and k2:

Pmod ¼ η0int

ð∞
0

ð2
k1

SðλÞPðkjj; λ; zÞdkjjdλ: ð6:112Þ

Then it is straightforward to determine the total ex-
ternal quantum efficiency from the microcavity via

ηext ¼ ηintηout ¼
Pair

Ptot
; ð6:113Þ

where Pair corresponds to modes that escape the cav-
ity within the domain 0 � kjj � k0, where k0 is the
wavevector in free space.
The results of a calculation of the emitted power

intensity vs. k∥/k as a function of ETL thickness
(and hence the distance from the emitting molecules
from the reflective metal cathode) for an OLED
using this formalism is shown in Fig. 6.127 (Chance
et al., 1978, Neyts, 1998, Celebi et al., 2007). The
in-plane wavevector provides the power coupled
separately into SPP, waveguide, substrate, and air
(radiative) modes. Note that the actual power radi-
ated into air modes is reduced by Fresnel reflections
for s-polarized waves at the substrate (glass, with
index ns ¼ 1.5)/air interface, given by

δ2
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++ + – – + + + +– –
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Figure 6.126 Schematic illustration of a surface plasmon polariton excited by dipole emission at energy hν. The SPP wavelength is λSPP, and its
penetration depth is δ2 into the metal mirror (medium 2) and δ1 into the dielectric (medium 1). The permittivities of the two materials are shown, with
ε1 ¼ ε0εr1, for example.
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rssa ¼
ns cosθs � na cosθa
ns cosθs þ na cosθa

; ð6:114Þ

where the subscripts s and a refer to the substrate and
air, respectively, with na ¼ 1. For p-polarization:

rpsa ¼
na cosθs � ns cosθa
na cosθs þ ns cosθa

: ð6:115Þ

The reflectivity of the substrate is Rs;p
sa ¼ jrs;psa j2.

As the spacer layer (i.e. the ETL) thickness between
the emitter and the cathode increases, coupling to non-
radiative SPPmodes decreases. Amuchweakermodal
dependence can also be found by varying theHTL and
ITO anode thicknesses, although this does not signifi-
cantly affect the excitation efficiency of SPPs. The
waveguide, comprising the organic OLED stack and
the ITO, supports at least two (TM, TE) modes. The
number of modes depends on the total thickness of the
organic layers, where more waveguide modes are ex-
pected in thick, stacked WOLEDs, for example.
The area under the various peaks is the integrated

power within that particular mode. The broad SPP
modes represents up to 45% of the power, whereas
the very narrow waveguide modes trap only 15% of
the power, with an additional 20% trapped within the
substrate. As we show below, propagation in the sub-
strate and waveguide modes is not lossy, and hence
can be outcoupled if the in-plane propagating wave
can be directed into out-of-plane radiative modes.
The calculated integrated powers of severalWOLED

optical modes as a function of ETL thickness (dETL) are
decomposed in Fig. 6.128. The EML is separated into
three, stacked R, G, and B emitting zones. The lines
show the total emission from each zone, and the color
bands show their average. We find that the air modes
are approximately equal at 20% of the emission at the
first and second cavity maxima at dETL ¼ 60 nm and
220 nm. The substrate and waveguide mode
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contributions are small when dETL!0, since a large
fraction of the light is coupled into a combination of
SPP and lossymetal modes as the dipoles approach the
cathode. These losses are smallest for the blue emitters
located at the largest optical distance (defined by the
wavelength, λ0/n) from the mirror. As dETL increases,
the waveguide (comprising the ITO, ETL, and the
EMLs) can support a larger number of modes.Without
outcoupling, an increasing amount of power, there-
fore, is trapped in the waveguide, as indicated by its
increase at the expense of the other contributions. Fi-
nally, as the ETL thickness increases, coupling to SPPs
and lossy metal modes decreases as predicted by CPS
theory. In all cases the metal cathode contributes the
largest loss, which is never less than 30% of the total,
even at very large dETL. Also, such a large dETL may be
impractical due to the series resistance that thick layers
contribute, reducing the luminous power efficiency
more rapidly than can be compensated by the in-
creased external quantum efficiency.
Interestingly, there are at least two values of dETL

where the total power from the three non-lossy modes
is equal across the visible spectrum. These points at 120
nm and 275 nm are indicated by ellipses in Fig. 6.128.
At these “isoenergetic” points, the emitted color is the
same as that of the dipoles in a completely non-lossy,
dielectric medium. It is at these thicknesses that the
WOLED has a CRI ¼ 0.91 with an emission that is
native to the molecules themselves. Interestingly,
good color balance occurs at points where the air
mode is near its minimum. By moving away from
the isoenergetic points, the ratio of R to G to B is
changed, thereby changing the WOLED CRI, CIE
coordinates, and CCT.
The air and substrate optical modes can be conveni-

ently measured using a cylindrical lens attached to
the substrate, as on the right in Fig. 6.123 (Frischeisen
et al., 2010). A detector in the far field is rotated
through angles from 0 to 90°, measuring the emission
intensity and its polarization at each angle. The ratio
of light emitted by the vertical to horizontal dipoles is
then obtained from the polarization of the emitted
radiation following:

Θ ¼ TMk
TE? þ TM? þ TMk

; ð6:116Þ

leading to Θ ¼ 0.33 for random alignment and Θ ¼ 0
for all molecular TDMs oriented parallel to the sub-
strate plane (i.e. dipole emission is in the perpendicular
direction, cf. Eq. 6.105) (Schmidt et al., 2011). The
emission from horizontally aligned TDMs relative to
the substrate plane is thus decomposed into trans-
verse electric (TE⊥) and magnetic (TM⊥) modes

using a polarization filter, whereas the vertically
aligned TDM emits into the (TM∥) mode.
A fit of the foregoing optical analysis to the angular

emission intensity is shown in Fig. 6.129a for the
OLED in the inset. The emission profile obtained
using a cylindrical lens attached to the glass substrate
is shown in 6.129b. The optical model accurately rep-
licates the observed emission pattern. In this case the
orientation of the Alq3 dipoles is isotropic, although
we will see below that this is not the case for many
molecular species. Note that the s-polarized emission
is due to TE⊥, whereas p-polarization collects both
TM∥ and TM⊥ emission.
Now that we have developed an accurate and

predictive optical model based on microcavity ef-
fects in OLEDs, we are prepared to discuss strategies
used in efficiently outcoupling light from substrate
and waveguide modes, as well as means for minim-
izing or even eliminating coupling to lossy metal
contact modes. In keeping with our guiding prin-
ciples for effective and practical outcoupling
schemes, we will limit the following discussion to
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those techniques that are (i) easily and cost-
effectively applied over large areas, (ii) are largely
wavelength- and angle-independent, and (iii) min-
imally intrude into the OLED structure itself. The
principal methods are roughly categorized into
those that outcouple substrate, waveguide and SPP
modes, although several methods can extract more
than a single type of emission. The following sec-
tions are divided by the primary extraction mechan-
ism of a given approach.

6.6.2 Substrate mode outcoupling

Efficient substrate light outcoupling methods seek to
reduce TIR at the substrate-air interface. These modes
account for 20% of the power trapped in the substrate
of bottom emitting devices such as in Figs. 6.127 and
6.128. One simple extraction method is to roughen the
emitting surface to create a region whose index is
intermediate between the substrate (typically glass
or plastic) and air. Roughening on a scale of the emit-
ting wavelength provides an anti-reflection coating as
well as a layer that isotropically scatters internal re-
flections, thereby giving reflections from the metal
cathode additional opportunities to be incident at
this interface within the TIR cone. This angle is de-
fined by Snell’s law as sinθTIR ¼ 1/ns where θTIR is the
half angle for TIR. Reflections from the cathode result
in�5–10% loss on each bounce. If the textured surface
is far from the emission zone (due to an optically thick
substrate), it creates a diffuse image of a pixel, al-
though this would not necessarily be a disadvantage
to a white illumination fixture. Roughening results in
�20% increase in external efficiency (Zhou et al.,
2011), representing only a small fraction of the total
power in the substrate modes.

The scattering layer can be placed immediately be-
neath the transparent anode with significantly im-
proved outcoupling compared with substrate back
surface roughening. Methods of surface roughening
include creating voids beneath the transparent anode
(Fig. 6.130a) or embedding high refractive index scat-
tering inhomogeneities in a low index matrix, also
beneath the anode (Fig. 6.130b). The rough surface
does not support waveguiding, and hence scatters
light into the substrate. The texture in Fig. 6.130a can
be produced by sandblasting, etching or grinding. The
uneven surface shown is coated with a 50 nm thick
layer of high index (n ¼ 2.1) Ta2O5 that spreads the
guidedmodes into the roughened regions. The surface
is subsequently planarizedwith a 200 nm thick layer of
the low index polymer to prevent the surface irregu-
larities frompenetrating into theOLEDactive region. It
is likely that internally reflected emission also scatters

off of these features, whose scale is on the order of the
wavelength of light (e.g. sandblasting results in a root
mean square (rms) roughness of 200 nm, and a peak-to
valley height of 900 nm; Riedel et al., 2010), giving the
trapped radiationmultiple opportunities to couple into
air modes. The best improvement of outcoupling of
< 40% was achieved using sandblasting. This falls
short of extracting all of the substrate modes, which
would approximately double the light output (see
Fig. 6.128).
Significant improvements in outcoupling are

achieved dispersions of TiO2 (n ¼ 2.2) nanoparticles
(with mean diameters of 240 nm) in a low index (n ¼
1.5) polymer positioned immediately below the
transparent anode, as shown in Fig. 6.130b (Chang
et al., 2013a). This dispersion has an effective index
that approaches the weighted average of the volume
concentrations of the spheres and matrix. As in the
case of the roughened surfaces, the nanoparticle
scattering layer (NPSL) primarily re-scatters intern-
ally reflected light, while also redirecting substrate
modes to θ < θTIR. The power distribution of these
two modes is shown in Fig. 6.130b.
The NPSL results in haze and image blurring (see

Fig. 6.131a), making this suitable for lighting but not
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for displays. The layer has been used for increasing
outcoupling of a three-color stacked WOLED struc-
ture in Fig. 6.131b. This is a semitransparent device
since the cathode comprises only 20 nm thick Ag
layer capped with 50 nm thick layer of Spiro-TAD
that acts as an anti-reflection coating. The total ex-
ternal efficiency is measured by capturing light from
both top band bottom surfaces which is in the ratio:
Lbottom/Ltop ¼ 1.5:1. Devices without the NPSL have
Lbottom/Ltop ¼ 1.9:1. The WOLED efficiency was im-
proved from 22% (32 lm/W) for the control, to 33%
(46 lm/W) for the WOLED with the NPSL. This sug-
gests that scattering results in a 50% increase in
substrate mode outcoupling. By applying a hemi-
spherical substrate outcoupling lens, the efficiency
is increased further to 46% (62 lm/W). This indicates
incomplete scattering of waveguided light into the
substrate by the high index NPSL.
Scattering can also be enhanced by creating low

index voids in a film that is attached onto the bottom
(emitting) surface of the substrate (Koh et al., 2015). To
create the voids, a high index (n > 1.7) polyimide layer
is immersed in an antisolvent that is miscible in the
solvent used to cast the polymer, producing a porous

structure that scatters the substrate modes as shown in
Fig. 6.132. The�2 μm thickfilm contains a high density
of cavities a few microns in diameter. The films are
slightly hazy, similar to the high index sub-anode film
of Fig. 6.131. This scheme increases outcoupling by
nearly 80%, which corresponds to nearly half of the
trapped emission compared to a similar device on a
flat glass substrate. Furthermore, the emission is nearly
perfectly Lambertian.
We have seen that the light trapped in substrate

modes is almost entirely extracted using a large
spherical or cylindrical lens (Madigan et al., 2000).
The diameter of the lens, however, must be even
larger than the OLED itself, which adds considerable
thickness to a device. For displays, substrate thick-
nesses of only 0.3–0.5 mm are desirable, thus severely
limiting the utility of this approach. Furthermore, the
single lens must be centered over the emitting area,
extending 30–45° beyond the edge of the pixel to fully
capture all of the light. This solution can be simplified
for lighting by replacing the lens with a large trapez-
oidal outcoupling block (D’Andrade and Brown,
2006, Horst, 2007), or with trapezoids whose minor
surface is equal to the pixel size itself (Gu et al.,
1997b). However, none of these methods are practical
given their complexity (and hence high cost), bulki-
ness or weight.
Microlens arrays (MLAs) have proven to be a sim-

ple and effective means for outcoupling a majority of
the substrate modes (Möller and Forrest, 2001, Sun
and Forrest, 2006, 2008a). The microlenses themselves
are much smaller than the pixel size, and are placed
on the far (emitting) surface of the substrate. They can
also be attached to the surface of top emitting OLEDs
with equal effect. The enhanced outcoupling results
from presenting a curved surface whose index is ap-
proximately matched to the substrate, as shown in
Fig. 6.133a. Emitted light incident on the microlens
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2015).
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hemisphere at angles > θTIR on a flat surface finds
itself at < θTIR at the curved lens/air interface, and
hencecanescape.Additionally, light emittedat θ>>θTIR
may be back scattered into the device, is once more
reflected by the metal contact, and then can exit the
substrate as shown in Fig. 6.133a. This path leads to
some loss on reflection, hence the MLAs are < 100%
efficient.

An example array consisting of hexagonally
close packed, 10 μm diameter polydimethylsiloxane
(PDMS) hemispheres is shown in Fig. 6.133b.
A disadvantage of MLAs is that they slightly blur
the image. Figure 6.133c shows the image of a printed
sheet partially covered by a MLA on a 0.35 mm thick
glass substrate. Image blurring is apparent for 5 pt.
type and below, although the lenses used to produce
the images had a muffin-tin rather than spherical
shape that has superior performance (Möller and
Forrest, 2001).

An attractive feature of MLAs is the ease (and hence
low cost) with which they can be produced in large
sheets in batch or roll-to-roll processes. A reusable
mold is fabricated as shown in Fig. 6.134a on either a
plate or a roller. (1) A photoresist mask (hatched layer
in the figure) with small �1 μm diameter circular
openings on a hexagonal lattice with a 10 μm pitch is
applied to the surface of a glass sheet. (2) The glass is

isotropically etched using an HF solution to form
hemispherical openings that touch each other on their
peripheries. (3) The mold is then pressed into a soft
PDMS film which is subsequently thermally cured,
and (4) the mold is removed, leaving the MLA film
for subsequent attachment to the OLED substrate sur-
face (Sun and Forrest, 2006).
The emission spectrum from the fluorescent/phos-

phorescent WOLED in Fig. 6.100 (Sun et al., 2006) is
nearly independent of viewing angle, as shown in
Fig. 6.134b, and the power distribution in the far
field is approximately Lambertian (see inset), al-
though the emission at wide viewing angles is en-
hanced compared with a conventional WOLED on a
flat glass substrate. It is found that the PDMS arrays
result in a 1.7 times enhancement in outcoupling effi-
ciency compared to a flat glass substrate (Sun and
Forrest, 2008a). This is close to the calculated
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Figure 6.133 (a) Principle of operation of the microlens array. Blue rays
correspond to substrate angles θ > θTIR, whereas black rays are at θ
<θTIR (Brütting et al., 2013). (b) Micrograph of a hexagonal array of 10
μm diameter hemispherical PDMS microlenses (Sun and Forrest, 2008a).
(c) A film of 10 μm diameter muffin-tin shaped microlenses on top of a
printed sheet showing minor image blurring (Möller and Forrest, 2001).

Reprinted from Möller, S. & Forrest, S. R. 2001. Improved light outcoupling in
organic light emitting devices employing ordered microlens arrays. J. Appl.
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maximum enhancement of �1.8 times for this lens
and substrate combination.
MLAs attached to the surface of a top emitting

OLED significantly improve outcoupling while elim-
inating image blurring (Yang et al., 2007, Thomschke
et al., 2012). One feature of the top surface MLA is that
it acts as an effective light diffusing medium, thus
reducing microcavity effects arising from the metal
contacts on both top and bottom OLED surfaces.
Optical outcoupling and light diffusion has been
demonstrated with a tandem WOLED comprising a
thick bottom Ag contact, and a semitransparent cath-
ode using a 15 nm thick Ag film. The bottom element
in the stack comprised a 10 nm thick yellow emitting
EML with 8 wt% Ir(ppy)3 in TCTA. This combination
assists energy transfer to a yellow 1 wt% Ir(dhfpy)2(a-
cac) phosphor. The top blue/red 4P-NPD/Ir
(MDQ)2(acac) EML was separated from the bottom
device with a CGL comprising an ultrathin (0.5 nm)
Ag nanoparticle layer embedded in n- and p-doped
conducting layers. Without the MLA, the spectrum
showed two distinct peaks (see Fig. 6.135a). Since the

blue and red lumophores are co-doped into a single
layer, the blue emission has a peak at the m ¼ 1
(corresponding to 3λ/2) optical order centered at 460
nm (normal incidence). The red is at the m ¼ 0 order
centered at λ ¼ 660 nm. The yellow emitting element
also is at the m ¼ 0 mode at approximately 600 nm.
The positions of the two EMLs within the cavity are
adjusted by the thicknesses of the doped HTL and
ETL in the blue/red element. There is a strong micro-
cavity resonance associated with this device, as ap-
parent from the spectral dependence on viewing
angle in Fig. 6.135a (Thomschke et al., 2012).
A high index (n ¼ 1.71) MLA with a 10 μm pitch

was attached via lamination to the top contact with an
intervening 200 nm thick NPD layer with approxi-
mately the same index of refraction as the MLA.
Two effects are observed in Fig. 6.135b. The first is
the almost total absence of spectral shifts with view-
ing angle; the microcavity effects have essentially
been eliminated. Furthermore, the clear articulation of
the cavity modes at 3λ/2 and λ disappear due tom¼ 0
and 1modalmixing. The net effect is a highCRI¼ 86 at
CIE ¼ (0.516, 0.420) for a device with an external effi-
ciency of 22.8% and ηP ¼ 25.2 lm/W. This is nearly a
1.4 times increase in efficiency compared to a device
without the microlenses. This demonstration provides
evidence that MLAs are effective for extracting both
waveguide and substrate modes, whether they are
placed on the top or substrate OLED surface.

6.6.3 Waveguide mode outcoupling

Modal analysis indicates that 20–30% of the OLED
emission excites waveguide modes supported in the
organic and ITO layers. Due to the small but non-
negligible loss in the ITO with complex index of re-
fraction of ~n ¼ 1:95þ i0:0035 (Chang et al., 2013a),
these modes must be outcoupled into the substrate
to limit attenuation. Thick organic and/or ITO layers
can support high order TM and TE modes. Thus,
waveguide mode trapping is more severe in multi-
layer WOLEDs than in thinner, monochrome pixels.
Unlike substrate modes, outcoupling of waveguide

modes requires structures that are in close proximity
to, or even within the OLED active layers themselves.
Many solutions are complex, and can reduce device
performance andmanufacturing yield or increase fab-
rication costs. It is not possible to directly measure the
contribution of waveguide modes to the total power
since they propagate parallel to the substrate plane.
Indeed, SPPs also propagate in the in-plane direction,
and may at least partially be outcoupled using the
same strategies as those employed to extract guided
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modes. However, the SPP mode attenuation length is
far shorter due to the large contribution of the imagin-
ary part of the complex index of refraction by the
metal layer.

The outcoupling of guided modes requires scatter-
ing into the substrate, followed by a second substrate
light extraction scheme described in the previous
section. A straightforward means for outcoupling
guided modes is to use high index of refraction sub-
strates instead of glass. If the substrate index is great-
er than that of the organic layers (typically n � 1.7),
the guided modes evanescently couple into the sub-
strate (Nakamura et al., 2005, Gaertner and Greiner,
2008, Mladenovski et al., 2009), as shown for WO-
LEDs using high index MLAs in Fig. 6.135. The emit-
ting layer of the OLED should be sufficiently far
from the cathode to avoid excitation of lossy or SPP
modes in the metal contact. Unfortunately, high
index glasses are generally more costly than conven-
tional substrate glass.

Enhanced waveguide mode outcoupling using
high index N-LAF 21 Schott glass substrates (n ¼
1.78 compared to n ≃ 1.7 for the organic active wave-
guide layers) is observed for the WOLED structure in
Fig. 6.94, with results in Fig. 6.136. Absent substrate
mode outcoupling enhancements (black lines), the
peak power efficiency is approximately the same for
the high and low index substrates, since in the former
case, the increased outcoupling of waveguide modes
is offset by the increased TIR at the substrate/air
interface. Using index-matching fluid (IMF) between
the substrate and a spherical lens extracts all of the
substrate modes. Using this combination of extraction
schemes, the power efficiency at 1000 cd/m2 (dark
blue line), increases by greater than two, to 81 lm/W
for the high index substrate, but only to 55 lm/W for
the conventional glass substrate. The high index sub-
strate was further modified by cutting an array of
large pyramids (0.55 mm pitch, 90° angle) into its
emitting surface, which has effects similar to using
microlenses. That is, the angled surfaces effectively
increase the escape cone of light trapped by TIR on
flat surfaces (Nakamura et al., 2005, Gaertner and
Greiner, 2008). The enhancement leads to 63 lm/W,
which is a significant improvement over that obtained
for the low index substrate with complete substrate
mode outcoupling. The spectra of both devices are
nearly identical, since extracting waveguide modes
does not change the device optical properties as long
as the high index medium is non-absorbing.
Gratings or two-dimensional (2D) photonic band

gap structures placed within or near to the OLED
active region offer additional opportunities for wave-
guide mode outcoupling (Lee et al., 2003, Do et al.,
2004, Ishihara et al., 2007, Zhou et al., 2014a).
A grating placed near the emitting dipole scatters
the propagating mode at an angle that is a function
of wavelength. While a grating can efficiently scatter
guided modes into the substrate, its energy dispersive
nature requires that the outcoupled radiation pass
through a diffuser to remove chromatic and angular
dependences. Microlenses, roughened surfaces, or
multilayer coatings can all serve this purpose.
Gratings comprise wavelength-scale features pat-

terned over large substrate areas, resulting in poten-
tially high manufacturing costs. Patterning can use
nanoimprint lithography (Ishihara et al., 2007, Zhou
et al., 2014a, 2014b) or, as in Fig. 6.137a, interference
lithography (Matterson et al., 2001, Bocksrocker et al.,
2012). The latter entails the interference of two beams
split from the same laser source, and projected onto
the substrate to expose a layer of photoresist
(Fig. 6.137b) with a grating pattern of the appropriate
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Figure 6.136 Power efficiency vs. luminance for the WOLED in
Fig. 6.94 on a (a) low index (LI) and (b) high index (HI) glass substrate.
The black line is with no substrate mode outcoupling, dark blue is with
index-matching fluid and a hemispherical lens, and light blue is with an
array of pyramidal structures cut into the emitting substrate surface
(Reineke et al., 2009).

Reprinted by permission from Springer Nature, Nature, 459, 234, Reineke, S.,
Lindner, F., Schwartz, G., Seidler, N., Walzer, K., Lüssem, B. & Leo, K., White
organic light-emitting diodes with fluorescent tube efficiency. Copyright 2009.
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period. Next, a high index layer (e.g. TiO2 with
n ¼ 2.2) is evaporated onto the photoresist surface
(Fig. 6.137c), which is subsequently lifted off to leave
behind the high index grating (Fig. 6.137d and e).
Since the grating lies in only one direction, at most it
can only outcouple 50% of the light emitted by verti-
cally aligned dipoles that radiate isotropically within
the plane. This problem is eliminated using 2D grat-
ings, or photonic crystals that are produced by rotat-
ing the substrate by 90° and repeating the exposure
and development steps (Lee et al., 2003, Do et al.,
2004, Ishihara et al., 2007).
The grating is planarized with PEDOT:PSS and

then the WOLED is completed by depositing the or-
ganic layers and cathode contact (Fig. 6.137f).
Figure 6.137g shows a cross-section of the somewhat
nonplanar device and grating. This minor surface
ripple is actually helpful in outcoupling light, since
k∥ waveguide modes scatter at each encounter with
the undulations (Koo et al., 2010). In addition, the
ripples reduce the efficiency of coupling to SPP
modes, and can scatter them into the waveguide and
substrate modes (Hobson et al., 2002).
Modes that are coupled into the substrate either

escape or are reflected back to the grating at the sub-
strate/air interface. The backward travelling wave
modes can recouple into the waveguide. The depth of

the grating determines its scattering efficiency. In the
example of Fig. 6.137, it was found that the 15 nm deep
grating was less likely to recouple back-scattered light
than one with 35 nm depth. To eliminate chromatic
and angular dispersion and minimize recoupling light
into the waveguide, an MLA can be deposited on the
substrate surface. The combination of microlenses
formed by thermally reflowing an array of polymer
pillars and a 15 nm deep grating resulted in a factor
of four improvement in outcoupling (104% enhance-
ment from the gratings and 94% from the microlens
diffuser) compared to an identical WOLED on a flat
glass substrate. Furthermore, the emission was found
to be approximately Lambertian across the visible
spectrum when the grating was paired with the lens
array (Bocksrocker et al., 2012).
Random wavelength-scale buckling of a film de-

posited onto the flat substrate surface that provides
a rippled surface on which the OLED layers are de-
posited can be used to avoid high resolution grating
patterning over large substrate areas (Koo et al., 2010,
Lee et al., 2014). The advantages of such corrugations
are two-fold: they do not require photolithography
over larger areas, and the nanostructures are isotrop-
ic, which means that they are equally effective in out-
coupling light propagating in either the x or y in-plane
directions. The buckling in Fig. 6.138 is produced by
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Figure 6.137 Fabrication steps of a TiO2 grating within the anode
contact of a WOLED for extracting waveguide modes. See text for a
description of the procedure (Bocksrocker et al., 2012).
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Figure 6.138 (a) Schematic cross-section of an OLED fabricated on the
surface of a buckled, UV curable resin. (b) Atomic force micrograph of a
5 μm � 5 μm area of a buckled surface. The inset shows a fast Fourier
transform of the patterns indicating an effective buckling period of ~400
nm. Layer thicknesses: Al = 150 nm; Alq3 = 30 nm; TPD = 40 nm; ITO =
120 nm (Koo et al., 2010).

Reprinted by permission from Springer Nature, Nature Photonics, 4, 222, Koo,
W. H., Jeong, S. M., Araoka, F., Ishikawa, K., Nishimura, S., Toyooka, T. &
Takezoe, H., Light extraction from organic light-emitting diodes enhanced by
spontaneously formed buckles. Copyright 2010.
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depositing a 10 nm thick Al film on a PDMS layer
heated to 100°C. After deposition, the bilayer cools.
The buckles are formed to relieve strain induced by
the differences in thermal expansion between PDMS
and Al. The depth of the corrugations is D � Λσ1=2,
where σ is the compressive stress exerted by the metal
on the polymer, andΛ is the periodicity of the features.
A decrease in Λ results in a proportionate decrease in
the corrugation depth, and consequently the outcou-
pling efficiency is also decreased. The depth is in-
creased by making successive, buckled film masters.
The second master is created by spinning a layer of
PDMS onto the original Al/PDMS bilayer, and repeat-
ing the process to obtain single-, double- and triple-cast
masters. To form the devices in Figure 6.138a, a UV-
curable resin is spun on to the glass substrate, and then
the PDMS master is pressed into its surface, thereby
transferring the buckled pattern. This is followed by
deposition of the OLED layers.

This process results in D from 40 to 70 nm, leading
to a characteristic buckling length of Λ ¼ 400 nm.
Outcoupling enhancements of �2–4 times (with the
larger enhancements at longer wavelengths) com-
pared to a conventional, Alq3 device are observed.
The ripples outcouple waveguide as well as a fraction
of the SPP modes, due to the rapid change in wave-
guide and contact angles relative to the substrate
plane. A disadvantage of this scheme is that it

disturbs the planar morphology of the OLED struc-
ture. As a result, the current at a given voltage is
increased compared with a planar device due to
local thinning of the active region (Koo et al., 2010).
A method for waveguide mode outcoupling that

does not require high resolution lithography, and
hence is wavelength and viewing angle independent
is the use of low index grids (LIGs) in the OLED active
region, as illustrated in Fig. 6.139a (Sun and Forrest,
2008a). A region with an index lower than the organic
layers is placed within the active region, thereby scat-
tering light into the substrate modes. The grid structure
is 2D, leading to outcoupling of all in-plane modes,
independent of propagation direction. The primary
requirement for the grid periodicity is that the low
index regions are sufficiently closely spaced to avoid
excessive waveguide mode attenuation, but are far
enough apart to prevent chromatic dispersion. Beyond
this, there are no conditions on grid shape. Since the
low index dielectric region is placed within the OLED
active layers, the regions over the grid lines are non-
emissive. This reduces the total luminance but not the
luminescent efficiency, since both the electrically active
current and light emitting device areas are similarly
reduced. Typical grid dimensions are a dielectric region
width of wLIG ¼ 1 μm and a spacing of worg ¼ 6 μm,
requiring an increase in pixel size of �25% to achieve
the same luminance as a device lacking the grid.
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Figure 6.139 Low index grid (LIG) outcoupling structure. (a) Schematic of the device as well as the half-sphere used for calculating the total output power.
(b)–(e) Simulated power intensities through the curved surface of the simulation domain for vertical and horizontal emitting dipole orientations, with and
without the LIG. (b) Vertical, and (c) horizontal dipole, no LIG. (d) vertical and (e) horizontal dipole with LIG. In (c) and (e) the full range of values is not shown.
The vast majority of light is in the white center of the disk. Dashed lines show the azimuthal angles of θ = 30° and 60° (Slootsky and Forrest, 2009).
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Full-wave modal analysis of the guided light
shows the effectiveness of a silica grid (nGRID ¼ 1.45)
in coupling vertical dipole emission into the azimuth-
al direction. Polar plots of the emission intensity cal-
culated for vertically and horizontally aligned dipoles
in a conventional OLED are shown in Fig. 6.139b and
c, respectively (Slootsky and Forrest, 2009). Emission
from vertical dipoles is weak, with a considerable
amount of equatorial propagation along the wave-
guide longitude at an angle of θ ¼ 90°. Emission
from horizontal dipoles, on the other hand, is almost
completely along the azimuth, as expected. The LIG
placed within the organic (n ¼ 1.75) and above the
ITO (n ¼ 1.8) guiding layers efficiently scatters the
vertical dipole emission from the first grid cell
(Fig. 6.139d) while leaving the horizontal dipole emis-
sion largely unperturbed (Fig. 6.139e). The dielectric
discontinuities scatter waveguide light into the sub-
strate with such high efficiency that light scattered
from second nearest neighbor cells contribute only
negligibly to the total emission intensity.
The LIG concept was demonstrated using the

fluorescent/phosphorescent WOLED structure in
Fig. 6.100 along with a 100 nm thick silica LIG with
dimensions of wLIG ¼ 1 μm and worg ¼ 6 μm. The LIG
device exhibits an enhancement of 1.32 in outcoupling
compared to a conventional device,which exceeds that
predicted from modal calculations since the SPP
modes are also partially scattered by the uneven wa-
veguiding region. Using a MLAwith the conventional
device, an enhancement of 1.68 is realized, and com-
bining both of these coupling strategies, the efficiency
is increased by a factor of 2.3 to achieve ηext¼ 34% and
a peak luminance power efficiency of 68 lm/W.Due to
the large dimensions of the LIG, the broad white emis-
sion spectrum is unchanged from that of the analogous
conventional device (Sun and Forrest, 2008a).
Considerable benefits can be realized by reducing

the refractive index of the LIG. Indeed, very low index
LIGs with nLIG ¼ 1.10–1.15 have been achieved by
depositing 100 nm thick SiO2 at a highly oblique
angle (80–85°) relative to the substrate plane. Oblique
angle or glancing incidence deposition results in nucle-
ation of the film at random positions around the
substrate. Due to the angle of the substrate plane to
the direction of the evaporated flux, the nucleation
centers cast shadows on regions more distant from
the source. This increases the rate of deposition on the
islands which then further shadow the area behind
them, leading to a porous film similar to an aerogel
(Xi et al., 2005, Barranco et al., 2016).
The oblique angle deposition process used in optic-

al coatings for both OLEDs and OPVs can be

understood from the illustration in Fig. 6.140.
A point source (Fig. 6.140a) results in more defined
shadowing, and hence narrower pillars than an ex-
tended source due to the range of arrival angles be-
tween α1 and α2 in Fig. 6.140b. The pillar tilt angle, β, is
determined by the angle of the substrate to the source,
θ, and α. The index of the resulting film equals the
volume average of the indices of the deposit and the
voids. Results of the e-beam deposition of low index
SiO2 at α¼ 80–85° and θ¼ 0 forming the LIG is shown
in Fig. 6.141. The top image (Fig. 6.141a) shows a
highly porous film, comprised of densely packed pil-
lars of nearly the same diameter. The side view in
Fig. 6.141b shows that the pillars have a kink midway
along their length. This results since the substrate was
rotated around an angle of ϕ ¼ 180o after the first �50
nm of SiO2 was deposited. The index of refraction of
the film was n ¼ 1.10–1.15. Using porous grids with
the same dimensions as the device in Fig. 6.139, out-
coupling enhancements of approximately a factor of
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Figure 6.140 Oblique angle deposition from (a) a point and (b) an
extended evaporation source. (c) Illustration of shadowing leading to pillars
from randomly located growth nucleation sites (Barranco et al., 2016).
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two compared to conventional devices on flat sub-
strates were observed (Slootsky and Forrest, 2010).

The structure of Fig. 6.139 penetrates the device
active region, which can lead to losses in manufac-
turing yield due to shorts. Alternatively, the grid can
be located beneath the ITO anode and the OLED
layers, as shown in Fig. 6.142a. The grid can have
either a higher or lower index than the medium in
which it is embedded, since light is scattered as a
result of the index discontinuity that it encounters as
it propagates in-plane (Qu et al., 2015). The evanes-
cent tail of the guided modes penetrates beyond the

ITO into the grid region in Fig. 6.142b, and then is
scattered into substrate and air modes. With an
index difference between the “host” and the grid of
2.2, the enhancement in outcoupled radiation can be
as high as 1.4, decreasing with the index contrast.
This 2D structure is effective in scattering all in-plane
modes, and its efficiency is largely independent of
the shape or the size of the grid. The sub-anode grid
dimensions are limited by the same factors as for the
LIG: it must be small enough to minimize propaga-
tion losses prior to encountering a grid line, and it
must be sufficiently large (i.e. >1 μm) to avoid chro-
matic dispersion accompanying a grating or photon-
ic crystal structure. Since the grid is located close to
the EML, there is no image blurring due to the “near
field” scattering of light.
Sub-anode grids have been fabricated using either

low index (air) or high index TiO2 grid lines, with
similar results. Fabrication of the TiO2 grid is shown
in Fig. 6.143. The buried grid has the advantage of not
interfering with the OLED structure. However, a con-
sequence of the resulting planar OLED is that the grid
only scatters waveguide modes. The SPP modes,
whose evanescent fields do not extend as far as the
grid, remain unaffected, and their losses remain sig-
nificant. The fraction of power in each mode as a
function of ETL thickness in a PHOLED whose struc-
ture is: 70 nm ITO/2 nmMoO3/40 nm CBP/15 nm 15
wt% Ir(ppy)3 doped in CBP/65 nm TPBi ETL/1 nm
LiF/Al is shown in Fig. 6.144. This device is deposited

Tilted view 500 nm

Side view 200 nm

(a)

(b)

Figure 6.141 (a) Top and (b) side view SEM images of SiO2 forming a
low index grid used in OLED outcoupling (Slootsky and Forrest, 2010).

Reprinted with permission from Slootsky, M. & Forrest, S.R., 2010, The Optical
Society.
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Figure 6.142 (a) Schematic cut-away view of an OLED with a sub-anode grid (Qu et al., 2015). (b) Calculated wavefronts of guided light in the ITO and
organic layers. Scattering of the wavefront from the index contrast presented by the grid results in an increase in substrate modes at the expense of
waveguide modes.

(a) Qu, Y., Slootsky, M. & Forrest, S. R. 2015. Enhanced light extraction from organic light-emitting devices using a sub-anode grid. Nature Photon., 9, 758
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onto a 340 nm thick hexagonal TiO2 grid, with grid
line width of 1 μm and a hexagon side dimension of 3
μm. The calculation uses the Green’s function analysis
based on CPS theory in Section 6.6.1.

The power in the individual modes in Fig. 6.144 is
measured as follows: (i) Air modes employ a conven-
tional device and all of the radiation in the forward
viewing direction is measured with a photodetector in
the far field. (ii) Substrate modes are assigned to the
difference in the output from the device in (i) and for
that same device placed in contact with the photo-
detector using a substrate IMF to outcouple all of the
internally trappedmodes. (iii) The devicewith an iden-
tical structure to (i) and (ii), except that it includes a
sub-anode grid, is placed in contact with the detector
using an IMF. The difference in output between (ii) and
(iii) is assigned to waveguide modes. (iv) Plasmonic,
internal efficiency and metal losses are assigned to the
difference between (iii) and 100%. The calculations
match well with the data (points in Fig. 6.144) for sev-
eral different ETL thicknesses. Indeed, the sub-anode
grid apparently extracts nearly 100% of thewaveguide
modes, resulting in an enhancement of � 1.45 times
compared to the conventional device. This enhance-
ment is independent of whether the grid has a low
index (air) or high index discontinuity with the sub-
strate, or whether it is a square or a hexagon. Further-
more, no systematic changes in the emission spectra
are observed for any of these device variations, and the
output intensity profile is found to be a nearly ideal
Lambertian (Qu et al., 2015). However, approximately
50% of the power is lost to SPP and other sources,
emphasizing that reduction of coupling to SPPs is es-
sential in achieving high efficiency.
Another approach to outcouplingwaveguidemodes

is to fabricate the thin OLED directly onto the flat
surface of a high index film shaped into an MLA, and
then attaching the entire unit onto the surface of the
glass substrate. This so-called built-up light extraction
substrate (BLES) is shown schematically in Fig. 6.145.
The device comprises a high refractive index (n ¼ 1.77
at a wavelength of 550 nm) PEN film with a 10 μm
diameter MLA with the same high index. This is at-
tached to a glass substratewith a small air gap between
the array and the glass. The planar surface of the PEN
serves as a substrate for the growth of the OLED,
including the transparent anode. In effect, this is sim-
ply an MLA mounted on a high index substrate, then
placed on a glass substrate to enable further encapsu-
lation. The calculated light extraction efficiency is
plotted vs. residual OLED loss in comparison to a
MLA on a low index (glass) substrate. The efficiency
is enhanced by the BLES, particularly as the OLED
losses due to absorption, SPP modes, etc. are reduced.
To test the efficacy of the waveguide mode extrac-

tion using the BLES, 1 cm2 two unit (one comprising a
red-green emitting, and the second a blue emitting
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Figure 6.143 Fabrication sequence for the sub-anode grid substrate.
Starting at top left: Photoresist (PR) of the grid pattern is deposited and
exposed to define the grid lines. The glass substrate is etched and TiO2 is
thermally deposited to refill the openings. The grid is completed by lifting
off the excess TiO2 with the PR. The OLED including the ITO anode is
deposited onto this modified substrate. The AFM image at the bottom shows
the grid with a line width of 1 μm and a line spacing of 6 μm. The grid is
slightly higher (by 8 nm) than the surrounding substrate (Qu et al., 2015).

Qu, Y., Slootsky, M. & Forrest, S. R. 2015. Enhanced light extraction from
organic light-emitting devices using a sub-anode grid. Nature Photon., 9, 758
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Qu, Y., Slootsky, M. & Forrest, S. R. 2015. Enhanced light extraction from
organic light-emitting devices using a sub-anode grid. Nature Photon., 9, 758
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sub-element) white PHOLEDs were grown onto the
BLES surface, and then mounted onto the glass sub-
strate (Yamae et al., 2013). The BLES device had an
efficacy of 114 lm/W and an operational lifetime of
105 h to half its initial luminance of 1000 cd/m2 due to
the encapsulation provided by the glass slab
(Komoda et al., 2012). The emission has CRI ¼ 80
and CCT ¼ 2550 K giving it a reddish cast. It was
estimated that 50% of the light was extracted via this
strategy. Note that the emission pattern in Fig. 6.145,
inset, is non-Lambertian due to the tendency for
MLAs to preferentially scatter into near in-plane an-
gles (Möller and Forrest, 2001).

An improvement on the BLES that extracts nearly
100% of the trapped light in the active region into the
air and substrate modes embeds the MLA completely
within the glass substrate immediately beneath the
bottom, transparent electrode (Qu et al., 2018). The
sub-electrode microlens array (SEMLA) is shown in
Fig. 6.146a. It comprises a high index (nSEMLA ¼ 1.8)
planar spacer layer on top of a hexagonal close-
packed array of 10 μm diameter hemispherical lenses.
The SEMLA surface is smooth to eliminate optical
scattering, and does not intrude into the device active
region. Figure 6.146b shows a glass substrate contain-
ing the SEMLA structure (highlighted by dashed
lines) on a printed background, with no apparent
impact on image sharpness. The inset shows a micro-
scopic image of a section of a glass substrate covered
by the SEMLA. The substrate is patterned with a
square grid with 100 μm period and 20 μm wide
metal gridlines. The SEMLA has negligible impact
on image resolution when magnified at this level.

The high refractive index of the SEMLA extracts
waveguide modes from the organic and ITO anode
layers. Figures 6.147a andb show the calculated optical
power distribution in devices with and without the
SEMLA based on Green’s function analysis, assuming
that the spacer layer is semi-infinite. The device struc-
ture used in the calculation is: 40 nm ITO anode/40 nm
HTL/20 nm EML/ETL/Al cathode. The waveguide
modes are reduced to almost zero for an ETL thickness
< 70 nm. Indeed, the SEMLA extracts all radiated
optical power except for the SPP modes. The optical
power exits into the glass substrate from the high index
hemispherical MLA. The light extraction from the
SEMLA into glass (nglass ¼ 1.45) is more efficient than
from an external MLA (nMLA¼ 1.4–1.5) into air (nair ¼
1) due to reduced reflection at the lens/glass interface
with its larger critical angle. Air gaps between the
substrate and the MLA as in Fig. 6.145 increase reflec-
tions, and hence are avoided.
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built-up light extraction (BLES) microlens architecture and a conventional
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Figure 6.146 (a) Schematic illustration of devices on a sub-electrode
microlens array (SEMLA) substrate. (b) Image of a SEMLA substrate on a
printed image, with the microlens side facing the image. The white dashed
lines enclose the SEMLA structure area. Inset: A microscopic image of a
SEMLA on top of a substrate patterned with a square grid with a 100 μm
pitch and 20 μm wide gridlines. Use of the logo is by permission (Qu
et al., 2018).

Reprinted with permission from Qu, Y., Kim, J., Coburn, C. & Forrest, S. R.
2018. Efficient, Nonintrusive Outcoupling in Organic Light Emitting Devices
Using Embedded Microlens Arrays. ACS Photonics, 5, 2453. Copyright 2018
by the American Chemical Society.
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Both green emitting PHOLEDs and WOLEDs were
fabricated on SEMLA substrates, using an additional
MLA attached to the bottom of the substrates to extract
substrate modes. The performance characteristics of
the green PHOLEDs with different substrates are
shown in Fig. 6.148a. At 100 cd/m2, the SEMLA
alone enhances ηext from 25% for a PHOLED on a flat
glass substrate, to 30%, representing improvement by
an outcoupling enhancement factor of EF ¼ 1.2. The
outcoupling is further enhanced to EF ¼ 1.9 to ηext ¼
47% using an external MLA. Using IMF at the glass-air
interface in conjunction with the SEMLA extracts up to
70% (an EF ¼ 2.6) of the total generated photons,
compared with 51% for conventional glass, and 60%
for sapphire substrates whose refractive index is simi-
lar to that of the SEMLA (nsap ¼ 1.77). The most effi-
cient device using the SEMLA reaches ηext ¼ 70%.
Similar enhancements are achieved for a WOLED fab-
ricated on the SEMLA surface.

The SEMLA eliminates microcavity effects, and
hence does not induce spectral shifts even at viewing
angles �60°. This is inferred from the angular inten-
sity profile of the conventional device in Fig. 6.148b,

0 20 40 60 80 100 120 140
0

20

40

60

80

100

Fr
ac

tio
n 

of
 P

ow
er

 (%
)

ETL Thickness (nm)

SPP

WV

Sub
Air

0 20 40 60 80 100 120 140
0

20

40

60

80

100

Fr
ac

tio
n 

of
 P

ow
er

 (%
)

ETL Thickness (nm)

SPP

Loss

WV

SEMLA

(b)

(a)

Loss

Figure 6.147 Optical power modal analysis vs. electron transport layer
(ETL) thickness on (a) a conventional glass substrate and (b) a SEMLA
substrate (Qu et al., 2018).

SE
M

LA

SE
M

LA
+M

LA

SE
M

LA
+IM

F
Sa

p

1.0

1.5

2.0

2.5

3.0

3.5

41±3%45±4%

27±3%

20±2% 60±4%
65±5%

47±4%

E 
F

30±3%

(a)

102 103 104
0

20

40

60

80
Con_air        Con_IMF
SEMLA_air   SEMLA_MLA
SEMLA_IMF Sap_IMF

Brightness (cd/m2)

–90

–60

–30
0

30

60

90
 Lamb.             Con

 SEMLA MLA   SEMLA HS

(c)

(b)

η e
xt

 (%
)
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respectively (Qu et al., 2018).
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which is narrower than a Lambertian source, whereas
the SEMLA-modified substrates show higher inten-
sities at large viewing angles, bringing them closer to
a Lambertian pattern. The similar enhancement factors
of light extraction from both the green andwhite PHO-
LEDs are summarized in Fig. 6.148c, indicating that the
SEMLA performs the same, independent of emission
wavelength. The MLA outcouples � 70% photons
from the substrate and air modes combined. Outcou-
pling using an IMF or high index sapphire substrate in
Fig. 6.148c shows that �20% photons remain trapped
in the substrate using the SEMLA in combination with
the MLA. Solutions to improve extraction from sub-
strate modes are, therefore, necessary to fully exploit
the advantages of efficient waveguide and surface
plasmon mode outcoupling structures.

6.6.4 Surface plasmon polariton mode
outcoupling

Both SPP and waveguide modes can be coupled into
glass modes by surface roughness near to the metal
surface (Hobson et al., 2002). For example, patterning
a grating onto the thin metal electrode is one means to
extract SPP modes from the OLED surface (Gifford
and Hall, 2002, Yates et al., 2006). As previously, the
grating can be formed by interference or nanoimprint
lithography on the substrate surface, followed by de-
position of the several OLED layers and metal. If the
metal cathode is semitransparent, with a grating peri-
odicity, Λ, then in-plane modes can outcouple the SPP
mode at both the dielectric interface and at the metal/
air interface if it satisfies the Bragg condition:

kjjðλÞ ¼ ±kSPPðλÞ± 2π
Λ

; ð6:117Þ

where kSPP is the wavevector of the SPP mode at the
metal-air interface (see Eq. 6.107). Modes satisfying
Eq. 6.117 radiate from the top metal surface as long
as the metal is thin enough to be semitransparent, that
is, it is less than or on the order of the skin depth of the
metal (Gifford and Hall, 2002). The signs in Eq. 6.117
are due to the two counter-propagating modes at
each wavelength due to the mirror symmetry of the
grating. Hence, the grating produces a splitting of the
emission spectrum into both a red- and blue-
shifted mode.

Since the SPP modes are lossy, their outcoupling
efficiency is limited. Furthermore, this is another
solution that disrupts the planar OLED structure.
Alternatively, employing a very thick ETL avoids
exciting SPP and metal loss modes altogether,

although increasing the layer thickness at some
point leads to high device resistance. Replacing the
metal contact with a less conductive transparent
oxide almost completely eliminates both SPP and
lossy metal modes. This solution has been imple-
mented by growing a transparent PHOLED onto
the surface of a planarized reflective Ag mirror be-
neath the WOLED bottom contact, as shown in
Fig. 6.149. Employing a scattering structure within
the substrate while retaining a planar surface allows
freedom for optimizing the scattering layer dimen-
sions without affecting the OLED electrical proper-
ties. The reflector is a patterned grid of raised
rectangles coated with Ag. Similar to the LIG, the
periodicity is on the order of several wavelengths to
avoid angle- and wavelength-dependent effects.
A planarizing dielectric layer fills in the depressions
and extends above the raised portions of the grid on
which the electrodes and organic layers are deposited.
The thick and thin spacer regions couple to different
optical modes propagating beneath the transparent
electrode (Qu et al., 2017).
The simulated modal power distributions vs. wave-

length of the thick and thin regions between the grid
surface and the transparent OLED bottom contact are
shown in Fig. 6.150a and b (Gontijo et al., 1999). The
calculations assume an OLED whose active region
comprises a 130-nm-thick organic layer (norg ¼ 1.8)
sandwiched between 80-nm-thick transparent elec-
trodes (50 nm IZO and 30 nm MoO3, nIZO ¼ nMoO3 ¼
2), with the EML placed 60 nm above the bottom elec-
trode. A randomly oriented green emitting molecular
dipole is placed at the position of the EML. The spacer
refractive index is n ¼ 1.5. The optical outcoupling
efficiency is >20% when spacer layer thicknesses are

Anti-reflection
layer

Substrate Au Ag

Organic IZO SiO2

Figure 6.149 Schematic cross-sectional view of a transparent OLED
grown on a reflective sub-electrode grid (Qu et al., 2017).

Reprinted with permission from Qu, Y., Coburn, C., Fan, D. & Forrest, S. R. 2017.
Elimination of Plasmon Losses and Enhanced Light Extraction of Top-Emitting
Organic Light-Emitting Devices Using a Reflective Subelectrode Grid. ACS
Photonics, 4, 363–368. Copyright 2017 by the American Chemical Society.
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65 and 245 nm in the thin and thick dielectric regions
beneath the OLED, respectively.
The in-plane wavevector, k||, corresponds to light

propagating in the organic layers with refractive
index norg, and the total wavevector is k. Modes
with u ¼ k||/k < nair/norg are radiative, nair/norg < u
< 1 are waveguided, and modes with u > 1 are lost to
SPPs. For the thin cavity regions (Fig. 5.150a), there
are four waveguide modes, and a weak SPP mode.
The thick cavity region (Fig. 5.150b) adds three more
waveguide modes but has no SPP mode.
Figure 6.150c shows the power distribution of a con-
ventional top emitting OLED with the structure Ag/
90 nm organic layers/20 nm top semitransparent Ag

layer, with a 20 nm EML centered in the organic
active region. This structure does not support any
waveguide modes, but instead has two, intense SPP
modes. The first SPP mode at u � 0.6 and λ � 540 nm
propagates in the top thin Ag film. According to
Eq. 6.107 and given nair < norg, this SPP mode lies
at u < 1 rather than u > 1 for organic/metal SSPs.
The second SPP mode at u > 1.5 is along the Ag/
organic interface lies at. Thus, compared to conven-
tional OLEDs, metal-coated grid devices successful-
ly suppress SPP modes while coupling power into
the waveguide modes.
The scattering by the grid is a consequence of the

mismatch between the waveguide modes supported
by the two cavities above the grid lines and depres-
sions, which can be estimated by the overlap of the
wavevectors of these modes. The TE1 and TM1 modes
in the thin SiO2 cavity regions (Fig. 6.150a) have some
overlap with the TE1 and TM1 modes in the thick di-
electric regions (Fig. 6.150b), and thus can propagate in
plane. The modes that are not aligned between cavities
are completely scattered into the substrate by the grid.
The sub-electrode reflecting grid for an OLED with

the structure: glass substrate/50 nm IZO/30 nm
MoO3/30 nm BPhen: Li (molar 1:1)/30 nm BPhen/
30 nm 8 vol.% Ir(ppy)3 in CBP/40 nm TAPC/30 nm
MoO3/50 nm IZO comprised an array of 1 μm� 3 μm
raised rectangles surrounding 3 μm � 3 μm square
depressions. The spacer thicknesses varied between
245 nm and 65 nm. The design is forgiving in that
there is no pronounced sensitivity to either grid shape
(it can be ordered, or random), or dimensions, as long
as the feature sizes are larger than λ and less than δSPP.
As with the non-reflecting sub-anode grid structure,
there is no image blurring due to the proximity of the
mirror to the EML.
In Fig. 6.151 we show that ηext is increased from

20% to 30% using the metallic scattering grid com-
pared to a similar PHOLED fabricated on a substrate
with a mirror but no grid. The angular intensity pro-
files of both devices are broadened from a Lambertian
function. The peak intensity of the flat mirror device is
normal to the surface, whereas the grid OLED inten-
sity has a maximum at 20° from normal. This is due to
microcavity effects that are inevitably encountered in
top emitting OLEDs.
Although a significant efficiency enhancement is

obtained using the reflecting grid, 60% of the optical
power is still lost. In addition to the limited grid
scattering efficiency due to the spacer thicknesses
used, the scattered light incurs losses at each reflec-
tion from the mirror surface. A diffuser or MLA com-
prised of high refractive index materials added to the
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Figure 6.150 The modal power distributions within the cavities found
between the raised and depressed portions of the grid and the OLED in
Fig. 6.149. Here, k|| is the in-plane wavevector for light within the organic
layers with refractive index, norg. The total wavevector is k. The waveguide
and SPP modes (at u > nair/norg), of the cavities over the (a) gridlines and
(b) depressions. (c) The power distribution of a conventional top emitting
OLED optimized over the same spectral range. The vertical line
corresponds to u ¼ k||/k¼ 1. At higher k||, the waves are evanescent and
lossy (Qu et al., 2017).
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top surface of the transparent OLEDs can reduce cav-
ity resonances. Green’s function analysis shows that a
MLA on the device emitting surface could further
improve the efficiency by >30% (Qu et al., 2017).

A final, potentially very low cost example that
completely eliminates SPP modes replaces the bottom
metal electrode in top-emitting WOLEDs with the
ITO anode deposited on a highly reflective, diffuse
dielectric such as used in the interior surfaces of inte-
grating spheres. The structure design is illustrated in
Fig. 6.152a. The rough dielectric reflector surface effi-
ciently scatters the waveguided light emitted from a
transparent OLED deposited on a planarizing, high
refractive index (nP ¼1.8) polymer slab that extracts
modes trapped in the OLED, while presenting a flat
surface on which the OLED layers are grown. Unlike
the othermethodsdescribed in this section, thediffuser-
based PHOLED requires no additional light extraction
such as index matching layers or MLAs, making this a
very simple design.

As illustrated in Fig. 6.152a, light emitted from the
OLED exits either from the top, transparent ITO con-
tact, or enters the waveguide layer where it propa-
gates until it is incident on the rough dielectric
reflector surface. There, the light is scattered into a
Lambertian profile, and light within the TIR exit cone
is emitted into the viewing direction. Light incident at
angles greater than θTIR at the polymer–air interface is
returned to the diffuse reflector where it is scattered
once again. This repeats until the light is either ab-
sorbed or scattered into the viewing direction. Since
the light requires several bounces before exiting the
device, the diffuser must have a reflectivity that

exceeds that of the metal, and losses in the transparent
anode and polymer waveguide layer must also be
small. Here, PTFE (Teflon®) is well suited for this
purpose due to its nearly 99% reflectance across the
visible.
The simplicity of fabrication is illustrated by the

process sequence in Fig. 6.152b. The PTFE reflector is
coated with the polymer waveguide on its surface.
Next, a PDMS stamp attached onto a glass handle is
pressed onto the polymer for planarization, during
which the polymer was cured by exposure to UV
light prior to stamp removal. The resulting polymer
waveguide layer was 0.25 mm thick. Following this
procedure, the ITO anode, the OLED layers, and the
transparent, top ITO cathode are fabricated by con-
ventional methods.
For a lossless reflector and waveguide layer, the

ratio of incident to scattered light power towards the
viewing direction from a single diffuse reflection (RS)
is determined using Snell’s law, viz. RS ¼ (nair/nP)2.
Then, the ratio of the light intensity extracted into the
viewing direction to that confined within waveguide
layer (ηD) following the path in Fig. 6.152a is (Kim
et al., 2018)

ηD ¼ RS þ ð1� RSÞ·RS þ ð1� RSÞ2·RS þ . . .

¼
X∞
n¼0
ð1� RSÞn·RS ¼ 1: ð6:118Þ

It follows that total outcoupling efficiency (ηout) of the
OLED is

ηout ¼ ηTA þ ηDηS; ð6:119Þ

where ηTA is the fraction of light emitted from the top
surface, and ηS is the fraction of light coupled into the
slab waveguide. A diffuse reflecting, a green emitting
PHOLED showed a peak ηext ¼ 37%, whereas for
comparison, a device using only a metal mirror had
ηext ¼ 15%. This substantial difference is due to the
much larger losses introduced due to reflections from
a metal mirror than a dielectric reflector. From
Eq. 6.119, the light coupled into the waveguide layer
shows ηout ¼ ηintηSηD ¼ 30% and 8% for the diffuser
and metal mirror structures, respectively, resulting in
a 3.8-fold increase in extraction into the viewing dir-
ection via diffuse scattering.
The diffuser increases the étendue of the

OLED, thus introducing emission outside of the
PHOLED active area defined by the device con-
tacts. Figure 6.153a shows the normalized radiated
power intensity assuming a polymer waveguide
loss of α ¼ 0.4 mm�1, a thickness of 240 μm, and
a (1 mm)2 device area. An image of the emission
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from the PHOLED is shown in Fig. 6.153b, right,
inset. The diffuse reflector isotropically redistrib-
utes the power, thus showing a nearly circular
emission pattern. The measured radial intensity
profile of the PHOLED following the trajectory of
the horizontal dashed line in the simulated 2D in-
tensity map is shown at the right in Fig. 6.153a.
Integrating the radiated power outside the device
active area indicates that approximately 55% of the
total emission is emitted beyond the contact periph-
ery. Given the broad dispersion of the light beneath
the OLED area, this method results in considerable
image blurring, making it useful only for lighting
applications.
For large lighting fixtures, the fraction of emission

in the tails vs. directly under the active area de-
creases exponentially with OLED diameter. Hence,
in an extended lighting source, all the light eventu-
ally emerges via the top transparent OLED surface.
The integrated modal power of air and substrate

modes after each reflection is given in Fig. 6.153c,
showing that �90% of the light is emitted (including
the direct emission from the top surface) after five
bounces from the diffuse reflecting layer.

6.6.5 Outcoupling via molecular alignment

We illustrated several strategies in the previous
sections that are effective in outcoupling up to
70% of the emission that is otherwise lost to surface
plasmon and waveguide modes. A completely dif-
ferent approach to avoiding coupling to these loss
channels is to align the TDMs of the emitting mol-
ecules parallel to the substrate plane. In this orien-
tation, the emission is directed almost entirely
perpendicular to the emitting surface, thus only
exciting air and substrate modes. Equation 6.116
indicates that the degree of outcoupling is con-
trolled by the ratio of TDM alignment in the verti-
cal to the horizontal direction. That is, for Θ ¼ 0,

(a)

(b)

UV curing

UV ozone treatment

Rough teflon sheet Planarization polymer

Glass flat

Diffuse reflector

Viewing direction

Planarization layer

ITO cathode
Organic

ITO anode

PDMS

Figure 6.152 (a) Schematic illustration of the transparent OLED on the surface of a polymer waveguide/planarization layer on a diffuse dielectric
reflector. The path of light emission from a region within the OLED (star) shows multiple reflections from the diffuse reflecting surface prior to escape from
the top surface of the device. Direct emission from the surface is also shown at right. At each bounce, the light direction is randomized, resulting in a
Lambertian emission profile (red ovals), some of which is reflected into the optical escape cone. (b) Fabrication sequence of the diffuser and polymer
waveguide/planarization layer. After Kim et al. (2018).

Reprinted with permission from Kim, J., Qu, Y., Coburn, C. & Forrest, S. R. 2018. Efficient Outcoupling of Organic Light-Emitting Devices Using a Light-Scattering
Dielectric Layer. ACS Photonics, 5, 3315-3321. Copyright 2018 by the American Chemical Society.
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radiation is emitted normal to the substrate plane
due to complete horizontal dipole alignment. The
dipole radiation field due to vertical TDM orienta-
tion is shown in Fig. 6.154a. From electrostatics, the
field intensity of a vertical dipole follows sin2 α
(Rao, 1994), where α is the angle between the dipole
vector and field direction (Rao, 1994). Thus, perfect
dipolar orientation parallel to the substrate will
excite both waveguide and SPP modes. These con-
tributions will be far smaller than if the dipoles are
randomly or vertically oriented.

The fraction of power emitted into each mode with
different orientations for a green emitting device
with ηext ¼ 1 and the structure of: glass substrate/
140 nm ITO/77 nm HTL/60 nm EML/dETL ETL/Ca:
Al cathode are calculated using CPS theory with
result in Fig. 6.155, where dETL is the ETL thickness.
Complete horizontal dipole orientation (Fig. 6.155a)
results in plasmonic loss only for dETL < 50 nm. At
larger ETL thicknesses where the metal cathode is in
the weak fringe field of the dipole, the plasmonic
losses nearly vanish. Of course, with increasing

ETL thickness, an increasing amount of energy is
dissipated into waveguide modes. Horizontally
oriented dipoles emit only�20% into air and another
40% into the substrate modes. The opposite situation
obtains for predominantly vertical orientation in
Fig. 6.155c. Here, plasmonic modes are dominant
even for dETL as large as 150 nm, resulting in almost
no emission into either air or even substrate modes.
However, once the ETL is sufficiently thick, excita-
tion of SPP modes is weakened and becomes
negligible, yet the dominance of waveguide modes
becomes even stronger than for random (Fig. 6.155b)
or horizontal dipolar orientations, since the field
intensity for vertical dipoles is almost entirely in-
plane.
The external efficiencies of PHOLEDs as a function

of molecular TDM orientation are summarized in
Fig. 6.156. For this calculation, it is assumed that the
30 nm thick EML is spaced 40 nm from an Al cathode.
The device is on a flat glass substrate with no further
outcoupling employed. The PL quantum yield of an
Ir(ppy)2acac molecule is ϕPL ¼ 0.94, corresponding to
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Reprinted with permission from Kim, J., Qu, Y., Coburn, C. & Forrest, S. R. 2018. Efficient Outcoupling of Organic Light-Emitting Devices Using a Light-Scattering
Dielectric Layer. ACS Photonics, 5, 3315-3321. Copyright 2018 by the American Chemical Society.
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the horizontal dashed line. This analysis shows that
for perfect horizontal TDM alignment and ϕPL ¼ 1, a
maximum external quantum efficiency of 46% is
possible.
The TDM orientation for the PHOLED was meas-

ured using the PL intensity vs. angle with results in
Fig. 6.157. The fits employ independent ellipsometric
measurements of the ordinary and extraordinary re-
fractive indices (no and ne, respectively) of host matrix
(TCTA:B3PYMPM in this case). Then, the angle-
dependent effective refractive index is

1
n2
eff

¼ cos2θ
n2
o
þ sin2θ

n2
e

: ð6:120Þ

The best fit to the data yields an alignment principally
in the horizontal direction, with Θ¼ 0.23. Referring to
Fig. 6.156, this should result in a PHOLED with ηext ¼
29.7%, which is consistent with the measured value of
30.2% (Kim et al., 2013b).
Preferential molecular alignment parallel to the

substrate plane resulting in increased quantum
efficiency has been observed in a wide range of fluor-
escent and phosphorescent materials. Early on, it was
found that spin-cast polymer chains can align in the
plane, resulting in increased outcoupling (McBranch
et al., 1995). Linearly extended vacuum deposited
small molecules also show a tendency to lie with
their TDM parallel to the substrate (Frischeisen et al.,
2010, Frischeisen et al., 2011), as do square planar Pt

complexes (Wang et al., 2014a, Kim et al., 2016a, Ly
et al., 2016). Also, the heteroleptic molecules,
(C^N)2IrX, where X is the ancillary ligand show align-
ment parallel to the substrate, independent of the host
in which they are doped (Schmidt et al., 2011, Graf
et al., 2014, Kim et al., 2014a, Kim et al., 2014b, Jurow

Θ = 0 0.33                  1

Horizontal Isotropic Vertical

(b)

(a)

α

Figure 6.154 (a) Radiation field intensity distribution for a molecule
with a vertical TDM (block arrow). (b) Schematic of the radiation
fields from perfect horizontal (Θ = 0) to vertical (Θ = 1) TDM
alignment. The TDMs are illustrated by ellipses, and the substrate plane is
assumed to be parallel to the gray arrow at bottom (Courtesy,
M. E. Thompson, 2018).
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et al., 2016). In contrast, small molecular weight
homoleptic phosphorescent dopants such as Ir(ppy)3
whose dipole moments are isotropically distributed,
show no tendency for preferred alignment (Graf et al.,
2014, Kim et al., 2014b).

Several models have been advanced to explain the
driving force that leads to molecular alignment. We
have seen in Chapter 5 that ostensibly planar mol-
ecules grow into two preferred orientations relative
to the substrate: flat lying or standing up. The differ-
ent growth habits are a function of molecule/surface
vs. molecule/molecule bond energies. That is, a
strong molecule/surface binding due, for example to
an extended molecular π-system, leads to a flat-lying

motif. However, very strong intermolecular π–π inter-
actions may draw the molecules into standing per-
pendicular to the substrate to minimize energy. The
preferred stacking habit is often determined solely by
these interactions, or they can, to some degree, be
controlled by the thermodynamic conditions used
during growth. For example, the substrate tempera-
ture can be increased to drive vertical vs. horizontal
alignment (Komino et al., 2014, Kim et al., 2019). Al-
ternatively, spin-casting rather than vacuum depos-
ition of films can lead to isotropic TDM orientations
(Lampe et al., 2016).
The film growth habits leading to TDM orientation

has been determined for the homoleptic 2-pyrazinyl
pyrazolate Pt(II) complex, Pt(fprpz)2, using grazing
incidence wide angle x-ray scattering (GIWAXS), with
results given in Fig. 6.158. Strong intermolecular
interactions result in a vertical molecular orientation
relative to a fused silica substrate. This is induced by
the 3MMLCT interactions whose excimer TDM lies in
the substrate plane between adjacent molecules in a
vertical stack. The resulting excimer emission has a
peak wavelength of 740 nm. The horizontal alignment
factor of Θ ¼ 0.87 in the PHOLEDs with neat EMLs
indicates near perfect horizontal alignment of the
TDM, leading to ηext ¼ 24% (Ly et al., 2016).
In neat films, planar molecular orientations appear

to be driven by molecule/interface energies and
growth kinetics. In contrast, orientation is largely in-
dependent of the host material for a number of homo-
and heteroleptic pseudo-octahedral Ir-complexes.
Table 6.13 lists a number of such complexes, all of
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Reprinted by permission from Springer Nature, Nature Photonics, Near-infrared
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Chou, Tsao, C.-S., Huang, Y.-C. & Chi, Y. Copyright 2016.
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which are approximately spherically shaped. How-
ever, the TDM vectors of molecules containing an
aliphatic acetyl acetate (acac) group lie preferentially
parallel to the substrate plane. Those without such a
group (the three Ir complexes near the bottom of the
Table) appear to have no preferred orientation.
It is noteworthy that the horizontal alignment

factor is, thus, nearly independent of the static
dipole moment of the molecules, or the host matrix
shape or composition. Several theories have been
advanced as to the source of this alignment. One
model suggests that high molecular dipole moments
lead to electrostatically driven aggregation of dop-
ants, which tends to randomize the orientation (Graf
et al., 2014). This potentially explains why Ir(ppy)3,
with its comparatively large static dipole moment
of 6.40 D exhibits a nearly isotropic TDM in the
solid state. However, this apparently contradicts
the observed preferred horizontal orientations of
Ir(bppo)2(acac) (bppo ¼ benzopyranopyridinone) and
Ir(tBuCN-F)2(acac) with even higher dipole moments.
It has been suggested that the large static dipole can
lead to electrostatic guest–host interactions that align
the aggregates at the growth interface.While host mol-
ecules are often approximately planar with a high as-
pect ratio, they have a very small or no dipolemoment.
Once again, Table 6.13 shows no apparent correlation

between host or dopant composition,which brings this
model into doubt (Kim et al., 2014a).
To identify the molecular properties that drive

orientation, the angular emission patterns of Ir-
complexes with coumarin-based bppo ligands
shown in Fig. 6.159 were measured. The carbonyl
(C=O) groups are dipolar, allowing the molecules
to cluster when doped at 20 vol.% in a CBP host.
Their ground state (static) dipole moments range
from 6.18 D for Ir(bppo)2(acac) to 8.44 D for Ir(ppy)
(bppo)2. The broadened and quenched spectra with
increasing doping concentration from 6 to 20vol.%
indicate that aggregates are, in fact, formed.
Interestingly, only the PL spectra of Ir(bppo)2(acac)

show preferential horizontal alignment withΘ¼ 0.22.
The other two bppo-based molecules form isotropic-
ally emitting films, with Θ ¼ 0.32–0.33. This align-
ment morphology is independent of the angle
between the TDM and the permanent molecular di-
pole vectors. Indeed, Ir(bppo)2Ir(acac) and Ir(bppo)2Ir
(ppy) have a similar angle between these vectors, yet
the former compound forms preferentially aligned,
and the latter forms isotropic films when co-deposited
with the common host, CBP, whose long axis lies in
the substrate plane. Hence, it is unlikely that dipole-
dependent guest–host interactions determine the de-
gree of horizontal alignment.

Table 6.13 Horizontal alignment factors and static dipole moments of several Ir-phosphors in various host matrices (Jurow et al., 2016)

Emitter molecule Host Orientation (Θ) Static dipole moment (D) Reference

Ir(dhfpy)2(acac) NPD 0.25 1.16 (Graf et al., 2014)

Ir(ppy)2(acac) CBP 0.23 1.66 (Graf et al., 2014)

TCTA/B3PYMPM 0.24 (Kim et al., 2014b)

Ir(ppy)2(tmd) TCTA/B3PYMPM 0.22 1.72 (Kim et al., 2014b)

Ir(MDQ)2(acac) NPD 0.24 1.75 (Graf et al., 2014)

NPD/B3PYMPM 0.20 (Kim et al., 2014a)

Ir(bt)2(acac) BPhen 0.22 1.76 (Graf et al., 2014)

Ir(chpy)3 NPD 0.23 2.02 (Graf et al., 2014)

Ir(mphmq)2(tmd) NPD/B3PYMPM 0.18 2.42 (Kim et al., 2014a)

Ir(mphq)2(acac) NPD/B3PYMPM 0.23 2.52 (Kim et al., 2014a)

Ir(phq)3 NPD/B3PYMPM 0.30 4.63 (Kim et al., 2014a)

Ir(piq)3 NPD 0.22 5.20 (Graf et al., 2014)

Ir(bppo)2(acac) CBP 0.22 6.18 (Jurow et al., 2016)

Ir(ppy)3 CBP 0.31 6.40 (Graf et al., 2014)

TCTA/B3PYMPM 0.33 (Kim et al., 2014b)

Ir(ppy)2(bppo) CBP 0.32 8.25 (Jurow et al., 2016)

Ir(ppy)(bppo)2 CBP 0.33 8.44 (Jurow et al., 2016)

Ir(tBuCN-F)2(acac) pBCb2Cz/TSPO1 0.23 10.59 (Lee et al., 2015a)
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It has also been proposed that hosts with low glass
transition temperatures (Tg) may form clusters during
or after deposition (Dalal et al., 2015). The glass tran-
sition temperature is where the amorphous material
makes a transition from a hard glassy state to a more
flexible (rubbery) viscous state. The dependence of
molecular orientation on host composition, and the
process used in depositing the films for a series of
heteroleptic Ir-complexes containing aliphatic acety-
lacetonate ancillary ligands as well as the homoleptic
Ir(ppy)3 has been investigated, with results summar-
ized in Fig. 6.160 (Lampe et al., 2016). The different
hosts have a range of glass transition temperatures
(and hence propensity for crystallization). They were
co-deposited either from vacuum, or spin-casting
with four Ir-complexes. Spiro2-CBP and PMMA
have considerably higher Tg than either CBP or NPB,
which are known to crystallize at temperatures as low
as 50°C. With the exception of Ir(ppy)3, vacuum de-
position results in preferred horizontal alignment in
all hosts tested (open symbols). The alignment follow-
ing spin casting, however does not show this prefer-
ence. Solution processed guest–host blends result in
an isotropic orientation of the TDM vectors, and in a
few cases there is even a slight preference for vertical
dipole alignment.

A consistent explanation of these phenomena is
offered in Fig. 6.161. Deposition of a CBP:Ir(ppy)2(acac)
layer occurs at the vacuum/solid interface of the film.
At the growth interface, the aliphatic (acac) groups
are presumably forced to orient toward vacuum
while the phenylpyridine groups highlighted in red

lie along the molecular C2 axis extending from the Ir
core. The molecules thus aligned adhere to the solid
surface, thereby creating a preferred in-plane orienta-
tion of the TDM that is perpendicular to the C2 axis.
In contrast, CBP arrives without a preferred orienta-
tion This relative orientation of vectors is shown for
Ir(bppo)2(acac) in Fig. 6.159. The orientation is pre-
sumably driven by a surface energy mechanism simi-
lar to that of molecules with hydrophobic and
hydrophilic end groups in Langmuir-Blodgett thin
film deposition (see Section 5.4.2). In this picture, the
molecules deposited from solution in Fig. 6.161 lack a
defined vacuum/solid interface, preventing them
from finding a preferred emitter or host orientation
(Jurow et al., 2016). While this is a plausible explan-
ation for the horizontal alignment observed for Ir-
complexes containing ancillary aliphatic groups
grown by VTE, to our knowledge there is not yet a
quantitative energetic model to support it.
The methods of alignment discussed above are

thermodynamically driven, with the outcome de-
pendent on the energetic relationship between the
molecule and substrate surface. In Section 5.4.2, we
showed that the energy topography of the surface can
be modified by pretreatment and by templating. The
various morphologies that can be achieved during
growth on various surfaces are illustrated in
Fig. 6.162. In the foregoing discussion we showed
that blends of the guest and host can be random, or
the host itself can drive the orientation of the dopants
within the blend to maximize horizontal TDM align-
ment. The most directed approach is to initiate
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Figure 6.159 Three heteroleptic Ir-complexes, each with a different number of emitting ligands employing the coumarin-based ligand, bppo. The TDM
vectors are shown by the green arrows, and the red arrows are the permanent (static) dipole moments. The numbers below each structure give the angle
between the TDM and static dipole vectors (Jurow et al., 2016).

Reprinted by permission from Springer Nature, Nature Materials, Understanding and predicting the orientation of heteroleptic phosphors in organic light-emitting
materials, Jurow, M. J., Mayr, C., Schmidt, T. D., Lampe, T., Djurovich, P. I., Brutting, W. & Thompson, M. E. Copyright 2016.
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growth of the guest/host system on a pre-deposited
template layer, thus ensuring that the desired alignment
is forced on the subsequently deposited structure (right
hand side of the figure).
An example of forced alignment by deposition on a

structural template is shown for the square planar Pt
complex, PtD shown in the inset of Fig. 6.163. The PtD
was deposited by VTE on a bilayer of 1.5 nm PTCDA/
1.5 nm NTCDA on sapphire. As shown previously,

PTCDA self-organizes into planar stacks with mono-
layer flatness across a large area. However, the energy
gap of PTCDA is small (2.2 eV), and hence it can
quench excitons in the layer deposited on its surface.
Thus, the wide energy gap NTCDA is deposited on
the PTCDA film, thereby transferring the template
structure to the subsequently deposited Pt-complex.
The templated PtD shows a decreased horizontal
orientation (Θhor ¼ 0.33 ± 0.01) of the PtD dimer
whose TDM extends between Pt centers of adjacent
molecules, compared to deposition on a bare fused
silica substrate with Θhor ¼ 0.91 ± 0.01 (see
Fig. 6.163a). Thus, the horizontal TDM for the neat
film corresponds to PtD molecules orientated with
their planes perpendicular to the substrate surface.
To verify this spatial relationship, an X-ray pole figure
of the (200) plane is provided in Fig. 6.163b. The film
deposited directly on the sapphire substrate in shows
the (200) diffraction peak (2θ ¼ 8.2–8.5°) at a radial
angle of ψ ¼ 0°, suggesting that (200) plane lies paral-
lel to the substrate. Note that the (200) plane is per-
pendicular to the molecular stacking axis along the
(020) plane. There is a striking contrast between the
TDM orientations with and without the exogenous
template, from parallel to nearly completely vertical
relative to the substrate plane, respectively (Kim et al.,
2019).
In summary, molecular alignment appears to be an

effective means to improve optical outcoupling by
decreasing the efficiency of excitation of waveguide
and SPP modes using many octahedral or dihedral
phosphorescent complexes, as well as high aspect
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Figure 6.161 Molecular structures of the (a) CBP host and (b) Ir
(ppy)2(acac). The acac group is highlighted in red, and the C2 axis vector
between the Ir atom and this aliphatic group is shown (arrow). (c) Growth
of a CBP:Ir(ppy)2(acac) via vacuum thermal evaporation. At the growth
interface, the acac groups orient toward vacuum, and the phenylpyridine
groups adhere to the solid surface creating a preferred in-plane orientation
of the TDM located perpendicular to the C2 axis (cf. Fig. 6.159). (d)
Solution-processed films have no vacuum/solid interface, and hence
randomize the TDM orientation (Lampe et al., 2016).

Reprinted by permission from Springer Nature, Nature Materials,
Understanding and predicting the orientation of heteroleptic phosphors in
organic light-emitting materials, Jurow, M. J., Mayr, C., Schmidt, T. D., Lampe,
T., Djurovich, P. I., Brutting, W. & Thompson, M. E. Copyright 2016.
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ratio planar molecules used in fluorescent and TADF-
based OLEDs. Alignment is controlled to a limited
degree by the conditions used during growth
(Ràfols-Ribé et al., 2018), material glass transition

temperature, spin casting, substrate structure, tem-
plating, etc., although the primary driving force for
alignment is the molecular structure itself. The coup-
ling to only substrate and air modes is limited by the
spatially distributed emission pattern of the dipoles.
Nevertheless, efficiencies in the absence of additional
substrate outcoupling schemes can potentially be as
high as 45%. The primary disadvantage of dipole
alignment is that it requires that the molecular design
and deposition process promote TDM alignment in
the desired direction. Given the numerous other re-
quirements placed on high performance molecules
used in optimized display and lighting applications,
also demanding that materials meet this additional
design criterion might not always be possible.

6.6.6 Summary and prospects

In this section we have reviewed several criteria that
should be met for effective outcoupling, and have
shown a few ingenious approaches toward achieving
that goal. We have found that extracting substrate
modes is achieved using a dense array of microlenses
that can be fabricated by molding polymers, followed
by their attachment to the substrate. Extracting
waveguide and SPP modes is considerably more chal-
lenging. Yet, the use of modified substrates (e.g. sub-
anode grids), and transparent contacts are effective
since they can eliminate exciting modes in the first
place. Extracting �70% of the trapped light has been
achieved, although not without adding complexity to
the OLED design. Finally, we have shown that align-
ment of molecular transition dipoles parallel to the
substrate plane can eliminate most waveguide and
SPPmodes, particularly for planar Pt-based phosphors
and fluorescent molecules, as well as some Ir-
complexes with non-emissive ancillary ligands.
Based on these findings, it appears likely that prac-

tical outcoupling schemes that outcouple 80% of the
emitting power are possible. Since phosphorescent
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Figure 6.162 Film morphologies attained during growth. From left to right, amorphous organization of emitting (dopant) and host molecules, dopant
molecules aligned due to interactions with the host, and controlled orientation of both dopant and host by growth on a pre-deposited, ordered template
layer (Kim et al., 2019).
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complexes have shown up to 100% internal efficiency,
achieving this goal will result in display and lighting
appliances with ηext ¼ 80%. Efficiencies of this magni-
tude are now leading to new, and perhaps unprece-
dented applications in efficient information displays
and lighting.

6.7 Reliability of organic light emitters

Since the invention of efficient OLEDs, questions
have been raised about their potential for practical
use given the nearly universal observation up to that
time that organic electronic device properties were
unstable, that is, they rapidly change over time and
often suffer from catastrophic failure soon after fab-
rication. This lack of reliability makes such devices
unsuitable for practical applications, where the user
of a smart phone, tablet or TV monitor reasonably
expects their appliance to work trouble-free over
many years. For this reason, quantifying and in-
creasing the reliability of OLEDs has been the focus
of considerable research over several decades.
Today, OLEDs are beginning to dominate the entire
display industry due, among other things, to the
progress made in extending their operational
lifetimes.
In this section, we review the methodologies em-

ployed in quantifying OLED reliability, and discuss
metrics that must be met to qualify devices for display
and lighting applications. This discussion lays out
general techniques that are also useful for character-
izing other electronic devices including OPVs and
OTFTs in Chapters 7 and 8. Once the methods have
been established, we will discuss the major failure
mechanisms that are active in OLEDs. Device aging,
or failure, falls generally into two categories: failure
due to extrinsic or intrinsic mechanisms. Extrinsic
causes for degradation are those whose origins are
not an inherent property of the material or the device
itself. Examples include catastrophic failure due to
shorts via dust particles left on the substrate, material
impurities or film inhomogeneities introduced during
film preparation. In Chapter 5 we showed that extrin-
sic impurities have many deleterious effects on device
operation, such as reduction in luminescence from
non-radiative recombination, reduction in exciton
and charge diffusion lengths, and most assuredly on
device stability. Also, exposure to environmental con-
taminants such as moisture or oxygen in poorly or
unpackaged devices falls into this category. In the
following discussion, we generally assume that ex-
trinsic sources of failure have been eliminated in en-
vironmentally protected devices that have been

fabricated by stable and proven processes, using ma-
terials that have been highly purified prior to use.
Intrinsic degradation is due to changes over time of

the inherent properties of the materials used or the
device architecture. While not always easily distin-
guished from extrinsic process, intrinsic processes
include: (i) Degradation of contacts and heterointer-
faces that changes the charge density and balance
within the OLED structure, (ii) thermally induced
morphological instabilities, (iii) dissociation and frag-
mentation of chemical species within the OLED, (iv)
energy-driven degradation of blue phosphorescent
and TADF emitters, and (v) exposure to environmen-
tal agents in OLEDs employing semipermeable
(e.g. plastic) substrates.

6.7.1 Quantifying OLED long term
performance and reliability

The lifetime of electronic devices is determined by
first setting the criteria for failure. In OLEDs, this is
typically defined as the time, t, it takes for the lumi-
nance (L(t)) to reach a predetermined value lower
than its initial luminance (L0), when the device is
deemed to no longer be useful (i.e. it has failed).
Then its time to failure or lifetime is denoted Tx, or
alternatively, LTx, where x is 100 times the ratio L
(t)/L0 that corresponds to device failure. For example,
if L/L0¼ 0.5 is set as the failure criterion, then the time
t0 that it takes to reach this luminance corresponds to
LT50 ¼ t0. To put this value in context, the time to
failure must be specified along with the test condi-
tions that might affect its value, including L0, tem-
perature, T, ambient properties (e.g. humidity), etc.
The intended application sets the conditions that

define failure. For example, displays are operated at
�100 cd/m2, although we have shown in Table 6.10
that the actual pixel luminance on the display front
plane can be nearly 60 times that value due to the
small aperture ratio and differential aging of the R,
G and B pixels. Furthermore, the eye is highly sensi-
tive to small luminance differences between pixels.
Hence, display pixels are commonly tested at L0 ¼
1000 cd/m2, and are assumed to fail once 5–10% of
the initial luminance is lost. That is, LT95 or LT90
provides the failure criterion for information display
pixels. The industrial metric for the lifetime of lighting
sources, on the other hand, not only employs a differ-
ent luminance and luminance loss criterion, but also a
shift in color coordinates. Typically, OLED lighting
sources are tested at L0 ¼ 3000 cd/m2, and are as-
sumed to have failed at LT70, with a maximum color
shift of �u ¼ �v � 0:03:
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Since lifetime depends on multiple factors that vary
from device to device, meaningful failure analysis
must be done on a statistically significant population
of devices, with the ultimate objective of predicting the
operational lifetime of fresh devices manufactured by
the same process as the test population. The measured
lifetime that characterizes the population is specified as
the mean time to failure, or MTTF, of members of that
population. Other important quantities to measure in-
clude the failure rate, which is the number of failures
per unit time, and B(X) life which is the time at which
the probability for failure has reached X%. The statis-
tical analysis of the failure of a population of devices
independent of the specifics of the technology em-
ployed is known as a Weibull analysis (Weibull, 1939).

Several functions have been used to empirically
model L(t) to predict the lifetime for a particular de-
vice architecture, materials set, and fabrication pro-
cess. Given their parametric nature, the best models
accurately fit the luminance for times relevant for
practical device operation. These functions include
the stretched exponential:

L tð Þ=L0 ¼ exp � t=τð Þβ
h i

; ð6:121Þ

where τ is the characteristic luminance decay time and
β is the dispersion factor that determines the shape (or
“speed”) of the exponential decay (Ishii, 2003, Féry
et al., 2005). This is a particularly simple functional
form, requiring only two fitting parameters. Further-
more, the value of β is largely independent of L0, as
shown by the data in Fig. 6.164 for a green emitting
OLED fit using β ¼ 0.53 for L0 from 100 to 800 cd/m2.

There is no theoretical framework with which to
predict the stretched exponential. If we assume that
the luminance degradation arises from destruction of
emitting molecules via reaction with other species
such as excited states or polarons (Aziz et al., 1999),
then the luminance depends on the concentration of
surviving emissive molecules at time t. In this simple
picture, we expect that L(t) would follow Eq. 6.121
with β ¼ 1, that is, a simple exponential. Since typic-
ally β < 1 as in the population in Fig. 6.164, the rate of
degradation must depend on the depletion of more
than one species. That is, it might be catalyzed by the
addition of an excited state of a nearby emissive mol-
ecule, or an impurity. The number of nearby pairs,
therefore, rapidly decreases at the early stages of life,
slowing as the EML is left only with lone molecules
that have no opportunity to react with appropriate
species in their immediate neighborhood.

For long-lived devices, it is often inconvenient to
wait until failure under the anticipated operating

conditions to determine the LTx of the population.
Hence, the use of a functional form such as Eq. 6.121
is essential, but its accuracy in predicting LTx depends
on the accuracy with which τ and β can be determined
over the time the device is under test. Hence, we often
quote the extrapolated luminous lifetime, which is the LTx
determined by extrapolating the actual measured time
to the calculated lifetime of the population using a
characteristic degradation function as the stretched
exponential.
An alternative means for decreasing the time under

test is to use accelerated aging methodologies. For ex-
ample, for lighting applications, we require L0 ¼
1000–3000 cd/m2 and LT70 ¼ 50,000 h. For displays,
the criteria are even more stringent: typically L0 ¼
600–6000 cd/m2 (depending on the pixel color, see
Table 6.10) and LT90 ¼ 10,000–30,000 h, since only a
fewpercent of differential aging between color pixels is
easilydiscerned as a shift in hue (Laaperi, 2008).Hence,
it is impractical to wait for such long times to directly
measure the MTTF. There are two principal means for
accelerating the aging of OLEDs: by increasing inten-
sity (which, equivalently, corresponds to an increase in
drive current), or by increasing the temperature.
Once again, the aging factors are empirically deter-

mined bymeasuring the changes in the slope of L(t) as
either intensity or temperature conditions are varied.
It has been found that the lifetime depends on the
initial luminance following:

LTxðL0Þ ¼ LTxðL0tstÞ· L0tst

L0


 �n
; ð6:122Þ

where L0tst is the initial luminance of the device under
accelerated test conditions, which is greater than its
value under normal operating conditions (L0), and n is
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Figure 6.164 Luminance decay of an OLED for several values of L0
shown in legend. Data are shown by points, and fits (dahed lines) to a
stretched exponential (Eq. 6.121) with β ¼ 0.53 for various τ are shown
by lines (Féry et al., 2005).
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the acceleration factor that varies between 1.5 and 2.5
(Féry et al., 2005, Orselli et al., 2012, Zhang et al.,
2014b). A plot of LT50 vs. L0 for the device in
Fig. 6.164 is shown in Fig. 6.165. The data (squares)
are fit by the straight line with n = 1.7. Note, that
since L / j, we conclude that lifetime is determined
by the total amount of charge that has passed
through the OLED, and since n > 1, increasing
the initial charge density results in more rapid
generation of non-radiative defects than at lower
charge densities. This is consistent with the model
that aging is catalyzed by multiple excitations on a
single molecule, or between neighboring mol-
ecules. Our discussion of energy-related degrad-
ation in Section 6.7.4 lends further support to this
hypothesis.
Increasing the operating temperature can also accel-

erate aging. We might assume that the probability for
destroying an emittingmolecule is thermally activated,
that is, the probability is P ¼ expð��EA=kBTÞ, where
�EA is the activation energy for the formation of non-
radiative molecular species. As noted above, the prob-
ability is increased by the presence of other emitting
molecules. Hence the energy for defect formation de-
creases as the number of emitting molecules, ne, de-
creases (Féry et al., 2005):

�EA neð Þ ¼ �EA0 � K ne0 � neð Þ; ð6:123Þ
whereK is a constant, andne0 and�EA0 are the number
of emitting molecules and the defect activation energy
at t ¼ 0. Then the rate of defect formation is

dne

dt
¼ 1

τr
expð��EAðneÞ=kBTÞ � K0ne; ð6:124Þ

where K0 is chosen to meet the boundary condition
that dne/dt = 0 at t ! ∞, and τr is the radiative
emission time for the molecules that competes with

defect formation. Solving Eq. 6.123 using Eq. 6.124
yields a thermally activated luminance decay time

τ ¼ τr
ne0

exp �EA0 � Kn2
e0

� �
=kBT

� 
: ð6:125Þ

Hence, the luminance time constant, τ, decreases with
increasing T. From Eq. 6.121, this suggests that in-
creasing temperature will accelerate the degradation
in luminance. The dependence of the activation en-
ergy on the number of emitting centers in Eq. 6.125
thus yields the stretched exponential behavior of the
luminance.
We have previously noted that, lacking an analyt-

ical theory for device degradation, the fits to L(t) are
inherently empirical. Hence, other expressions have
been used to approximate this decay, but none with
as few parameters as Eq. 6.121 (Tsujimura et al., 2012,
Yoshioka et al., 2014). In fact, the precision of the
extrapolated lifetime using this simple expression
has not always been acceptable (Meerheim et al.,
2006, Orselli et al., 2012). To increase the accuracy
over a long test period, a sum of exponentials can be
employed, viz. (Yoshioka et al., 2014)

L tð Þ=L0 ¼ λexp �t=τ1ð Þ þ 1� λð Þexp �t=τ2ð Þ; ð6:126Þ
where λ, τ1 and τ2 are fitting parameters. The first
term expresses the rapid initial decay, and the second
fits the extended long-term decay. Hence, τ1� τ2 and
λ depends on the relative magnitudes of these two
aging regimes. Since most of the luminance loss oc-
curs over the long term in reasonably high perform-
ance OLEDs, it is safely assumed that λ � 1. In fact,
the physical assumptions leading to both Eqs. 6.121
and 6.126 are similar; that initial decay is more rapid
than long term luminance loss due to a an initially
accelerated depletion of emitting molecules.
The use of Eq. 6.126 entails the separate fits to the

early and late stages of luminance decay, with L(t)
vs. j shown in Fig. 6.166 for a PHOLED with the
structure: glass substrate/150 nm ITO/60 nm
HATCN/30 nm Ir(ppy)3 (6%):CBP/10 nm BAlq/30
nm Alq3/1.6 nm LiF/150 nm Al. The sum of expo-
nentials provides an accurate fit to the data at all
current densities, with a reasonable expectation for
predicting LT50 even at the lowest current densities
examined. The rather small impact of early aging is
observed at the lowest current densities (m � 2),
where adjustments at t < 200 h were needed to
assure that L(t)/L0 ¼ 1 at t ¼ 0.
The thermal activation of degradation following

Eq. 6.125 is shown in Fig. 6.167 for the same green
PHOLED. We observe that the data for the long
term rate is thermally activated, independent of
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Figure 6.165 Accelerated aging of the green OLED in Fig. 6.164 via
increasing initial luminance, L0. The data are shown by squares, and the
power law fit using Eq. 6.122 with n ¼ 1.7 is shown by the line (Féry
et al., 2005).
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current density. The activation energy, which is also
independent of j, is �EA0 ¼ 0:34±0:02eV. The ther-
mally activated luminance decay suggests that in-
creasing temperature can predictably accelerate the
OLED aging. However, it is important that a single
value of�EA0 is associated with each failure mechan-
ism. Hence, the aging temperature should not be so
high as to introduce new degradation channels that
are inactive under normal device operating condi-
tions (i.e. employing T > Tg, the glass transition tem-
perature of the layers).

Combining the results of the data in Figs. 6.166 and
6.167, along with the sum of exponentials empirical
analysis, we arrive at an expression for the long-term
decay time constant of

1
τ2
¼ K

00
jαexpð��EA0=kBTÞ; ð6:127Þ

where K00 is a fitting parameter. The universality of
Eq. 6.127 is illustrated by a plot of all the lifetime,
current and temperature data of Figs. 6.166 and 6.167,
in Fig. 6.168 using α = 1.20 and �EA0 = 0.34 eV. The
observation that all the data fall on a single line implies
that�EA0 and α are independent of the test conditions.
Furthermore, these data support the conclusion that
the luminance depends on the total amount of charge
that has flowed through the device at a given time
during its life cycle.

The test conditions used in obtaining reproducible
and accurate data for the long term reliability of the
devices must be carefully controlled. As noted previ-
ously, to achieve long lifetimes and reliable data

sets, the materials used must be purified, and the
fabrication conditions are sufficiently stable to ensure
there is little variation between device characteristics
made on different processing cycles. Absent this sta-
bility of the fabrication process, the aging tests are
likely to be tainted by minor, and relatively uninter-
esting variations between device populations whose
presence will obscure the underlying sources of fail-
ure and result in errors in the extrapolated device
lifetime.
Beyond process stability and materials purity, long-

term reliability tests should have the following
features:
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Figure 6.166 Luminance vs. time of a green PHOLED at several different
current densities at T ¼ 25oC. Here, j0 ¼ 6 mA/cm2 corresponds to L0 ¼
1800 cd/m2. The data are shown by solid lines, and the fits to the sum of
exponentials (Eq. 6.125) are dashed lines (Yoshioka et al., 2014).

j0x m

1/kBTEL (eV–1)

1/
τ 2

 (h
–1

)

0.01

0.001

0.0001

0.00001
30 32 34 36 38 40 42

m = 10
7
5
3
2
1

Figure 6.167 Thermal activation of τ2 in Eq. 6.126 at several current
densities. Here, j0¼ 6 mA/cm2 corresponding to L0¼ 1800 cd/m2. TEL is the
actual temperature of the organic layers as determined from the temperature
dependent j–V characteristics. The data are shown by points, and the fits to
Eq. 6.125 (assuming Kn2e0!0) are lines (Yoshioka et al., 2014).
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Figure 6.168 Universal dependence of the luminance loss of green
PHOLEDs on current and ambient temperature (T) following Eq. 6.127
(Yoshioka et al., 2014).
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(i) A statistically significant population of devices
should be examined to ensure reliable determin-
ation of LTx. Since the random uncertainty of a
parameter in a population of N devices is propor-
tional to

ffiffiffiffi
N
p

, a minimum number of devices for a
trustworthy sampling typically ranges from 10
to 100.

(ii) Care must be taken to ensure the test parameters
(e.g. j,T) andmeasurementsystemsareaccurateand
stable over long test periods of typically 100–
10,000 h.

(iii) The devices must be maintained in a controlled
environment for the duration of the test. These
parameters include humidity, temperature and
ambient light. It is common that the OLEDs are
contained in packages that are epoxy sealed in
ultrahigh purity nitrogen (<1 ppm O2 or H2O),
along with a desiccant to scavenge residual H2O
incorporated in the organic films and package
prior to encapsulation. A typical OLED package
used in lifetime and in practical applications is
illustrated in Fig. 6.169. The packages are sealed
with aUVcured epoxy applied around theperiph-
ery of the lid and substrate. The lid is often either
metal or a second thin glass sheet.Adesiccant such
as BaO is deposited on the inner surface of the lid.

6.7.2 Degradation due to contacts and interfaces

The quality of the contacts and heterointerfaces
within the device structure can have significant effects
on the OLED lifetime. This failure mode can result
from defects, impurities, charge, and excited state-
induced chemical degradation of the layers. And
when the interface presents a significant barrier to
charge transport it can induce thermally-activated
morphological and chemical changes. Many of these
effects are of exogenous origin, and hence can be

reduced or eliminated by using only stable materials,
and the OLED fabrication processes are carefully con-
trolled to prevent defects and impurities from entering
the device active area.
Dark spot defects visible at the cathode contact

have been identified as a significant source of failure
(Burrows et al., 1994). The formation of dark spots
was microscopically investigated in conventional
Alq3/TPD devices. The devices exhibit considerable
non-uniformities in EL intensity across their diam-
eters (Fig. 6.170a and b). Several bright spots observed
when the device is first turned on in air eventually
transition to dark spots. Also, small dark spots grow,
and even a few dark spots become intensely, albeit
briefly luminescent with time. These changes are at-
tributed to film non-uniformities, or to dust or other
defects residing on the substrate that create pinholes.
The electric field at the edges of the non-uniform
region is higher than elsewhere, forming areas
where the current (and hence the EL) is higher.
These quickly carbonize, resulting in regions of rela-
tively low emission intensity that continue to grow
over time until the entire device area is consumed,
rendering the OLED entirely non-emissive.
Packaged devices aged for several hundred hours

show numerous pinholes apparent in the top elec-
trode surface. When viewed from the bottom, the
pinholes are still visible, which indicates that they
penetrate the entire film. Furthermore, they are sur-
rounded by discolored and non-emissive halos
(Fig. 6.170c and d). These regions are possibly due to
de-wetting (i.e. blistering) of the organic from the
metal cathode. As in the EL images, the pinholes are
likely due to defects in the film, electrode or ITO,
creating regions of high electric field that burn out
over time. It has been proposed that the discolored
areas may be due to galvanic corrosion of Mg, result-
ing in the evolution of Mg(OH)2 gas that forces the

Substrate

OLED layersInsulator

Lid

Cathode

Dessicant

ITO

UHP N2 Epoxy 
seal

Figure 6.169 Example OLED packaging scheme. The insulator (often SiNx or SiO2) is used to prevent the metal cathode and ITO anode from shorting.
The desiccant (e.g. BaO) is pre-deposited onto the glass or metal lid. Ultrahigh purity (UHP) N2 or other inert gas fills the gap between lid and substrate. The
package is sealed with UV curable epoxy applied around its periphery.
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organic to delaminate from the electrode around the
pinholes, subsequently admitting water into the ac-
tive region (Aziz et al., 1998).

Metal cathodes other thanMg:Ag have shown simi-
lar effects of electrolysis with water. For example,
Alq3/TPD OLEDs using Al contacts develop non-
emissive, delaminated dome-like bubbles after oper-
ation in air. Mass spectrometry analysis indicates that
these delaminated areas are filled with oxygen and
hydrogen as products of electrolytic reactions be-
tween water and Al (Do et al., 1996). The ITO anode,
too, can impact device lifetime. Plasma and other
surface treatments clean the surface, and reduce the
injection barrier to holes (and hence reduce the elec-
tric field across the anode/organic interface) leading
to improved OLED operational lifetime (Wu et al.,
1997b). Indeed, residual water in PEDOT:PSS anodes
can lead to rapid degradation, similar to the effects
found when cathodes are exposed to humid environ-
ments (Fehse et al., 2008).

Organic–organic interfaces have also been impli-
cated in device degradation. Specifically, interactions
between the high density of hole polarons and
excitons at HTL/EML interfaces lead to a rise in
operating voltage that accompanies a decrease in lu-
minance. Following the method of Giebink et al.
(2009) described in the following section, a hole-only
conducting device was used to investigate changes in
the interfaces of a 5 nm thick layer of a TPBi ETL
sandwiched between two 20 nm thick CBP HTLs, as

shown in the inset of Fig. 6.171a. The voltage rise
across devices (�V) operated in nitrogen was moni-
tored as a function of time under 0.5 mW/cm2 illu-
mination at λ ¼ 365 nm (denoted by L), under a
constant current density of 20 mA/cm2 (j), and
under their combination (L+j). Excitons are only gen-
erated in TPBi at this wavelength. Using these various
conditions, the separate effects of current and illumin-
ation are determined.
In Fig. 6.171a, there is a minor increase in voltage

over time for conditions L, a significantly higher in-
crease with j, and a higher increase when both excita-
tions are simultaneously applied, L+j. Notably, this
combined excitation results in a significant increase in
voltage rise compared to the sum of the voltage rises
from separate application of these stimuli (solid line
corresponding toΣ(L,j)). In contrast, in a device lacking
the HTL/ETL interface, there is no enhanced degrad-
ation from the combination of current and illumin-
ation, as shown in Fig. 6.171b. From this we infer that
excitons generated inCBP interactwith holes in TPBi at
their interface, inducing the voltage change.
The polaron/exciton induced degradation was

further examined by placing a very thin red fluores-
cent DCJTB layer doped at 4% in CBP in the proxim-
ity of the interface. This layer decreases the exciton
lifetime from �1.3 ns in CBP, to 0.5 ns in the doped
zone. If excitons play a role in degradation, then
decreasing their natural decay rate should result in
a decreased impact on the operating voltage over

(a)

A

B

(b)

A C

B

(c)

A

D

E
C

B

1 mm

Mg:Ag

ITO

(d)

A
D

E

C

B
Mg:Ag

ITO

Figure 6.170 (a) Relative EL intensity image of an as-grown unpackaged Alq3/TPD OLED as viewed via the ITO contact. (b) Image taken after operation
for 4 min in air, showing that one defect (A) transitions from a high intensity spot to a dark spot, and another that begins as a small dark spot (B) has
grown. An edge defect (C) transitions from dark to light. (c) Micrographs near the edge of the cathode contact of an encapsulated OLED after several
hundred hours of operation as viewed from the top and (d) bottom surfaces of the device as shown in diagrams to the right (Burrows et al., 1994).

6.7 RELIABILITY OF ORGANIC LIGHT EMITTERS 507



time. That is indeed the case in Fig. 6.171c and d,
where placing the DCJTB layer within a Förster
transfer radius of the interface results in a smaller
increase in �V than when it is placed farther
away. When placed within 1 nm of the interface
(Fig. 6.171d), the sum of the individual impacts of
current and illumination, Σ(L,j), is nearly the same as
their combination, L+j.
The coexistence of a high density of excitons and

polarons in OLEDs can result in interactions that lead
to physical aggregation of the host (CBP) molecules
(Wang et al., 2014b). Aggregates may introduce mid-
energy gap interfacial defects that lead to increased
voltage and decreased luminance. The formation of
interface traps was identified by thermally stimulated
current measurements of TADF-based OLEDs with

ultrathin (�2–3 nm) dipolar Liq layers located at the
EML/HBL or HBL/ETL interface (Tsang et al., 2016).
These morphological effects appear to be more preva-
lent in wider energy gap hosts (Zhang and Aziz,
2016). Attribution to morphological changes is based
on an absence of new chemical species formed during
aging, or to thermal effects that would introduce
spectral changes for the j devices that are also found
in the L+j devices. A long wavelength spectral feature
due to aggregation (and thus excimer formation) in an
OLED comprising these two materials was observed
only in the L+j case (Wang et al., 2014b). Unfortunate-
ly, no explanation as to why excitons and polarons
induce aggregation of host molecules has been pro-
posed, nor is there direct morphological evidence for
the existence of such aggregates.
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Figure 6.171 Voltage rise (�V ) vs operation time for hole only devices in the presence of current (j), illumination at λ = 365 nm (L) and the presence of
both (L+j). The data are shown by points, and the solid line is the sum of the j and L data, denoted Σ(L,j). In (c) and (d), a thin layer of the red emitting
fluorophore, DCJTB is placed at (c) 5 nm and (d) 1 nm distance from the interface between CBP and TPBi. Insets: Device structures used in the
corresponding tests. After Wang and Aziz (2013).
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An alternative explanation for these effects is that
a decrease in energy barriers at the interfaces reduces
the charge pile-up, thus reducing chemical reactions
catalyzed by cationic or anionic species. The effect-
iveness of reducing energy barriers is tested by
blending the electron and hole transporting mater-
ials in the EML. Schematic illustrations of three dif-
ferent compositionally graded HJ EMLs are shown
in Fig. 6.172a. The conventional abrupt heterostruc-
ture consists of an ETL doped with the fluorophore
adjacent to the HTL. Holes, electrons, and excitons
pile up at the HJ between the layers, with the charge
density depending exponentially on the size of the
HOMO and LUMO energy offsets at the interface. In
the graded mixed HJ, the dopant resides in an area
where the HTL and ETL are mixed. This allows for
considerable penetration of both electrons and holes
in the exciton formation region, reducing the peak
density of these species, but not the total number of
excitons generated. The third device is a uniformly
mixed HTL-ETL-chromophore device that spreads
the polarons and excitons evenly throughout the
blended EML.

The lifetimes of three green emitting HJ OLEDs in
Fig. 6.172 based on C545T-doped fluorescent OLEDs
employing NPD as the hole transporting, and Alq3
as the electron transporting hosts were compared to
an Ir(ppy)3:CBP abrupt HJ PHOLED. The most effi-
cient fluorescent device had an abrupt HJ with an
efficiency of 15.5 cd/A, followed by the graded
mixed device at 9.5 cd/A, and finally the graded
junction device at 8 cd/A. The lower efficiency of
the graded devices results from reduced charge con-
finement, and hence a broader emission zone
(Chwang et al., 2002).
The reduction of local densities of polarons and

excitons leads to a considerable increase in operation-
al lifetime (see Fig. 6.172b). Consistent with the hy-
pothesis that charged and excited molecules lead to
degradation, the abrupt junction device shows a life-
time of LT50 ¼ 8000 h (normalized to L0 ¼ 100 cd/
m2), compared with 14,000 h for the graded mixed
structure, and 24,000 h for the uniformly graded de-
vice. Interestingly, the PHOLED has the longest life-
time with LT50 ¼ 35,000 h. This is due to its requiring
a significantly lower current to achieve the same lu-
minance as the fluorescent devices (cf. Eq. 6.127),
along with the more rapid harvesting of triplet states
that linger in fluorescent devices (Burrows et al.,
2000). Reactive triplets either on the host or dopant
in fluorescent devices have lifetimes of seconds or
longer, during which time the molecules comprising
the EML can undergo chemical dissociation. In PHO-
LEDs, the triplet is harvested by the dopant and ra-
diatively recombines on timescales of a few hundred
nanoseconds to a few microseconds, drastically redu-
cing the time available for excited state reactions.
Hence, it is reasonable to assume that the vastly short-
ened triplet lifetimes in PHOLEDs vs. that in fluores-
cent devices should also yield lifetime improvements.
We will show in Section 6.7.4 that this is indeed true
for all but blue emitting PHOLEDs where energy-
driven aging mechanisms are active.

6.7.3 Degradation due to thermal effects and
chemical decomposition

At this point it should be apparent that degradation is
most likely due to a combination of effects. That is,
assigning device aging simply to aggregation from a
combination of polarons and excitons, or to layer
delamination in the absence of thermal effects,
environmental exposure, or energy-induced molecu-
lar decomposition generally provides a far from com-
plete picture of all the mechanisms that shorten
device operational lifetime.
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Figure 6.172 (a) Schematic of three types of HJ OLEDs: a conventional
bilayer HJ, a graded-mixed HJ where the ETL and HTL are blended along
with the dopant across the EML, and a uniformly mixed co-host device.
The “range” of hole and electron injection is illustrated by the arrows
beneath each junction. (b) Luminance as a function of aging time for
packaged devices using C545T as the fluorescent dopant with the
structures in (a), or an abrupt HJ Ir(ppy)3 PHOLED. The LT50 normalized to
L0 ¼ 100 cd/m2 for each device is shown in the inset table. After Chwang
et al. (2002).
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In this context, we showed in Section 6.7.1 that the
decrease in luminance is accelerated at elevated tem-
peratures, with an activation energy, �EA. Thermal
effects are an excellent example of how a single envir-
onmental variable can lead to numerous degradation
pathways by accelerating morphological changes,
degradation of molecular species, interdiffusion of
constituents across interfaces, layer delamination,
and so on. Primarily, elevated temperatures have
two effects: disrupting the morphology of the as-
deposited films that is particularly significant for
low Tg materials, and decomposition of the constitu-
ent molecules.
Exceeding Tg of the materials comprising the

OLED can lead to their crystallization on re-
cooling. The crystallized areas disrupt the lamellar
film structure, leading to shorts across the EML. For
sufficiently low Tg, this process can occur even at
room temperature, and can be accelerated by local
Joule heating during device operation. For most
devices, Joule heating (with dissipated power dens-
ity of jV) is small, although this does not avoid the
problem of crystallization when the ambient tem-
perature is increased. Hence, finding materials sets
with high Tg is of great importance (O’Brien et al.,
1998). While the device temperature rise may only
be a few degrees above ambient, the local tempera-
ture at energy barriers between layers, or within a
particular resistive layer itself, may be considerably
higher.
The surface temperatures of several WOLED panels

measured using a forward looking infrared (FLIR) ther-
mal imaging camera are shown in Fig. 6.173. The two
15 � 15 cm2 phosphorescent panels have efficacies at
L0 ¼ 3000 cd/m2 of 49 lm/W, whereas the 8 � 8 cm2

fluorescent panel has an efficacy of 16 lm/W. The
luminous emittance plotted in Fig. 6.173 is the efficacy
times the area filled by the emitting surface. The latter
is known as the aperture ratio. The surface temperat-
ures of the PHOLED panels are considerably lower
than the fluorescent panel. At L0 ¼ 3000 cd/m2,
the surface temperatures are 29.4°C and 27.2°C for
the panel in the center inset photo (panel 1) and
the one on the right (panel 2), respectively. The dif-
ference is a result of the different aperture ratios for
the two panels. In contrast, the lower efficiency fluor-
escent panel has a surface temperature of 40.5°C
(Levermore et al., 2012).
The relationship between operating temperature

and lifetime is shown in Fig. 6.174, with a thermal
image of the surface of one half of panel 2 in the
absence of heat sinking. Consistent with the discus-
sion in Section 6.7.1, there is a pronounced

dependence of panel lifetime on temperature. At
3000 cd/m2, the activation energy of the lifetime is
EA¼ 0.40 eV, leading to a 1.65-fold increase in lifetime
per 10°C reduction in temperature. The cause of this
degradation is not apparent from these data alone.
The relationship between device temperature and

current is

jV � Popt ¼ cspρL
∂T
∂t
� κT∇T; ð6:128Þ

where Popt is the optical power emitted by the OLED,
csp is the specific heat capacity (with units of [J/kg K]),
ρ is the mass density of the solid, L is the layer thick-
ness, and κT is the thermal conductivity ([W/m K]).
The terms on the left hand side of Eq. 6.128 give the
power dissipated via Joule heating, which is de-
creased by the fraction of power carried by out-
coupled photons, the first term on the right is the
transient temperature rise, and the last term is due
to thermal conductivity via the substrate or convec-
tion. We assume that the temperature rise is suffi-
ciently small that radiative losses (equal to εradσSBT4,
where εrad is the emissivity and σSB ¼ 5.67 �
10�8 W m�2 K�4 is the Stefan–Boltzmann constant)
are small. However, this is not always the case, with a
more precise approach to calculating the temperature
of multilayer OLEDs to be found elsewhere (Qi and
Forrest, 2011, Bergemann et al., 2012).
Since the primary heat loss in steady state is via the

substrate, the choice of substrate materials is of vital
importance. Figure 6.175 shows thermal images as a
function of time for top emitting devices with the
structure: substrate/300 nm Ag/4 nm MoO3/54 nm
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NPD/53 nm Alq3/1 nm Yb/20 nm Ag/45 nm Alq3
driven at L0¼ 10,000 cd/m2. The top Alq3 layer serves
as an antireflection coating to improve optical out-
coupling (Chung et al., 2009). Three different sub-
strates were used: glass (with κT ¼ 1 W/m K),
polymer planarized SUS stainless steel (16 W/m K)
and Si (150 mW/m K). The substrate conductivity
plays a significant role in the steady state temperature
(64.5, 40.5, and 21.4°C, respectively) as well as the
lifetime. With L0 ¼ 10,000 cd/m2, the LT80 ¼ 31 h
for glass, 96 h for SUS stainless, and 198 h for Si,
corresponding to �EA ¼ 0.39 eV.

The temperature can be further reduced through
the use of pulsed rather than continuous current
drive. The pulsed duty cycle should be sufficiently
small to allow for thermal recovery with time

constant τT ¼ cspρL2=κT between pulses (Cao et al.,
2015). Temperature is also reduced by decreasing
the contact (e.g. ITO/HTL) energy barriers or by em-
ploying doped transport layers to decrease series re-
sistance, and thus Joule heating (Meerheim et al.,
2006).
The morphological damage from heating can be

manifested by local crystallization or film expansion.
When the films are heated to T > Tg, the entire struc-
ture undergoes expansion, leading to strain between
layers, and possibly delamination. A dramatic dem-
onstration of the dependence of strain with tempera-
ture in Fig. 6.176a obtained via X-ray beam specular
reflection from the surface of an initially planar TPD/
Alq3 heterostructure on a Si substrate. The initial mo-
lecularly flat surface results in an extended series of
intensity oscillations due to Fabry–Pérot modes from
X-ray reflection at each interface within in the struc-
ture. The film at T ¼ 91°C has fewer resolvable oscil-
lations than at lower temperatures, indicating a
reduction in flatness.
A Fourier transform of these oscillations yields the

layer thicknesses (Fenter et al., 1997). The thermal
expansion of the two layers plus that of the entire
film is shown in Fig. 6.176b. The thickness is un-
changed up to 83°C, at which point the Alq3 thickness
decreases by 5 Å while the TPD film increases by 11
Å, leading to a net film expansion of 6 Å. At 93°C, all
three layers show a rapid increase in thickness, ac-
companied by a decrease in intensity of the Fourier
transform peaks (Fig. 6.176c). This results from film
roughening: as the film thickness varies across the
sample, beam scattering increases, resulting in de-
structive interference of the reflected X-ray wavefront.
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Figure 6.174 Panel lifetime to LT80 vs operating temperature. Inset:
FLIR surface image of the panel at 3000 cd/m2 after 10 min of operation
(Levermore et al., 2012).
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This reduces the intensity and the regularity of the
oscillations.
These data, along with the absence of X-ray evi-

dence for crystallization, suggest that the TPD film
undergoes expansion once its glass transition tem-
perature of 60°C is exceeded. Expansion results in
strain between the films that introduces blistering
and other damage that propagates to the heteroin-
terface. Thermal expansion induced strain is also
likely to introduce defects that lead to non-
radiative recombination of charges and excitons,
and hence a reduced OLED luminance. While the
effects revealed in Fig. 6.176 occur by uniform
heating, similar effects can occur on a local level
due to current “hot spots” arising from non-
uniformities in growth, inhomogeneities in blends
of more than one molecular species, contacts, sub-
strate irregularities, etc.
Thermal effects can be minimized by using ma-

terials with a high Tg. Mixing low and high Tg

components in a single layer increases Tg above
that of the the lowest component. In effect, the

doping of the film by a high Tg species acts to
“pin” the morphology in its as-grown state. This
method for increasing Tg is useful when a low Tg

material has a desired optoelectronic property (e.g.
a large energy gap in a blocking layer) but has
insufficient morphological stability needed for a
long device lifetime. The glass transition tempera-
ture for the mixture is

1
TgM
¼ wA

TgA
þ wB

TgB
; ð6:129Þ

where wA,B is the weight percent of components A, B,
respectively (Rudin and Choi, 2013). Component mix-
ing has been used to significantly extend the oper-
ational lifetime of Ir(ppy)3:CBP PHOLEDs by
blending the blocker BPhen (Tg ¼ 62°C) with BAlq
(Tg ¼ 92°C) (D’Andrade et al., 2003).
Simultaneous exposure to heat and current gener-

ates defects in the bulk due to molecular fragmenta-
tion. The fragments form exciton quenching as well as
charge recombination sites (Scholz et al., 2007,
Kondakov, 2008, Kondakov, 2015). Trap generation
is inferred from an increase in operating voltage and a
decrease in luminance efficiency. We can determine
the relationship between the voltage rise and lumi-
nance loss over time by assuming that traps are
formed at rate KX. Then the density of fixed charge
trapped at position x, is Q(x). Following the treatment
of Giebink et al. (2009), we can write Poisson’s
equation as

� d2V
dx2
¼ dF

dx
¼ q

εrε0
n xð Þ þ nt xð Þ þ ζQ xð Þð Þ: ð6:130Þ

Here, the trapped electron density is nt(x), and the
fixed charge due to defects is treated as a perturbation
of strength, ζ. A similar expression applies for hole
densities p >> n.
Following the treatment in Section 4.4.2 for an

exponential trap distribution in the limit of n � nt,
we obtain a solution of the form: V ≅V0 þ ζV1, where
(Kao and Hwang, 1981)

V0 ¼ l
2lþ 1

lþ 1
l

d

 �2lþ1=lþ1 qHt

εrε0N
1=l
LUMO

 !l=lþ1
j
qμ

� �1=lþ1
:

ð6:131Þ

Here, d is the film thickness and μ is the electron
mobility. The characteristic trap temperature is Tc,
where l ¼ Tc=T, and NLUMO and Ht are the densities
of LUMO and trap states at the transport level,
respectively. When an a.c. voltage is applied
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Figure 6.176 (a) X-ray reflectivity data of a 29.6 nm TPD/51.8 nm Alq3
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whose modulation rate exceeds the characteristic
trapping frequency, the small-signal capacitance is
given by

C ¼ dQtot

dV
¼ 1

μ

d
dV

j
F

� �
; ð6:132Þ

where Qtot is the total mobile charge. Then from
Eq. 6.131,

C0 ¼ q
NLUMO

Hl
t

lð2lþ 1Þ
ðlþ 1Þ2

εrε0
q

 !l
l

ð2l� 1Þ
Vl�1

d2l�1
: ð6:133Þ

Adding the area-specific geometric capacitance,
Cgeom ¼ ε/d to C0 gives the total device capacitance.

We start with the ansatz that defect formation re-
quires the presence of a polaron on the molecule,
forming an anionic or cationic state. Then the rate of
change of the defect density is:

dQ
dt
¼ KX nþ ntð Þ: ð6:134Þ

Defects can be formed on both the ground and excited
states. Thus, KX is written as

KX ¼ KX1 þ KX2G; ð6:135Þ
where KX1 is due to ground state degradation while
KX2 describes degradation of the excited state, such
as via exciton–polaron annihilation. Hence, KX2 is
only present for molecules subject to an excitation
at rate, G.

Equation 6.130 can be solved to first order in the
perturbation ζ under the assumption that n � nt.
Then, the voltage at constant j increases with time
according to

VðtÞ � V0 þ ζV1ðtÞ ¼ V0 1þ ζtlKX

tKX þ lþ 1

� �
: ð6:136Þ

Similarly, the capacitance decreases over time:

CðtÞ � C0 1þ ζtlKX

tKX þ lþ 1

� ��1
: ð6:137Þ

Temporal changes in voltage, �V ¼ VðtÞ � V0, and
capacitance, �C ¼ CðtÞ � C0, are thus nonlinear at a
constant j since polaron-induced defect states increase
the voltage,which in turn increases thepolarondensity.

A schematic diagram of an experimental setup used
to determine the role of defects in the OLED voltage
and luminance over time is shown in Fig. 6.177a. In
a demonstration of the method, four equivalent
electron-only test structures (eTST) shown in
Fig. 6.177b were simultaneously monitored to separ-
ately understand influences of polarons and excitons.

The test conditions for each of the devices are the
same as in Fig. 6.171: constant intensity optical excita-
tion (condition L), constant current (j), and the com-
bination of the two (L+j). A device that is exposed to
neither current nor illumination is used as a control
(C). Each device is monitored over an extended time
interval by periodically sampling both the voltage at
constant j, and its capacitance-voltage characteristics.
Optical excitation at λ¼ 442 nm is only absorbed by Ir
(ppy)3, thereby eliminating exciton generation on
mCBP for the device in Fig. 6.177b (Holzer et al.,
2005).
The eTST device consist of the 15 wt% Ir(ppy)3:

mCBP EMLs sandwiched between electron con-
ducting BAlq layers. Analogous hole-only devices
locate the EML between NPD layers. To isolate
effects of degradation in the BAlq buffer, a control
device (eCTL) lacking the EML was fabricated,
shown in Fig. 6.177b. Extrinsic factors such as deg-
radation due to environmental exposure are identi-
fied using the control device, eCTL, and the C test
condition.
Example �C ¼ C(t) � C(t ¼ 0) data collected at

12 V for the electron-only devices in Fig. 6.177b
at optical intensities of 1.1 and 19.5mW/cm2 are
shown in Fig. 6.178. Electron current alone (condition
j, open squares) reduces the capacitance of eTST
in Fig. 6.178a. A further decrease in capacitance oc-
curs for the combined condition, L+j (open circles),
with negligible deviation from condition j at low
pump intensities, to progressively larger shifts as in-
tensity, I, is increased. No changes are observed in
any of the eCTL devices (see Fig. 6.178b), or for eTST
at any intensity, L, or C conditions. Fits to the
data using Eq. 6.136 assuming, μ ¼ 2.2 � 10�7 cm2/
V s, l¼ 5.5,Ht¼ 1.3� 1018 cm�3 (obtained from the j–
V characteristics), NLUMO ¼ 1023 cm�3, and ζ ¼ 0.05
are shown by the solid lines in Fig. 6.178a.
The data obtained in this study yield a rate of defect

formation for eTST devices of KXðs�1Þ � 3:6� 10�5

þ5:2� 10�7IðmW=cm2Þ. This linear relationship
with a non-zero intercept at I ! 0 suggests degrad-
ation by polaron interactions (condition j). Since
the LUMO of Ir(ppy)3 is above that of mCBP, electron
conduction through the Ir(ppy)3:mCBP matrix occurs
via the host. Thus, mCBP anions appear to be un-
stable, and become more so upon optical excitation.
From Eq. 6.137, the linear relationship for eTST can

be rewritten:

KX ¼ KX1 þ KX2
IτPh 1� exp �2αEMLxEMLð Þð Þ

xEMLEph


 �
;

ð6:138Þ

6.7 RELIABILITY OF ORGANIC LIGHT EMITTERS 513



where the quantity in brackets is the density of
Ir(ppy)3 excitons generated at intensity, I. Thus,
KX2 is the rate coefficient due to the combined
probability of annihilation with Ir(ppy)3 excitons
followed by dissociation of the excited polaron
state. Also, τPh is the Ir(ppy)3 phosphorescent life-
time, xEML is the width of the Ir(ppy)3-doped layer,
αEML is its absorption coefficient, and the photon
energy is Eph. Taking αEML ¼ 4 � 103 cm�1 at
λ ¼ 442nm (Holzer et al., 2005). we obtain
KX2 ¼ ð3±1Þ � 10�20cm3s�1, which is consistent
with the empirical relationship given above. These
results indicate luminance loss in an Ir(ppy)3:mCBP
OLED is predominantly due to non-radiative
electron–hole recombination at defect sites formed
by the interaction of an electron polaron on the host
mCBP and an exciton on Ir(ppy)3. The defect sites
are responsible for the increase in voltage and

decrease in capacitance and luminance with device
operation (Giebink et al., 2009).
The preceding analysis indicates that generation

of deep levels over time is one mechanism respon-
sible for device aging. Yet it does not provide direct
information about the chemical origin of those de-
fects. One possible source is molecular fragmenta-
tion following reactions between radical and neutral
species, perhaps resulting in spontaneous dimeriza-
tion. Molecular fragments are identified using laser
desorption/ionization time-of-flight mass spectroscopy
(LDI-TOF-MS). A schematic diagram of the spec-
trometer is shown in Fig. 6.179. A high energy (UV)
laser beam ionizes and desorbs molecules at the
target. The ionized species are accelerated and se-
lected by the ratio of mass-to-charge (m/z) in the
precursor selector. Unwanted ionic species are
eliminated by collisions with non-reactive (e.g. He)
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and/or reactive (e.g. H2) gases in the collision cell.
The remaining molecules are accelerated once
more, and subsequently selected in the mass spec-
trometer analyzer. The measurement provides the

relationship between ionic species concentration vs.
mass. Analyzing constituent materials before and
after device aging can be used to identify molecular
fragments and compounds produced under stress
during OLED operation (Meerheim et al., 2008,
Moraes et al., 2011). Given the high intensity and
energy of the laser desorption beam, a high density
of molecular excited states are generated during the
measurement. This results in exciton annihilation
whose impact on defect generation can also be stud-
ied (Sandanayaka et al., 2015, Lee et al., 2017).
Figure 6.180 shows the LDI-TOF-MS intensity spec-

tra as a function of m/z for both a fresh and aged
Ir(ppy)3:TCTA PHOLED whose structure is shown
in Fig. 6.180a, inset. Two identical devices were fabri-
cated and encapsulated. The fresh device served as a
control, whereas the aged device was driven at 2.5
mA/cm2 (corresponding to L0 ¼ 1012 cd/m2), for 215
h, at which point it had lost 7% of its initial luminance.
The packages were then opened, and the top contacts
were peeled off to obtain the mass spectra.
The control device spectra exhibit signals from all

of the components comprising the OLED. After aging,
several new peaks emerge, notably those at or nearm/
z ¼ 663, 795, and 833. The larger mass species is
assigned to a dissociative reaction of Ir(ppy)3 to
form a reversible pair of fragments, [Ir(ppy)2]+ +
[ppy]�. The heavier fragment reacts with BPhen at
the EML/HBL interface to form Ir(ppy)2 (BPhen)
with m/z ¼ 833.2. The sequence of proposed complex-
ation reactions is shown in Fig. 6.186b and c. The
features at m/z ¼ 663 and 675 are identified with
BPhen dimers associated with a proton or Cs+ ion,
respectively. Furthermore, it is proposed that the Ir
(ppy)2(BPhen) complex results in energy gap states at
the interface that lead to recombination and accumu-
lation of charge (Moraes et al., 2011). Hence, while
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these investigations provide evidence for interface
reactions as well as defects formed within the
HBL, they do not rule out defects that occur within
the bulk of the EML, nor do they associate a particular
reaction product to a defect state that is responsible
for the drop in luminescence.
A study of aged Ir(ppy)3-based PHOLEDs using a

CBP host has also found numerous radical and ionic
species that are fragmentation products from
CBP. The species found after aging were isolated
using high performance liquid chromatography
(HPLC) and analyzed by nuclear magnetic resonance
(NMR) spectroscopy. Calculations of the energy
levels of the anions, cations and radicals led to two
conclusions: several electronic states developed

within the CBP energy gap, but they had very low
oscillator strengths and hence were non-radiative. It is
reasonable, therefore, to assume that these degrad-
ation products may lead to the loss of luminance
and increased voltage of the aged devices, yet no
direct correlation was reported between a particular
species and the changes in device performance
(Kondakov et al., 2007).
The inferential connections between reactions

at interfaces, as well as within the bulk layers them-
selves discussed in this section, and the resulting re-
duced performance is striking. We will show in the
following section how molecular fragments can be
associated with specific defect energy levels in aged
OLEDs.
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6.7.4 Lifetime of blue PHOLEDs: energy-driven
degradation

While it is not possible to consistently compare
the intrinsic lifetime of OLEDs comprising different
materials systems and with different emission pro-
cesses, it is clear that even the most optimized blue
emitting devices have far shorter lifetimes than
either red or green emitting OLEDs. Indeed, the blue
emitter in OLED displays and lighting is the major
limiting factor in the useable lifetime of such appli-
ances. With this caveat, a comparison of lifetime of
several OLEDs emitting at different wavelengths is
provided in Table 6.14. Here, the lifetimes of PHO-
LEDs, fluorescent OLEDs, and TADF-based OLEDs
taken from different laboratories are listed. Each of
these devices comprises a different materials set
and device architecture, so finding a consistent set of
data is not possible. Nevertheless, there is a rough
correlation between the energy of emission and de-
vice stability; the lower photon energy (red, green)
emitting devices exhibit longer lifetimes than blue
emitting devices. This is particularly pronounced for
PHOLEDs and TADF emitters, with a weaker corres-
pondence for fluorescent OLEDs. Furthermore, the
development of TADF emitters lags far behind that

of phosphorescent and fluorescent molecular
complexes. Anticipated advances in TADF molecular
engineering will undoubtedly lead to significant im-
provements in these materials as well.
A compilation of blue PHOLED lifetimes is given in

Table 6.15, roughly ordered by their CIE coordinates
from deep blue to greenish-blue (i.e. cyan). The com-
bination of longest lifetime and shortest wavelength
emission is found for Ir(dmp)3; a material that will be
discussed further below. However, even in this case
the lifetime is insufficient to qualify for either lighting
or display applications.
Since deep blue emitters are required in displays, it

has been necessary to pair the less efficient but longer-
lived fluorescent blue OLEDs with red and green
phosphors to achieve a suitably long lifetime. In add-
ition, red and green PHOLEDs have considerably
longer lifetimes than their fluorescent counterparts.
This leads to image “burn in” in displays that is a
consequence of loss of blue intensity as the screen
ages. As noted previously, phosphor dopants rapidly
harvest both singlet and triplet excitons. Since mater-
ial degradation is catalyzed by the combined presence
of an excited state and a charge, rapid elimination of
the exciton should increase device lifetime. In analo-
gous fluorescent OLEDs, the triplets have no

Table 6.14 Example lifetimes of PHOLEDs, fluorescent and TADF OLEDs normalized to L0 ¼ 1000 cd/m2

Color CIE coord. Lum. eff. (lm/W) LT95 (h) LT50 (h)

PHOLEDsa

Deep red (0.69, 0.31) 17 14,000 250,000

Red (0.64, 0.36) 30 50,000 900,000

Yellow (0.44, 0.54) 81 85,000 1,450,000

Green (0.31, 0.63) 85 18,000 400,000

Light blue (0.18, 0.42) 50 700 20,000

Fluorescent OLEDsb

Red (0.67, 0.33) 11 160,000

Green (0.29, 0.64) 37 200,000

Deep blue (0.14, 0.12) 9.9 11,000

TADF OLEDs

Greenc (0.34, 0.58) 15 1380e

Light blued (0.18,0.34) 17 40f

a Source: website, Universal Display Corp.
b Source: website, Idemitsu Kosan.
c Source: Tsang et al. (2016).
d Source: Cui et al. (2016).
e LT90.
f L0 ¼ 500 cd/m2 normalized to L0 ¼ 1000 cd/m2 using n ¼ 1.7 acceleration factor in Eq. 6.122.
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quantum mechanically allowed transition path to
the ground state, and hence they linger for many
seconds or longer, possibly negatively impacting
their lifetime.
The anomalously short lifetimes of blue OLEDs and

PHOLEDs leads one to conclude that aging is intrin-
sically linked to the energy of the excited state. In-
deed, it can be argued that extending the blue
PHOLED lifetime to several tens of thousands of
hours is the most important and difficult problem
confronting the field of organic electronics today.
Controlling intrinsic failure mechanisms in OLEDs
should also deepen our understanding of failure
mechanisms in organic electronic devices in general,
ultimately leading to their acceptance in numerous
other practical applications.
To understand the source of blue OLED failure, we

first need to understand what is different for these vs.
longer wavelength emitting devices:

(i) Lack of a large palette of hosts, charge transport,
and blocking layers. There are very few host ma-
terials whose triplet energies are higher than that
of the dopant. Blue photon energies are typically
>2.9 eV, which requires triplet energies at least

that high. Since the triplet energy is less than for
the singlet by the exchange energy (ranging from
0.1 to 0.5 eV), the host singlet energy is pushed
into the ultraviolet. To date, the most successfully
employed hosts have a biphenyl carbazole struc-
ture such as mCBP. Similarly, electron and hole
blocking layers must have very low LUMO ener-
gies (relative to vacuum). This results in materials
sets that are easily oxidized and whose ability to
balance charges within the EML is limited.

(ii) The photon energy is sufficient to break many
atomic bonds found in organic materials. In
Table 6.16 we show a few bond energies (BE)
found in common organic optoelectronic mater-
ials. Clearly, low energy bonds (e.g. O─O, N─O)
must be avoided since energy dissipation on such
bonds results in dissociation. However, almost all
molecules such as CBP have at least one C─N
bond, which is close to the photon energy from
deep blue emitters. And as we show in the ensu-
ing discussion, two particle collisions such as TTA
or TPA momentarily promote the molecular ex-
cited state to double the photon energy, that is, as
high as 5.5–6 eV. No bond can withstand such a
high energy excitation, but this assumes that all

Table 6.15 Lifetime comparisons of selected blue and cyan PHOLEDs

Phosphor CIE ηext (%) L0 (cd/m2) LT80 (h) Ref.

FIrpic & Pyrene-CN (0.15, 0.13) �2.5 500 ~1 (Lee et al., 2015b)

Ir(dmp)3 (0.15, 0.25) N/A 1880 75a (Yamamoto et al., 2011)

Ir(dmp)3 (0.16, 0.30) 9.6 1000 334 (Lee et al., 2017)

Ir(dmp)3 (0.16, 0.31) 9.5 1000 213 (Zhang et al., 2014b)

PtNON (0.17, 0.32) 9.1 1000 335a (Fleetham et al., 2016)

FIrpic (0.16, 0.36) 12.6 1000 0.1 (Zhuang et al., 2013)

Ir(ipripmi) (0.17, 0.37) ~14 1000b 24 (Klubek et al., 2014)

Ir(iprpmi)3 (0.17, 0.40) 19.6 1000 ~20 (Zhang et al., 2016b)

Ir(dbi)3 (0.19, 0.44) 23.0 1000 15 (Oh et al., 2016)

Ir(dbi)3 (0.19, 0.44) 4 1000 154 (Jeon and Lee, 2015)

a Extrapolated using an acceleration factor of n = 1.7 (cf. Eq. 6.122).
b Estimated.

Table 6.16 Bond energies (BE) of several atomic species commonly found in organic semiconductors

Bond BE (eV) Bond BE (eV)

C─C 3.64 N─N 1.69

C─H 4.28 N─O 2.08

C─O 3.71 N─H 4.05

C─N 3.04 O─O 1.51

C─F 5.03 H─H 4.52
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the excess energy from this reaction is dumped
into a single bond, which is not always true. The
deeper blue emitters have even higher energy
photons than blue-green PHOLEDs, leading to
ever shorter lifetimes. Doubling of green (2.3 eV)
and red (2.0 eV) photon energies is far less de-
structive of the molecular structure.

(iii) The triplet radiative lifetime tends to be longer
(2–5 μs) in blue emitting phosphors than in longer
wavelength complexes (�2 μs) due to reduced
3MLCT or 3LC coupling. The longer lifetime
leads to a higher probability for collision with
another triplet or polaron to produce a “hot” ex-
cited state. This problem is exacerbated in TADF-
based diodes due to their typically longer radia-
tive lifetimes (2–20 μs). This is reflected in the data
in Table 6.14. By the same argument, the short
lifetime of the singlet state (�1–10 ns) is respon-
sible for the longer lifetimes of fluorescent
blue OLEDs.

In Section 3.7.3, we discussed the energetic land-
scape of metalorganic phosphors. There, we found
that the principal routes to high efficiency phosphor-
escence is via 3MCLT and 3LC transitions. In this
context, blue emission can be accessed by chemical
modifications that either destabilize the LUMO, or
stabilize the HOMO, as shown in Fig. 6.181a. Desta-
bilization of the LUMO implies moving the LUMO

closer to the vacuum level. This creates a vulnerability
to oxidative dissociation of the molecules. As the T1

energy increases, the energy difference between T1

and the metal centered state, 3MC decreases. In
Chapter 3, we showed that 3MC is an antibonding,
σ� orbital, and further, due to its t2g symmetry, the
t2g!eg excited to ground state transitions are not al-
lowed due to parity violations. Therefore, 3MC is a
dark, or non-radiative state.
Examples of LUMOdestabilization for tris-bidentate

molecules starting from Ir(ppy)3 are shown in
Fig. 6.182. For Ir(ppy)3, the activation energy between
the T1 and 3MC state is 0.5 eV. Hence, the latter state
is thermally inaccessible and does not engage in mo-
lecular fragmentation. Assuming that TTA or TPA
supplies the excess energy necessary for molecular
dissociation, the hot (i.e. multiply excited) state will
have at least twice the triplet energy, that is, 2ET1.
Now, the free energy from the ground state, G0, to
the dissociative state, Gdiss is the energy of reaction,
viz. �Greact ¼ Gdiss � G0. Thus, dissociation requires
that �Greact > 2ET1. From DFT calculations, it is found
that�Greact � 2ET1 � 5:0eV (Jacquemin and Escudero,
2017). Since not all doubly excited states immediately
localize all of their energy on a single bond, it is un-
likely that Ir(ppy)3 dissociates either by hot excited
states or by thermal activation to the 3MC state.
The circumstances are considerably different for the

larger energy gap Ir(ppz)3. In this case, the 3MC state
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Figure 6.181 Pathways to stable blue phosphor complexes. (a) (top) LUMO destabilization and (bottom) HOMO stabilization. (b) Example blue emitting
Ir-complexes, starting with the archetype green emitting Ir(ppy)3.
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is thermally accessible to T1, with an activation energy
of only 0.2 eV. Due to the ease of access to 3MC, the
molecule is non-radiative, that is, the PLQY is ΦPL ¼
0. Furthermore, �Greact ¼ 4:18eV, which is consider-
ably smaller than 2ET1 ¼ 6.0 eV. This can result in
the rupture of the N1─C bond, forming the five
coordinated trigonal bipyramidal (TBP) structure in
Fig. 6.182, center. The energy difference between TBP
and 3MC of 0.4 eV is also too large for the molecule to
recover by healing of the bond rupture. For all of these
reasons, LUMO destabilization by this chemical route
is not a viable approach to achieve long-lived blue
phosphor.
The third molecule to consider is Ir(pmb)3, shown

in Figs. 6.181b and 6.182. Like Ir(ppz)3, T1 and 3MC
are separated by 0.2 eV. This leads to ΦPL of only
37%. However, since 3MC and TBP are degenerate,
bond rupture can result in reversibility of the dissoci-
ation reaction and hence a longer operational lifetime
of PHOLEDs employing this species. Furthermore, it
has been suggested that tris-bidentate N-heterocyclic
carbene (NHC) molecules such as Ir(pmb)3 can
have a longer lifetime as well as a high ΦPL since
�Greact ¼ 5:77eV compared to 2ET1 ¼ 6.0 eV for the
dissociative reaction IrðpmbÞ3! IrðpmbÞ2

� þ þ pmb½ 
�.
Unfortunately, this competes unfavorably with
IrðpmbÞ3 ! IrðpmbÞ2 C6H5ð Þþ C8N2H7ð Þ� where
�Greact ¼ 4:60eV (Jacquemin and Escudero, 2017).
Hence, this particular NHC still results in unstable
PHOLEDs, although NHCs with different energetic
manifolds may be found that do not undergo this
type of low energy ligand fragmentation.

The second approach to achieving blue is via
HOMO stabilization. This is accomplished by re-
placing the luminescent moiety with an ancillary
ligand such as acetylacetone (acac), picolinate (pic),
or pyrazolyl (ppz). This raises the 1MLCT state
without affecting the 3LC. From Eq. 3.185 we see
that the triplet is stabilized by the singlet via

E0 3LC
� � ¼ E 3LC

� �þ jh1MLCTjHSOj3LCij2
E 3LC
� �� E 1MLCT

� � : ð6:139Þ
The increase in 1MLCT thus results in an increase in
3LC, thereby shifting the emission toward the blue.
The attachment of ancillary, non-radiative ligands has
proven to be a viable approach to achieving greenish-
blue (cyan) emission, illustrated by the two examples
of FIr6 and FIrpic in Fig. 6.181. However, this entails
an Ir-N double bond, or even the weaker Ir─O bond
for pic-complexes. Furthermore, the addition of an
electron-withdrawing F-atom can also lead to mo-
lecular instabilities. Hence, HOMO stabilization has,
to this point, been unsuccessful in leading to stable,
deep blue emission.
The energetics of molecular dissociation in blue

TADF and metal complexes are shown in Fig. 6.183.
The excited state in one molecule (which for the pur-
poses of this discussion will be assumed to be a long-
lived triplet) can collidewith an excited state in a second
molecule (Fig. 6.183a) or a polaron (Fig. 6.183b). The
collision results in the non-radiative transition of the
exciton on the first molecule to its ground state, along
with promotion of the second excited state or polaron to
a very high, hot energy state. Although this highly
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stabilized Ir(pmb)3. TBP ¼ trigonal bipyramidal structure illustrated by the bond-cleavage of Ir(ppz)3.

520 ORGANIC LIGHT EMITTERS



excited state is expected to be very short lived due to
coupling to numerous lower energy states, occasionally
a dissociative reaction (to stateD) will occur that results
in the destruction of the excitedmolecule. This is analo-
gous to non-radiative Auger processes in inorganic
semiconductor lasers and LEDs (Coldren and Corzine,
1995).

The rich energy landscape of phosphors and hosts
is exemplified by the excited state energymanifolds in
Fig. 6.184 for two phosphors, Ir(pmp)3 and Ir(dmp)3,
and the host mCBP. Although the energies shown are
only a sampling of the entire manifold, it is readily
apparent that there are numerous hot excited states
accessible to Auger recombination in Fig. 6.183. Inter-
estingly, while the host mCBP has a high triplet state
suitable for blue PHOLEDs, its singlet is inherently
unstable with a dissociative state energy, D1 ¼ 3.6 eV
< S1 ¼ 3.7 eV (Lee et al., 2017).

Defects formed by triplet annihilation result in
both a decrease in luminance and an increase in op-
erating voltage. Hence, it is reasonable to assume
that the annihilation reactions result in defect states
in the host and/or the dopant. The states may be
mid-energy gap traps that quench excitons in the
EML. The number of defects formed increases with
time, thereby decreasing luminance and increas-
ing voltage over time. This situation is shown

schematically in Fig. 6.185 for a single, discrete, deep
defect state at energy, Et, that lies within the energy
gap of the host. Luminescence quenching by defects
occurs when energy is transferred to the trap state by
a Förster or Dexter transition from the guest or host
molecule.
To quantify the effects of trap states on device

operation over time, we assume that only hole traps
with Et are formed. In practice, however, defects may
have either or both their HOMO and LUMO levels, or
singly occupied molecular orbitals within the host
energy gap, and hence can act as traps to either elec-
trons or holes (Kondakov et al., 2007). The defect state
itself may not lead directly to a quenching transition,
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but becomes active once it is occupied with a trapped
polaron.
The evolution of the energy-driven formation

of midgap defects in the EML is determined by as-
suming that radiative decay decreases exponentially
with characteristic length drec from the edge of the
EML where excitons are formed, as in Fig. 6.185
(Tutis et al., 2003). For simplicity, we further assume
that equal numbers of electrons and holes enter the
recombination zone, that is, the charge balance
efficiency is unity. Excitons either form directly on
guest molecules, or they rapidly transfer from the
host due to their high doping concentration.
Following the treatment of Giebink et al. (2008),

these assumptions lead to rate equations for hole (p),
electron (n), and exciton (N) densities in the recom-
bination zone of

dp x; t; t’ð Þ
dt

¼ j

qdrec 1� exp � x2 � x1ð Þ
drec

� �� �

� exp � x� x1ð Þ
drec

� �

�γn x; t; t’ð Þp x; t; t’ð Þ

�σvth fD Etð Þ½ 
Q x; t’ð Þp x; t; t’ð Þ;
ð6:140Þ

dn x; t; t’ð Þ
dt

¼ j

qdrec 1� exp � x2 � x1ð Þ
drec

� �� �

� exp � x� x1ð Þ
drec

� �

�γn x; t; t’ð Þp x; t; t’ð Þ � ~γ 1� fD Etð Þ½ 
Q x; t’ð Þn x; t; t’ð Þ;
ð6:141Þ

dN x; t; t’ð Þ
dt

¼γn x; t; t’ð Þp x; t; t’ð Þ

� 1
τPh
þ kDRQ x; t’ð Þ

� �
N x; t; t’ð Þ:

ð6:142Þ

The electron, hole, and exciton densities (Eqs. 6.140,
6.141, and 6.142, respectively) depend on the time-
scale of transport and energy level transitions, t
(on the order of microseconds), as well as on that of
degradation, t0 (hours), due to formation of defects of
density Q(x, t0). The electron and hole densities are
also functions of the current density, j. Excitons are
formed at the Langevin rate of γ ¼ qðμn þ μpÞ=ðεrε0Þ
(see Section 4.5.4) and decay with natural lifetime, τPh.

The hole and electron mobilities in the doped emis-
sive layer are μp and μn, respectively.
In Eq. 6.140, holes with thermal velocity, vth
�107cm/s, trap at defect sites of energy, Et, and
capture cross-section, σ. The Fermi factor, fDðEtÞ ¼
½expðEt� EFvÞ þ 1
�1, gives the probability that the
hole trap is empty, where Efv is the hole quasi-Fermi
energy. Electrons in Eq. 6.141 non-radiatively recom-
bine at a rate proportional to the trapped hole density,
Qðx; t0Þ ½1� fDðEtÞ
, and the reduced Langevin coeffi-
cient, ~γ ¼ qμn= εrε0ð Þ, since trapped holes are assumed
to be immobile. Quenching of excitons by defects oc-
curs at the bimolecular rate given by kDR in Eq. 6.142.
There are four possible routes leading to defect

generation expressed by the following:

dQ x; t0ð Þ
dt0

¼

KXn x; t0ð Þ;KXp x; t0ð Þ ð6:143aÞ
KXN x; t0ð Þ ð6:143bÞ
KXN2 x; t0ð Þ ð6:143cÞ
KXN x; t0ð Þn x; t0ð Þ;KXN x; t0ð Þp x; t0ð Þ ð6:143dÞ

8>>>>><
>>>>>:

Here, the defect formation rate isKX,whose dimensions
are consistentwith the order of the reaction (i.e. [s�1] for
first order, and [cm3 s�1] for second order processes). In
Eq. 6.143a, only the presence of an electron or hole (i.e. a
polaron) leads to molecular degradation, while in
Eq. 6.143b excitons are responsible. More likely, the
higher energy second-order processes of exciton–
exciton annihilation in Eq. 6.143c and exciton–polaron
annihilation in Eq. 6.143d will lead to luminance loss
and increased voltage.Note that this theory is similar to
the defect generation model used to describe the volt-
age rise in devices exposed to current and illumination
in Section 6.7.3. The principal difference is that here we
consider only those processes where excess energy dis-
sipation leads to bond breaking reactions specifically
within the EML.
On the short timescale, t, Eqs. 6.140–6.143 are at

steady state and can be solved to yield N(x,t0). The
resulting coupled differential equations containing N
(x,t0) andQ(x,t0) are solved numerically to arrive at the
normalized luminescence:

Lnorm t’ð Þ ¼

ðx2
x1

N x; t’ð Þdxðx2
x1

N x; 0ð Þdx
; ð6:144Þ

and the defect formation rate per exciton, averaged
over the recombination zone:

FX t’ð Þ ¼ 1
drec

ðx2
x1

1
N x; t’ð Þ

dQ x; t’ð Þ
dt’

dx: ð6:145Þ
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Here, the integration limits, x1 and x2, are defined in
Fig. 6.185.

The density of trapped charge increases with defect
density following ρtðx; t0Þ ¼ qQðx; t0Þ ½1� fDðEtÞ
. As-
suming that the increase in ρt is offset by an equal
density of opposing charge at the cathode, and that
the free charge distribution under steady-state oper-
ation is unperturbed, then the voltage rise is

�V t’ð Þ �
ðx3
0

xρt x; t’ð Þdx: ð6:146Þ

Non-radiative recombination via defects should also
decrease the radiative lifetime of the phosphor via:
1=τPh ¼ 1=τPh0 þ 1=τnr, where τPh0 is the natural life-
time for phosphorescent emission. Hence, changes in
the PL decay rate vs. t0 are also due to trap formation.

To determine which of the intrinsic processes in
Eq. 6.143 dominate, the long-term changes in lumi-
nance and voltage can be measured for a popula-
tion of OLEDs whose fabrication process is stable,
and the materials are as free from impurities as
possible. The most active aging mechanism repre-
sented in Eq. 6.143 is the one that yields the best fit
to the Lnorm(t0) and �V(t0) data.

Figure 6.186 shows the application of this proced-
ure to a population of packaged PHOLEDs whose
30 nm thick EML comprises 9 wt% Ir(dmp)3 doped
into mCBP. The full device structure is: ITO/30 nm
α-NPD/EML/5 nm mCBP/40 nm Alq3/0.8 nm LiF/
100 nm Al (Giebink et al., 2008). The solid lines show
the fits to TTA- and TPA-induced degradation, cor-
responding to Eqs. 6.143c and d, respectively. The fits
use the following model-dependent parameters: drec
¼ 10 nm and 8 nm, kDR ¼ 4 � 10�12 cm3/s and 5 �
10�12 cm3/s, and KX ¼ 1.7 � 10�22 cm3/s and 7 �
10�24 cm3/s for TTA and TPA, respectively. Similar
fits attempted for the various other monomolecular
processes in Eq. 6.143 did not provide reasonable
matches to the data. The fits, therefore, suggest that
the most likely contribution to both the luminance
and voltage changes over time is TPA, although con-
tributions from TTA cannot be ruled out.
The relative contributions to luminance loss

from exciton quenching and non-radiative recom-
bination inferred from the PL transients vs. time
are estimated to be about 70% and 30% respective-
ly. The rate of exciton decay through quenching is
�kDRQN (see Eq. 6.142), whereas the loss of
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Reprinted from Giebink, N. C., D’Andrade, B. W., Weaver, M. S., Mackenzie, P. B., Brown, J. J., Thompson, M. E. & Forrest, S. R. 2008. Intrinsic luminance loss in
phosphorescent small-molecule organic light emitting devices due to bimolecular annihilation reactions. J. Appl. Phys., 103, 044509 with the permission of AIP
Publishing
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excitons to trapped charge from Eq. 6.141 is given
by � ~γ½1� fD
Qn. The 70/30 split is then the ratio
of these two rates.
Now, the average defect density is given by

QAVG t’ð Þ ¼ 1
drec

ð
Q x; t’ð Þdx: ð6:147Þ

From the fits to the exciton–polaron model in
Fig. 6.186, it is found that a defect density of 1018

cm�3, which is � 0.1% of the molecular density,
leads to >50% loss in luminescence. Furthermore,
the rate of defect formation across the EML at 1000
cd/m2 is FX� 0.04 h�1, which is equivalent to a defect
formation rate of �6 � 1011 cm�3 s�1.
The probability that an exciton–polaron encounter

leads to formation of a defect can now be estimated.
Assuming that if a polaron comes within the exciton
encounter radius, r, then the number of encounters
per unit volume is Nn 4

3 πr
3

� �
, each of which has

probability, P, for resulting in a defect. The number
of defects produced during τPh is �Q ¼ KXNnτPh ¼
PNn 4

3 πr
3

� �
. Thus, the probability that an encounter

leads to the formation of a defect is

PTPA ¼ 3KXτPh
4πr3

: ð6:148Þ

Using KX ¼ 7 � 10�24 cm�3 s�1 and τ ¼ 1.1 μs for
Ir(dmp)3, and assuming nearest molecular neighbor
interactions (corresponding to r�1 nm), then P � 2 �
10�9, or roughly 1 in 5 � 108 encounters result in
molecular dissociation. Note that in a cavity with a
Purcell factor, PF > 1, the probability of defect forma-
tion is decreased by this same amount since the lifetime
is reduced according to τ0ph!τph=PF (cf. Eq. 6.110ff ).
Similarly, if TTA is the primary source of degradation,
two excitons are required, and the probability for a
destructive event is reduced by PTTA!τ02Ph � τ2Ph=PF

2.
The exceptionally low rate of defect formation sug-

gests that numerous pathways exist for the hot polaron
to non-destructively relax back to T1. In Fig. 6.184, we
showed a near continuum of accessible hot excited
states. Transitions among these states leads to extreme-
ly fast rates of internal conversion (�picoseconds) that
compete with dissociation. Even with this remarkably
low dissociation rate, the device has an LT50 ¼ 700 h
with L0¼ 1000 cd/m2 due to the very high exciton and
polaron densities required to achieve this luminance.
From the foregoing, we conclude that strategies for

extending blue PHOLED lifetime must involve lower-
ing the densities of excitons and polarons. From the
fits in Fig. 6.186, the device lifetime can more than
double as the EML thickness becomes large
ðdrec!∞Þ. However, there is little improvement in

LT80 for drec > 30 nm. Since voltage increases rapidly
with EML thickness, 30 nm is near the upper limit for
power efficient OLEDs. Alternatively, control of elec-
tron and hole mobilities in the EML, as well as the
strategic placement of energy barriers in the device
can lead to a more uniform distribution of excited
states within the recombination zone.
Engineering host and guest molecules to lower the

annihilation probability also leads to increased oper-
ating lifetime, as well as improved efficiency at high
brightness (Reineke et al., 2007). Since the probability
for defect formation is proportional to τPh (Eq. 6.148),
one of the most effective methods for decreasing the
probability of defect production is to decrease τPh.
However, as seen in Section 3.7.3, the natural lifetime
is intrinsically limited by the magnitude of zero-field
splitting to �500 ns for metalorganic complexes. Fur-
thermore, blue emitting complexes typically have re-
ducedmetal–ligand interactions, leading to τPh > 2 μs,
setting a limit on the leverage that changes in this
parameter can have on improving the lifetime of
blue PHOLEDs.
Note that the foregoing analysis is independent of

the source of the luminescence. Hence, it is equally
applicable to TADF emitters. Indeed, the exceptional-
ly long radiative lifetimes of 2–20 μs of non-metal-
organic TADF molecules can account for the
relatively poor reliabilities observed in OLEDs em-
ploying these materials (see Table 6.14).
The prediction that reducing the exciton density

within the EML results in a concomitant reduction in
the defect formation rate has been directly tested by
grading the dopant concentration in the EMLs of blue
PHOLEDs (Zhang et al., 2014b). In Ir(dmp)3:mCBP
devices such as in Fig. 6.186, the Ir(dmp)3 preferen-
tially conducts holes and mCBP conducts electrons in
the EML, as shown in Fig. 6.187a. Once the carriers
encounter each other on adjacent molecules, an exci-
plex is briefly formed, which then transfers to a triplet
exciton on Ir(dmp)3, resulting in blue emission. Since
the hole mobility on the Ir-complex is higher than
electrons on mCBP, the electron-polarons and ex-
citons in a uniformly doped emission region pile up
near the ETL/HBL interface. This high density of
charge encourages TPA and TTA, accelerating aging.
The exciton formation zone was uniformly spread

across the entire EML by linearly grading the hole-
conducting dopant from 18% at the EML/HTL inter-
face to 8% at the EML/HBL interface. The reduction in
Ir(dmp)3 concentration leads to a reduced hole polaron
hopping efficiency (and hence mobility), shifting the
exciton formation zone away from the HBL toward the
center of the EML.
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To determine the spatial distribution of excitons in
the EML in both graded and ungraded PHOLEDs,
thin (1.5 nm), red emitting 2 vol.% PQIr “sensing”
layers were doped in the EMLs of several otherwise
identical devices, but spaced at 5 nm intervals in each
PHOLED. The relative intensity of red emission from
each of the positions within the EML gives the relative
exciton density at that position, thus mapping the
exciton spatial distributions. Since the thickness
of the sensing layer is much less than that of the
EML, its presence does not significantly perturb the
voltage or exciton distribution in the EML from that in
the absence of the sensor layers. This procedure is
used to map the exciton distribution in three different
device architectures. (i) D1—a uniformly doped
PHOLED with a conventional structure that includes
an HTL. The EML is uniformly doped comprising
13 vol.% Ir(dmp)3:mCBP. (ii) D2—same as D1 except
the HTL (in this case, NPD) is omitted and the EML
thickness is increased to 50 nm to ensure that the
Ir(dmp)3 is an efficient hole conductor, and (iii) D3—
same as D2 except the Ir(dmp)3 concentration is also
linearly graded from 18 vol.% to 8 vol.%. Two stacked
devices were included in the study. D1S, which is a
double stack of D1 with 70 nm thick 2 vol.% Li-doped

Alq3 interconnecting charge generation layer between
stacked elements, and D3S which is a double stack of
D3 elements with the same interconnecting layer as in
D1S. Stacked devices have an exciton concentration
that is reduced by the number of stacked elements
compared to single element devices (Adamovich
et al., 2012).
The measured exciton distributions are shown

in Fig. 6.187b. In D1, significant exciton accumulation
occurs at the EML/HBL interface. In D2 that lacks an
HTL, the exciton formation zone is broadened due to
the increase in the EML thickness. As a result, the
exciton density at the HIL/EML interface is reduced
due to a correspondingly low concentration of holes.
The reduced hole transport efficiency of these devices
leads to electron penetration deep into the EML,
resulting in a peak exciton density near the HIL/
EML interface. In contrast, efficient hole transport
near the HIL/EML interface and the gradual hole
blocking in the EML in D3 lead to a more uniform
exciton distribution (and hence higher ηext at high
current due to reduced TTA) compared to both
D1 and D2. Figure 6.187b also shows the inferred
exciton density profiles of D1S and D3S, estimated
at 50% of the exciton density in D1 and D3.
The lifetime data of D1, D3, and D3S are shown in

Fig. 6.188, along with fits to the TPA model and
empirical model of Eq. 6.121. Consistent with the
TPA analysis, the lifetime of D3 is approximately
three times longer than D1 due to the extended ex-
citon recombination zone, and is ten times longer
when two D3 elements are stacked.
The results from this series of devices along with the

lifetime fitting parameters of kDR ≃ 1� 10�11cm3s�1

and KX ≃ 7� 10�24cm3s�1 from the TPA model are
summarized in Table 6.17 (Zhang et al., 2014b). The
values from the fits are consistent with those in Fig.
6.186 using this same materials system. Furthermore,
the efficiency of D3 is higher than that of D1 and D2.
This is also expected for devices in which bimolecular
annihilation is reduced in EMLs that have a lower local
exciton density. Finally, the voltage at L0¼ 1000 cd/m2

is higher for D3 (7.7 V) than for D1 (6.9 V) which is the
result of the larger EML thickness of the former device.
Reducing the exciton density via grading confirms

the TPA mechanism, however, it is unclear that this
strategy alone can result in blue PHOLEDs with suf-
ficiently long lifetimes to be practical. To achieve this
latter objective, hot excited states must be entirely
eliminated before they can damage the emitting
molecules. This can be partially accomplished by
including a third molecular species; a hot excited state
manager molecule into the phosphor-doped EML. The
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manager dissipates the excess energy generated in
TTA and TPA reactions prior to localization on a
single molecular bond.
The Jablonski diagram in Fig. 6.189 illustrates the

process of hot excited state management. By introdu-
cing a manager whose excited state energies SM/TM

are greater than that of the dopant, excitons formed
on, or transferred to the manager can be returned to

the dopant for emission. Exothermic transfer from
Sn�/Tn

� to SM/TM is also allowed, and damage to
these molecules via dissociative reactions (process 3)
is reduced provided that the rate for Sn�/Tn

� !SM/
TM is comparable or higher than Sn�/Tn

�!D, where
D is the predissociative state, via process 30.
A transferred singlet undergoes vibrational relaxation
and subsequently transfers back to the lowest
dopant singlet state. Alternatively, the thermalized
singlet state intersystem crosses to the triplet state
via SM ! TM, which subsequently transfers back to
the dopant or host (TM! T1) via process 40. This leads
to radiative recombination (process 1), or is recycled
back to Sn�/Tn

�. It is also possible that the high energy
TM state can result in dissociation of the manager itself
via TM!DM (process 4), that is, where the manager
serves as a sacrificial additive to the EML. Process 4 is
not optimal since the number of effective managers
decreases over time, providing less protection for the
host and dopant. Even in this case, however, the man-
ager can still increase device stability.
From the foregoing, three primary criteria must be

met for effective design of the manager. (i) The ex-
citon energy of the manager should be higher than
lowest exciton states (S1/T1) of the dopant; (ii) the
rate of transfer to the manager (process 30) must be
comparable to or higher than that for dissociation

Table 6.17 Characteristics at L0 ¼ 1000 cd/m2 for blue emitting
PHOLEDs

Device ηext (%) j (mA/cm2) V (V) LT80 (h) LT50 (h)

D1 8.5 6.2 6.9 56 510

D2 8.5 6.2 8.7 - -

D3 9.5 5.7 7.7 213 1500a

D1S 16.0 2.8 12.9 - -

D3S 18.0 2.9 14.3 616 3500a

a Estimated extrapolations from the TPA model.
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Figure 6.189 Jablonski diagram of an EML containing the manager.
Here, S0 is the ground state, T1 is the lowest energy triplet state, and T

�
is

a hot triplet manifold of the dopant or host. D represents the dissociative
state accessed via the predissociative potential in the EML. TM is the
lowest triplet state of the manager. Possible energy-transfer pathways are
numbered as follows: (1) radiative recombination, (2) TTA resulting in
excitation to T

�
, (20) internal conversion and vibrational relaxation, (3) and

(4) dissociative reactions leading to molecular dissociation, (30) exothermic
energy transfer for transitions to the manager, and (40) back transfer from
the manager to T1 (Lee et al., 2017).
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(process 3); and (iii) the manager should be suffi-
ciently stable such that it does not degrade on a
timescale short compared to that of the unmanaged
device (process 4).

The principle of hot excited state management in
Ir(dmp)3:mCBP based PHOLEDs was investigated
by including the manager, mer-Ir(pmp)3, in the
EML. The manager triplet energy is at ET1 ¼ 3.1 eV
compared with the dopant at ET1 ¼ 2.8 eV. Hence,
at least criterion (i) is satisfied (Lee et al., 2017). The
devices tested consisted of a 50 nm thick EML
that was graded from 15 vol.% Ir(dmp)3:mCBP at
the HTL/EML interface, to 5 vol.% Ir(dmp)3:mCBP
at the EML/HBL interface. Six different structures
were compared: M0 has 3 vol.% of the manager mol-
ecule doped uniformly across the EML, whereas M1–
M5 have a 10 nm zone of the EML doped with 3 vol.%
mer-Ir(pmp)3 doped in 10 nm wide zones starting at
the HTL/EML interface (M1), and ending in the last
10 nmwide zone at the EML/HBL interface (M5). The
PHOLEDs were otherwise analogous to D1 in
Fig. 6.187, except that the HTL comprised CPD.

No emission was observed from the high energy
manager, indicating that there was complete energy
transfer from mer-Ir(pmp)3 to Ir(dmp)3. The lumi-
nance and voltage changes with operating time
are fit using a TTA model modified from that in
Eq. 6.140–6.142 (lines, Fig. 6.190a) that includes volt-
age increases due to deep traps formed in both the
EML and the HTL, and luminance loss only due to a
trap within the EML itself.

The exciton distribution is determined by doping
1.5 Å thick red phosphor slabs at successively distant
positions from the HTL/EML interface, and then
measuring the relative red emission intensities from
these layers. Grading results in a reasonably uniform
exciton distribution, see Fig. 6.180b. Interestingly, the
LT90 and LT80 lifetimes of the devices M1–M5 quali-
tative match the exciton density profile in Fig. 6.190b,
that is, the lifetime is longest when the manager is
placed in the zone with highest exciton density (M3).
This is expected if the manager is in fact eliminating
excitations from the dopant and host prior to their
damaging the active molecules in the emitting zone.

The performance of all devices is summarized in
Table 6.18 and Fig. 6.190c. The improvement in life-
time at LT90 is 5.2-fold compared to that of a conven-
tional, ungraded EML device (CONV), falling to 3.5-
fold at LT80. A similar decrease is seen for the graded
(GRAD) device whose structure is similar to that in
Fig. 6.187. This is attributed to depletion of the man-
ager due to dissociative reactions, corresponding to
process 4 in Fig. 6.189. While the improvements are

insufficient for displays, hot excited state manage-
ment appears to provide a strategy for extending the
lifetime of blue PHOLEDs provided stable manager
molecules can be developed that promote extremely
rapid energy transfer from the dopant and host. Not-
ably, the drive voltages of the managed devices are
higher than for GRAD and CONV. This is due to the
lower hole conductivity of mer-Ir(pmp)3 compared
with Ir(dmp)3. Increased voltage leads to increased
Joule heating, and hence a relative reduction in life-
time. Local doping of the manager in M3, therefore
provides an improved lifetime compared with uni-
formly doped M0.
Since the fits in Fig. 6.190a suggest that traps in the

HTL are partially responsible for the voltage rise, it is
reasonable to assume that degradation of the block-
ing and transport layers in PHOLEDs may also occur
over time. We have already noted that LUMO ener-
gies of layers used in blue PHOLED lie close to the
vacuum level, and thus are more easily oxidized
than materials used in longer wavelength emitting
devices. Hence, loss of charge balance may also con-
tribute to the loss of luminance in blue PHOLEDs.
The contributions from the transport and blocking
layers have been independently measured by pla-
cing thin red phosphorescent and fluorescent sens-
ing layers in the ETL andHTL in the CONVdevices in
Fig. 6.190. The emission from these sensing layers as a
function of time is used to determine whether the
charge balance or exciton leakage from the EML is
also changing. The phosphor dopant, PtOEP in the
ETL and HTL is sensitive to triplet leakage, and the
DCM2 fluorophore placed in the ETL is sensitive to
loss of charge balance, since electrons and holes in the
Alq3 ETL transfer to the DCM2 and result in red emis-
sion. The 0.5 Å thick sensor layers were placedwithin 5
nmof the EMLorHBL, as shown in Fig. 6.191a (Coburn
and Forrest, 2017).
The blue spectral intensities in Fig. 6.191b and c

decrease with operating time as the device ages.
However, there are only very small changes to the
PtOEP emission on the HTL and ETL sides of the
device, indicating a minor increase in triplet exciton
leakage from the EML. In contrast, there is no change
in DCM2 emission since the HBL does not undergo
significant changes in its ability to block holes during
the timescale of the experiments. These experiments
find that no more than 3% of the luminance loss and
voltage rise is due to changes in charge or exciton
confinement within the EML. Hence, the degradation
of the PHOLEDs is indeed almost entirely due to
energy-induced degradation of the molecular con-
stituents in the EML.
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The TTA/TPA model is based solely on the as-
sumption that deep levels are generated by destruc-
tive, high-energy reactions with the emitting and host
molecules, but it does not identify the chemical source
of the defects. These chemical origins have been stud-
ied for the graded device, D3, in Figs. 6.187 and 6.188
using LDI-TOF-MS (see Section 6.7.3). The mass spec-
tra for fresh (unaged) devices, and for packaged de-
vices aged to LT40 starting at L0 ¼ 3000 cd/m2 are
shown in Fig. 6.192a. The aged device spectra exhibit

peaks from the undamaged dopant, Ir(dmp)3, the
host, mCBP, and the Alq3 ETL molecules. But after
aging, several additional peaks appear. These are as-
sociated with fragments of the dopant (DX), host (HX)
and ETL (EX) molecules, where X identifies a particu-
lar fragment species.
The proposed fragmentation products of Ir(dmp)3

andmCBP are shown in Fig. 6.192b. The bond rupture
sites on the parent molecules are indicated by wiggly
lines. D1 is the most massive fragment resulting from
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show the time evolution of the operating voltage change,�V(t ) ¼ V(t) � V0, and the normalized luminance degradation, L(t)/L0, respectively. Solid lines
are fits based on the TTA/TPA model. (b) (Top) Exciton density profile, N(x), at L0¼ 1000 cd/m2 of the EML vs. position, x, from the HTL/EML interface, and
operating voltages obtained using sensing layers. (Bottom) Lifetimes (LT90 and LT80) of managed devices (M1–M5) as functions of the position of the
manager in the EML. LT90 and LT80 of the managed devices are compared with those of GRAD (dotted lines). The variation in lifetimes qualitatively follows
the exciton density profile (Lee et al., 2017).

Table 6.18 Results for hot excited state managed (M0–M5) and unmanaged (CONV and GRAD) devices (Lee et al., 2017)

Device j0
a ηext

a V0
a LT90 LT80 �V(LT90) �V(LT80)

[mA/cm2] [%] [V] [h] [h] [V] [V]

CONV 6.7 8.0 6.6 27 93 0.3 0.4

GRAD 5.7 8.9 8.0 47 173 0.6 0.9

M0 5.5 9.4 9.2 71 226 0.9 1.2

M1 5.4 9.5 8.8 99 260 1.2 1.6

M2 5.4 9.3 8.9 103 285 0.7 1.0

M3 5.3 9.6 9.0 141 334 1.1 1.5

5.2�b 3.0�c 3.5�b 1.9�c

M4 5.2 9.6 8.6 126 294 1.0 1.3

M5 5.1 9.9 8.6 119 306 0.9 1.2

a Parameters are measured at L0 ¼ 1000 cd/m2.
b Increase in lifetime compared to the conventional, ungraded device (CONV) lifetime.
c Increase in lifetime compared to the graded device (GRAD) lifetime.
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cleavage of an entire ligand, which is labelled D4 with
m/z ¼ 334. Other products include a 2-coordinated Ir
atom containing only a single ligand (D2) and a pair of
ligands (D3) with twice the mass of D1. Several other
products, D4–D7 are due to loss of only a few lowmass
groups from one or more of the ligands themselves.
Similarly, mCBP, which we have already shown is
unstable when excited to its S1 state, dissociates into
several smaller species, labeled H1–H3.

While a large number of fragments are identified, the
question remains as to whether, or what fragments
actually produce traps that can affect the luminance
and voltage of the PHOLED over time. For this pur-
pose, the energy levels of the various decay products
have been calculated using TD-DFT, with results pro-
vided in Fig. 6.193. The calculations suggest that the
D6, H1, H3, andH4 radicals have deeper LUMOs than
mCBP. These energy levels are available to trap elec-
trons, and thus form recombination centers that lead to
a drop in luminescence and an increase in voltage. The
D7 radical can quench excitons since it has lower triplet
energy than Ir(dmp)3. This fragment species, however,
does not have an impact on charge trapping due its
wide energy gap. Further, mCBP forms neutral frag-
ments (i.e. carbazole, phenyl-carbazole, etc.) upon pro-
ton abstraction. These have wider energy gaps and
higher ET than Ir(dmp)3, and hence they, too, are in-
active in affecting voltage and luminescence over time.
Figure 6.193 shows that the D2, D4, and H1–H4

cations have deeper LUMO energies than the HOMO
of the dopant. These positively charged fragments can
attract electrons to become neutral species as shown,
and hence do not persist as electronically active states.
This leaves the anion series of D1 andH1–H4. Electron
transfer from these states will also be rapid, converting
them to neutral species. Thus, only the neutral frag-
ments, D6, H1, H3, and H4, appear to be responsible
for device aging. The calculations also show that these
species have lower ET than Ir(dmp)3, suggesting that
they are likely sources of exciton quenching that is
absent from the triplet annihilation model.
While deep blue emitters are required for displays,

only cyan emission is needed in an illumination source
to achieve an acceptable CCT and CRI. Coupled to the
relaxed criterion of LT70 (compared to LT90–LT95 for
display pixels) the lifetime of WOLEDs nearly meets
many of the requirements demanded for interior light-
ing. An example structure of a high brightness, long-
lived all-phosphorescent stacked WOLED consisting
of a single blue emitting element and one, two, or three
red-green (R-G) elements (devices D3–D5, respective-
ly) is shown in Fig. 6.194a. Since only�25% of the light
emitted by an illumination source is blue, only a single
blue element is required to achieve a high total bright-
ness. The WOLED employs a blue element whose
graded, Ir(dmp):mCBP EML center section is doped
at 3 vol.% with an Ir(pmp)3 manager molecule, along
with a R-G bilayer comprising 25 nm thick and 10
nm thick 10% PQIr:8% Ir(5-ph-ppy)3 in mCBP (R-
G) layer that is separated by a 3 nm thick BAlq
spacer from a pure red emitting 5 nm thick 10%
PQIr:BAlq layer. The composition of each of the
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Reprinted figure with permission from Coburn, C. & Forrest, S. R., Phys. Rev.
Applied Letters, 7, 041002, 2017. Copyright 2017 by the American Physical
Society.
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elements is provided for this 48-layer phosphores-
cent diode in Fig. 6.194a. The layers are optimized
to achieve the desired color coordinates and bright-
ness demanded of high quality lighting sources.
The 3-R-G element device, D5, exhibits a maximum
brightness of �200,000 cd/m2, ηext ¼ 170%, a lu-
minous power efficiency at L0 ¼ 1000 cd/m2 of 50
lm/W using substrate outcoupling index matching
fluid, a CCT ¼ 3000 K and CRI ¼ 89.
The LT70 of devices D3–D5 as a function of initial

luminance is shown in Fig. 6.194b. The vertical
dashed line corresponds to L0 ¼ 3000 cd/m2, which
is the nominal operating point of an illumination
source. The LT70 of D5 using IMF outcoupling is

approximately 14,000 h, which increases to 80,000 h
at L0 ¼ 1000 cd/m2. Using fewer R-G elements results
in a small decrease in lifetime since these layers must
be deliver a large fraction of the emission brightness,
and thus undergo the highest stress. The color shifts
during aging are criteria that are as important as
luminance loss in setting the failure criteria of an
illumination source. The device in Fig. 6.194 in fact
redshifts with age, due to the more rapid differential
aging of the blue emitting element, as expected. At
LT70, the color coordinates of D5 change as follows:
�CCT ¼ �360 K,�CRI ¼ �0.8, and�u,�v ¼ 0.03, 0.
While all of these performance characteristics indicate
that all-phosphorescent stacked PHOLEDs can meet
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fragmentation in blue phosphorescent organic light-emitting devices, 15-21, Copyright 2019 with permission from Elsevier.

530 ORGANIC LIGHT EMITTERS



many of the criteria required of efficient and bright
white illumination sources, energy-driven degrad-
ation of the blue element still presents the limiting
factor in their lifetime.
To summarize this discussion, a combination of

TTA and TPA initiated reactions is the source of in-
trinsic losses in luminance and operating voltage of
blue light emitting devices. The energies produced are
at least double that of the molecular bond energies.
Hence, energy-driven aging becomes increasingly im-
portant as the emission wavelength is reduced. To
mitigate these effects, decreasing the exciton and po-
laron densities in the EML can significantly increase
blue PHOLED lifetime by decreasing the probability
for annihilation events. An alternative route to an
extending the PHOLED lifetime is to incorporate hot
excited state managers in the EML to siphon off the
excess energy induced by TPA and TTA.
There is one other important route to increasing

the blue PHOLED lifetime, and that is by decreas-
ing the exciton recombination lifetime itself (see
Eq. 6.148). Shorter exciton lifetimes reduce the op-
portunity for annihilation reactions, since this also
reduces the exciton concentration in the EML. This
is the primary reason that blue fluorescent OLEDs
have significantly longer operational lifetimes than
PHOLEDs—the lifetime of the singlet state is often
< 10�2 times that of triplets. As a result, fluorescent
blue OLEDs have lifetimes at least 10 times greater
than phosphorescent blue devices, see Table 6.14.

D1

2.1

0.6

D2
–11.6

–12.5

D4

–5.6

–8.2

CationAnion Radical Neutral

D6

–3.2

–4.8
–4.5 (HOMOIr(dmp)3)

–1.15 (LUMOmCBP)

D7

–0.9

–4.6

H1

–0.7

–6.1

H1

–3.9

–4.8

H1
–12.7

H1
4.3

H2

–0.7

–5.5

H2

–0.9

–5.4
H2

–7.9

–9.6

H2

3.6

–0.4

H3

–0.7

–5.3

H3

–2.3

–5.4

H4

–1.0

–5.3
H3

–7.9

–9.6

H3

2.1

0.7

H4

–2.2

–5.4
H4
–7.9

–8.4

H4
1.3

0.7

Non-trappingElectron traps

Triplet energy (ET)

0 eV

2.8 eV (ET, Ir(dmp)3)

D6
<0.6

H1
<1.4

H3
<2.4

H4
<2.8

H1
3.0

H2
3.2

H3
3.2

H4
3.1

D7
2.1

2.9 eV (ET, mCBP)

Figure 6.193 Energy level diagram of the fragments produced on PHOLED aging. The broad gray shaded region shows the LUMO energy of mCBP and
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We have seen in Section 3.7.3 that improved
3MLCT results in a decreased τPh, but a few hundred
nanoseconds appears to be a minimum attainable
value in transition metal complexes (Yersin et al.,
2011). Due to the ligand structure of blue PHOLEDs
with their strongly electron withdrawing nature, the
spin–orbit coupling, and hence the degree of 3MLCT
is reduced, leading to τPh > 2 μs. Cavity effects (i.e. via
the Purcell effect), or rapid extraction of energy via
surface plasmons or other “external” approaches to
decreasing the exciton lifetime offer possibilities to
reducing exciton recombination times, and hence in-
creasing device stability.
It is worth reiterating that the problem, and the

solution for extended blue lifetime is equally rele-
vant for both transition metal phosphor complexes
and TADF molecules. In both cases, the emission
is driven by triplets, and it is their high densities
and long lifetimes that lead to energy-enhanced
aging. Notably, TADF molecules, with their re-
duced spin–orbit coupling, typically have signifi-
cantly longer exciton recombination times than
metal-based phosphor complexes. Hence, it is not
surprising that TADF-based OLEDs have shorter
lifetimes than those based on Ir(dmp)3 and Pt-based
blue complexes (see Tables 6.14 and 6.15) (Nakanotani
et al., 2013). Thus, while TADF molecules are still in
the early stages of development, it seems unlikely that
their lifetimes will exceed those of the metal–organic
complexes. Nevertheless, managers, EML grading, re-
ducing the excited state lifetime, and other such strat-
egies that have proven beneficial to blue PHOLEDs
should serve equally well for TADF-based blue
emitting OLEDs.
Finally, efficient blue emission can also be

accessed via phosphor- or TADF-sensitized fluores-
cence (Baldo et al., 2000b, Nakanotani et al., 2014). At
first glance, this would appear to be a promising
route to achieving the efficiency of triplet emission
and the lifetime of fluorescent OLEDs. Since the
energy transfer process to the blue fluorophore
from the initiating phosphor or TADF molecule is
exothermic, this requires that the initial state be at a
higher energy. That is, the initiating molecule must
emit in the UV to excite a deep blue emitting fluor-
ophore. Furthermore, the recombination time in sen-
sitized systems is determined by the initiating
molecule, not the fluorophore (Baldo et al., 2000b).
We have seen that the operating lifetime decreases
very rapidly with increased energy, and that even
accessing the deep blue with long lived OLEDs has
not yet been possible. Hence, it has proven to be
more difficult to achieve a long-lived blue sensitized

fluorescent device than one that directly emits from
the phosphor or TADF complex itself.
We end this section where we began. Achieving

deep blue PHOLEDs with both a high efficiency and
stability is arguably the most challenging high value
problem confronting organic electronics today, with
far-reaching consequences for all organic devices if it
can be adequately solved for display applications.
Whichever strategy is employed to increase lifetime,
it must not compromise other device operating char-
acteristics of high efficiency, low operating voltage
and color purity.

6.7.5 OLED lifetime on flexible plastic substrates

Up to this point, we have been concerned primarily
with intrinsic luminance loss due to chemical degrad-
ation that leads to morphological changes from Joule
heating, exciton–polaron interactions in the bulk and
at interfaces, and so on. However, there is one case
where special attention needs to be paid to extrinsic
loss when the OLEDs are deposited onto flexible plas-
tic substrates. A significant advantage of OLEDs is
their flexibility, opening the door to numerous excit-
ing applications such as wearable or rollable displays
and lighting appliances. The earliest example of an
OLED on a plastic substrate employed polymer
OLEDs (Gustafsson et al., 1992), soon followed by
small molecule devices (Gu et al., 1997a). These
demonstrations showed the advantages and also sev-
eral of the problems encountered when fabricating
OLEDs on plastic foils, although neither considered
environmental exposure as a potential source of de-
vice lifetime.
More recently, the Samsung Galaxy Edge series

smart phones employ flexible displays mounted be-
hind the front glass panel. Furthermore, flexible sub-
strates allow for rapid, low cost and high volume
production of OLED appliances. As we found in
Section 5.7, plastic foils such as PET, PEN, PES, PC,
and PI have been used as substrates, but they have
oxygen with water vapor transmission rates of WVTR �
1–0.1 g/m2/day. However, WVTR < 10�5 g/m2/day
is required for long term, stable OLED operation (see
Section 5.8). Alternative flexible substrates can be em-
ployed, such as metal (Wu et al., 1997a, Cheon et al.,
2006) or very thin glass foils, but these materials bring
their own challenges such as unacceptable levels of
surface roughness, fragility and cost (Bhandari and
Gaspar, 2015).
In Section 5.8, we discussed processes for deposit-

ing encapsulating layers on plastic films using mul-
tiple polymer/inorganic layer coatings (Moro et al.,
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2004), or more precise and conformal atomic layer
deposition (ALD). For flexible OLED applications, the
barrier coating needs to cover both the bottom and
top device surfaces, as shown in Fig. 6.195.

Effective encapsulating layers must have the fol-
lowing properties:

(i) Low moisture and oxygen permeation rates:
A WVTR < 10�6 g/m2/day is preferred, with
10�5 g/m2/day considered to be the minimum
acceptable rate (see Fig. 5.90).

(ii) Flexibility: They must survive repetitive bends
over radii of typically a few centimeters during
the projected lifetime of the devices. Depending
on the application, this can bemany thousands to
hundreds of thousands of flexes.

(iii) Conformability: The coatings should be capable of
conforming to surface features, and be tolerant to
morphological defects such as dust. This is shown
by the ALD multilayer film deposited onto the
surface of an OLED in Fig. 6.195 (top right
image) where a smooth transition covers the 100
nm thick cathode and the organic layers without a
break in the multilayer barrier structure.

(iv) Throughput and low cost: Low cost demands high
product throughput and yield. However, ALD
growth is slow, resulting in a long takt time in
fabricating the substrates. Low cost also implies
that low energy processes are combined with low
cost materials. To date, barrier-coated plastic sub-
strates are more costly to produce than metal foils,

but they also have compelling advantages such as
smoothness and transparency that may ultimately
be more important than cost alone.

(v) Non-destructive processing: The deposition of the
encapsulation directly onto the OLED surface
must be achieved at sufficiently low tempera-
ture, and cannot use materials or chemistries
that lead to deterioration of the underlying ac-
tive device layers.

(vi) Small coefficient of thermal expansion: The expan-
sion coefficient should be sufficiently small such
that stress from the substrate or coating does
not degrade device performance as the tem-
perature is varied over the full range needed in
device fabrication and operation.

(vii) Transparency: For bottom emitting devices, the
substrate must be >90% transparent across the
visible spectrum. Metal foils and other opaque
substrates require top emitting architectures.

(viii) High Young’s modulus: In roll-to-roll manufactur-
ing, the substrate (often called theweb) should be
resistant to stretching or other geometric distor-
tion as it is translated from the feed to the take-up
reel. Distortions result in misalignment with
masks, uneven pixel spacing, etc.

The permeability of plastic to moisture can promote
the formation of dark spot defects, and hence a loss of
emissive area over time. In Fig. 6.196a we show that
the efficiency of fresh and aged Ir(ppy)3:CBP PHO-
LEDs with L0 ¼ 600 cd/m2 results in LT50 ¼ 2500 h.

Barrier layers

Cathode

Anode
Flexible Plastic

OLED

Oxide barrier layers

Organic layers

Figure 6.195 Schematic of an OLED encapsulated with barrier layer films on the top of a plastic substrate, as well as conformally onto the OLED surface.
To the right (top) is a scanning electron micrograph of a conformal multilayer coating on the OLED surface, and (bottom) on the substrate. Multilayer
coatings can be deposited by CVD or ALD. Images from Suen and Chu (2008).
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These devices were deposited on a PET substrate,
with a barrier coating comprising four dyads (or
layer pairs) comprising 5–7 μm thick pairs of
reactively sputtered, 10–30 nm thick Al2O3 and poly-
acrylate films (Weaver et al., 2002). The polyacrylate
itself was deposited by flash evaporation of the acryl-
ate monomer followed by cross-linking via exposure
to ultraviolet light. A similar multilayer structure
was deposited onto the top surface of the PHOLED,
completing the encapsulation. These barrier layer
structures delay, but do not halt the ingress of envir-
onmental contaminants. The laminate presents a long
circuitous path that water and oxygen molecules
must take along the polyacrylate layer before finding
a defect that allows the contaminant to penetrate the
inorganic barrier. After sufficient time has elapsed,
these contaminants find such a path, and arrive at
the PHOLED active layers (Graff et al., 2004). It is

estimated that multilayer film stacks have WVTR ¼
4 � 10�6 g/m2/day (Weaver et al., 2002).
Using multilayer coatings, the encapsulated device

has LT50 ¼ 2500 h, compared to 9000 h for glass
encapsulation that included a desiccant within the
package (Chwang et al., 2003). The source of the lu-
minance loss is apparent from the pixel images in
Fig. 6.196b. The dark spots appear over a large frac-
tion of the emitting surface aftermany hours of storage
(denoted “shelf” in the image), or operation (“driven”).
Interestingly, the same dark spots are visible in the
stored devices as after operation. In both cases, they
grow considerably after aging. The dark spots are like-
ly due to particulates that are present during PHOLED
film deposition, thus having an origin similar to the
dark spots in devices on glass in Fig. 6.170.
Highly conformal coatings of precise thickness can

be applied by ALD. The conformality is useful in
protecting the OLEDs from penetration by dust
particulates or rough surfaces. Figure 6.197a is a
micrograph of a top OLED surface encapsulation
comprising five pairs of 3 nm Al2O3/3 nm ZnO
ALD layers separated by 120 nm layer of silica na-
noparticles embedded in an organic–inorganic, sol–
gel nanocomposite (Jeong et al., 2016). The ALD pro-
cess is at 70°C using trimethylaluminum and H2O as
precursors for Al2O3, and diethylzinc and H2O for
ZnO. The deposition time of each layer is 0.2 s,
followed by a 10 s purge. The nanocomposite was
spin-coated to achieve the desired thickness. The
bottom emitting Alq3-based OLEDs were deposited
onto PET substrates pre-coated with 2.5 dyads of the
ALD/nanocomposite stacks. While the deposition
was slow, the devices themselves were robust with
WTVR¼ 1.91� 10�5 g/m2/day as a result of the lack
of defects in the ALD layers. After 1000 bends over a
3 cm radius, the devices showed no degradation of
their current-voltage or luminance-voltage charac-
teristics (Fig. 6.197b). Furthermore, this nanostrati-
fied/nanocomposite structure was exposed for 30
days at 30°C and 90% relative humidity without
the OLEDs developing significant dark spot defects
(Fig. 6.197c).
Due to their many unique features, flexible

OLEDs on plastic substrates remain a subject of
intense investigation. While their properties are in-
ferior to analogous devices on glass, they already
have operational lifetimes that are acceptable for
many applications. It is anticipated that flexible
OLED technology will continue to improve, and
that their characteristics will eventually equal
those of devices on conventional substrates, albeit
possibly at a higher cost.
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Figure 6.196 (a) The efficiency before (squares) and after (circles) life
test of an Ir(ppy)3:CBP PHOLED encapsulated in an organic/inorganic
barrier layer film. (b) Images of an array of 5 mm2 PHOLEDs before coating
by the top barrier layer encapsulation (top row), after coating (middle
row), and post life test (bottom row). The pixel on the far right was aged
at L0 ¼ 600 cd/m2 until LT50 ¼ 2500 h (Chwang et al., 2003).
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6.8 Organic semiconductor lasers

Organic semiconductor lasers (OSLs) have been pur-
sued since their first demonstrations in the mid-1990s
in the hopes that they would eventually lead to a new
generation of intense optical sources that could be
tailored to emit at desired wavelengths by drawing
on the same enormous palette of materials developed
for OLEDs. And while organic lasers do indeed have
many remarkable properties such as emission over a
wide range of wavelengths spanning the visible to the
NIR, nearly temperature-independent operating char-
acteristics, ability for growth on any smooth substrate
(including flexible plastic foils) without materials con-
straints set by lattice matching, etc., to date only op-
tically pumped lasing using organic semiconductors
have been convincingly achieved. In this section we
will discuss the principles of organic lasers, some of
their unique operating characteristics, and the pros-
pects for electrically pumped lasing. Indeed, optically
pumped lasers in themselves hold great interest
due to the insights they provide into the properties
of organics under intense optical or electrical excita-
tion. The scientific rewards for their study, coupled
to the ease with which they can be fabricated and
tested, makes the investigation of organic lasers an
ongoing source of fascination for scientists and
engineers alike.

A laser is an optical resonator that comprises
three components: a gain medium, a low loss optical
cavity, and a pump source (electrical or optical). The
pump intensity must be sufficient to drive the gain
medium into an excited state population inversion,
leading to stimulated emission. Organic materials are
particularly suited as gain media since they can have
very high fluorescent yields, and their Franck–
Condon shifts between the absorption and emission
spectra lead to exceptionally low material absorption
losses. Energy transfer from the pump-absorbing host
to an emitting guest molecule results in a further
bathochromic shift that reduces absorption losses to
near zero. The four-level energy scheme for a laser
based on Förster energy transfer from an optically
pumped Alq3 host to a DCM guest is shown in
Fig. 6.198. Many such guest–host schemes have been
developed for optically pumped lasing based on both
small molecule and polymer active media (Hide et al.,
1996, Kozlov et al., 1997a, 1998, Vasdekis et al., 2006).
Lasing, along with amplified spontaneous emission

(ASE) that is easily confused with lasing, has also
been observed in single component systems, where
the molecular species used to absorb the pump radi-
ation also serves as the laser gain medium (Tessler
et al., 1996). However, such single component gain
media are not as efficient, and have higher thresholds
than four level guest–host systems.
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Figure 6.197 (a) High resolution transmission electron micrograph of a nanostratified barrier layer used as thin film encapsulation for a fluorescent
OLED. (b) Luminance–voltage characteristics immediately after fabrication, after 30 days exposure to 30°C and 90% relative humidity, and an aged device
after 1000 bends over a radius of 3 cm. Inset: Photograph of the FOLED. (c) Luminescence images taken at L0 = 400 cd/m2 for an unencapsulated and an
encapsulated device vs. aging time under the conditions in (b). No aging results under continuous operation are available (Jeong et al., 2016).
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The second element of the laser is the resonant
cavity that provides optical feedback via the use of
high reflectivity mirrors bounding the gain medium.
The resonator extends the photon lifetime within the
cavity, thereby building up the photon density to
create a population inversion (i.e. a non-equilibrium
concentration of lasing molecules in their excited
states). Numerous resonator geometries have been
demonstrated, with a few such designs illustrated in
Fig. 6.199.

(i) The most common and simplest form of resonator
is the Fabry–Pérot resonator, or longitudinal cavity,
in Fig. 6.199a, where the gain medium is sand-
wiched between two high reflectivity mirrors
(Kozlov et al., 1997a). A high mirror reflectivity
decreases the pump threshold required for popula-
tion inversion. Leakage of a fraction of the light
through the mirrors results in the observed laser
emission. The advantage of this structure is that the
overlap between the optical modes and the gain
medium is large, leading to high gain and hence
high brightness and low threshold. Often, the mir-
rors are simply cleaved facets of the gain medium
whose reflectance is determined by the difference in
index of refraction between the semiconductor and
air. The reflectivity at normal incidence is given by
(cf. Eq. 6.114)

Rga ¼
ng � na

ng � na

				
				
2

; ð6:149Þ

where ng and na are the refractive indexes of the
gain medium and air, respectively. The two mir-
rors may have different reflectivities, in which
case most of the light is emitted from the lowest
reflectivity mirror.

(ii) A vertical cavity surface emitting laser (VCSEL) is
shown in Fig. 6.199b. This too is a Fabry–Pérot
resonator, where the propagation is transverse
to the thin film sandwiched between mirrors.
At least one mirror must be semitransparent
(Hide et al., 1996, Bulovic et al., 1998b). Due to the
limited overlap between the optical mode and the
gain medium, VCSELs require exceptionally high
mirror reflectivity and high gain. An advantage of
the VCSEL is its compactness (it is only as thick as
the gain medium film), and its cylindrical sym-
metry. This can result in a symmetric, conical
output beam that is easily coupled to external
optical systems such as fibers, lenses, etc. that
commonly also have cylindrical symmetry. If the
mirrors are multilayer dielectric stacks whose
reflectance stop band is at the same wavelength
as the peak of the gain spectrum (approximately
coincident with the PL spectral peak of the
emitting species), the external mirrors are known
as distributed Bragg reflectors (DBRs). Thus, VCSEL
is a DBR laser with a single optical mode whose
wavelength is determined by the periodicity
(Λ) of the dielectric layers comprising the
mirror stack:

Λ ¼ mλ0
4

1
�n1
þ 1

�n2

� �
� mλ0

2�n
; ð6:150Þ

where �n1 and �n2 are the effective refrative indexes
of the twomedia in the reflectors, �n ¼ ð�n1 þ �n2Þ=2,
and λ0 is the emission wavelength. Also, m ¼ ±1,

(a) (b)

(d)(c)

Figure 6.199 Resonators used in lasers. Green regions are the gain
media, gray are the mirrors, blue is the substrate, and the optical mode
propagation directions are shown in red. (a) Fabry–Pérot or longitudinal
laser, (b) vertical cavity surface emitting laser, (c) distributed feedback
laser, and (d) ring resonator laser.
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Figure 6.198 The absorption and emission spectra of (a) Alq3 and
(b) DCM. The overlap of the Alq3 emission and DCM absorption spectra
lead to efficient Förster energy transfer from the host to guest. The almost
complete separation of the red DCM emission spectrum from the
absorption of the two species results in very low optical losses. (c) Energy
scheme of the Alq3:DCM system leading to red laser emission (Kozlov
et al., 1998).
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±2,…is the grating order (m ¼ 1 is a first order
grating, 2 is a second order grating, and so on).

(iii) When the reflective grating is placed either with-
in or in close proximity to the gain medium as in
Fig. 6.199c, the structure is known as a distributed
feedback (DFB) laser (McGehee et al., 1998, Kozlov
et al., 2000, Karnutsch et al., 2006). This is distinct
from a DBR laser where the grating is located
outside of the cavity as discussed in the context
of VCSELs. External gratings can also be used in
longitudinal geometries (Vasdekis et al., 2006).
The DFB grating condition is similar to Eq. 6.150.
The symmetrical, counter-propagating optical

fields within the gain medium create a degener-
acy resulting in two output modes, separated by
the cavity free spectral range:

�λ ¼ λ20
2�nL

; ð6:151Þ

where L is the cavity length. The cavity sym-
metry can be lifted to create only a single mode
output by “breaking” the grating into two sec-
tions of unequal length. This can also be done by
inserting a spacer of length, λ/4 within the grat-
ing. The spacer creates a phase delay for the
counter-propagating modes that favors one over
the other. DFB resonators are a common means
for providing high reflectivity, and hence a low
lasing threshold.

(iv) An approach that differs from these one dimen-
sional architectures is the ring resonator in
Fig. 6.199d. The resonator can be formed by de-
positing the organic gain medium around a cy-
lindrical core such as an optical fiber (Frolov
et al., 1997, Schülzgen et al., 1998). The mode is
trapped by circulation within the ring by TIR due
to the higher index of the gainmedium compared
to the surrounding air. Only modes whose wave-
lengths that are integer multiples of the ring cir-
cumference constructively interfere, and hence
have the possibility for lasing. That is, the
modes must satisfy the following condition:

λ0 ¼ 2πr�n
m

; ð6:152Þ

where r is the ring radius. The light is outcoupled
from the ring due to scattering from imperfections
around its periphery. However, this does not re-
sult in a usable output that is efficiently coupled
into an external optical system. A method for
more focused outcoupling is to bring awaveguide
into close proximity, and within the plane of the
ring. The evanescent optical field from the mode

trapped within the ring evanescently couples into
the waveguide at the point of closest approach.
The advantage of the ring resonator is that it pro-
vides for a maximal overlap between the optical
mode and the gainmedium as themode circulates
around the ring periphery, and can have an ex-
tremely large quality, orQ-factor (�109) compared
with other cavities described, where Q ranges
from 10 to 104. For an emission line of width �λ,
the Q-factor is:

Q ¼ �λ

λ0
: ð6:153Þ

The final element comprising the laser is the exci-
tation source. To date, all OSLs have been excited by
a short wavelength optical pump, such as a N2, He–
Cd laser, or InGaN diode laser. The pump beam is
typically projected onto the laser cavity as a stripe
that establishes a well-defined region of high optical
gain, forming a so-called gain-guided laser, that is, the
lasing mode is also confined to the region being
pumped where there is a population inversion of
excited states. In longitudinal (e.g. Fabry–Pérot or
DFB) lasers, the optical pump beam illuminates a
stripe along the length of the active medium defining
the gain region shown in Fig. 6.200a. The intensity is
sufficient to induce a population inversion, and
hence this is the region where the stimulated emis-
sion intensity is higher than the losses, resulting in
mode propagation along the stripe. The mode is said
to be gain-guided within the stripe since the high
excited state population induces transparency.
Hence, both the optical mode and the inverted ex-
cited state population coexist within the stripe, maxi-
mizing the gain.
Reflective mirrors, cleaved facets, or gratings at

both ends of the stripe provide the surfaces that define
the oscillator dimensions. Surface emitting lasers are
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Figure 6.200 Optical pumping schemes for (a) longitudinal and (b)
surface emitting lasers.
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pumped either from the bottom or top surfaces to
create a high gain region within the active medium;
see Fig. 6.200b. Depending on whether or not the two
surface mirrors have the same reflectivity, the output
beam can be preferentially emitted from the top or
bottom surface. Ring resonator lasers are typically
pumped by directing the exciting laser beam at the
gain medium along the ring axis.
In a slab laser, a waveguide is formed transverse to

the laser cavity by the pump itself (Fig. 6.201a). As
gain continues to increase to the point of transparency
of the laser medium, the index of refraction decreases.
This causes a break-up (mode repulsion) of the single
transverse mode, thus reducing the overlap between
the optical field and the gain region. Mode repulsion
is prevented by employing the index-guided ridge
waveguide structure in Fig. 6.201b. A shallow ridge in
the gain medium is optically pumped. Because the
gain medium has a higher index than the surrounding
air, the effective index sampled by the mode is higher
in this region than elsewhere. The ridge, therefore,
provides additional confinement that stabilizes the
transverse mode even at high pump powers. Since
high efficiency, low threshold lasing requires confine-
ment of the optical mode in the direction perpendicu-
lar to the waveguide plane, the gain medium must
have a higher index of refraction than either the sub-
strate or the air.
There has been considerable confusion in the litera-

ture in identifying a true laser source. Often super-
luminescence or ASE are mistaken for laser emission
(Denton et al., 1997). Here, ASE refers to the presence
of gain in a medium in the absence of a resonant
cavity that produces stimulated emission via photon
recycling. Hence it is useful to enumerate those

properties of the emitted light that should be ob-
served before the device can be unambiguously iden-
tified as a laser oscillator.

(i) Lasers exhibit a clear threshold delineating regions of
spontaneous and stimulated emission. The thresh-
old is identified by an abrupt increase in slope
efficiency, which is the ratio of the output inten-
sity to the pump energy (or in the case of an
electrically pumped device, the drive current).
Examples of the threshold and high slope effi-
ciency above threshold are illustrated for Alq3:
DCM (2.5%) double and single heterostructure,
Fabry–Pérot lasers on InP substrates in Fig. 6.202.
Below threshold, the spontaneous emission effi-
ciency is only �1%, whereas it rises abruptly once
lasing is reached. The higher refractive index of the
DCM doped layer (with n = 1.78) compared to the
Alq3 cladding layer (n = 1.72) in the double hetero-
structure in the upper left of Fig. 6.202 provides
optical confinement within the doped layer
(Kozlov et al., 1998). The lasing mode is trapped
in the thin, high refractive index active region
resulting in a significant decrease in threshold
and increase in slope efficiency compared with
the single heterostructure in the lower right of the
figure. Note that it is customary to display the
light output vs. excitation intensity on a linear
plot where the threshold can be accurately deter-
mined from the point of intersection between the
spontaneous and stimulated emission regimes.
Displaying these data on semi-log or log-log
plots can result in an S-shaped curve that can
lead one to conclude there is a lasing threshold,
yet a straight line with an intercept at the origin
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Figure 6.201 (a) Gain-guided and (b) index-guided Fabry–Pérot laser structures. Qualitative plots of the gain and index of refraction along the transverse
axis are shown below each structure. The dashed line is the approximate zone being pumped. To achieve optical confinement in the vertical direction, the
gain medium must have a higher index than either air or the substrate.
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will also show an S-shaped dependence if the
abscissa is a logarithmic scale.

(ii) Laser linewidths are substantially narrower that spon-
taneous emission sources. A transition from a broad
spontaneous PL spectrum to a single ormultimode
spectrum at threshold is an essential feature of
lasing. Narrowing above threshold is shown in
Fig. 6.203 for an optically pumped polymer-based
DFB laser. The active lasing region consists of
the semiconducting polymer, BeEH-PPV. The
0.15–0.35 μm thick polymer was deposited onto
the surface of a 1 μm thick SiO2 layer on whose
surface was etched a grating with Λ ¼ 170 to 185
nm (see inset) (McGehee et al., 1998). The spontan-
eous emission spectrum below threshold is charac-
teristically broad (dashed line), but once the pump
energy exceeds threshold there is a dramatic nar-
rowing (solid line). Examination of the emission in
the inset shows two modes offset by approximate-
ly �λ ¼ 2 nm arising from the pair of resonances
from counter-propagating waves supported by the
grating. The differences in mode intensities arises
since the shortwavelengthmode is better aligned to
the gainpeakof themedium,which is located at the
peak of the spontaneous (PL) emission spectrum.

Caution must be used in associating spectral
narrowing with gain, however, Microcavity ef-
fects, and propagation in waveguides near their
modal cutoff can also result in narrow spectra
even when only spontaneous emission is present
(Yokoyama et al., 2008). Modal narrowing in the
absence of gain is easily identified, however, since

the narrow spectra are present even as the pump
fluence is decreased to zero.
Lacking a wavelength-selective element such as

a grating, numerous modes are supported within
the gain envelope. This is shown by themultimode
spectrumof the Fabry–Pérot laser in Fig. 6.204. The
cavity is bounded by organic facets cleaved at
both ends of a L ¼ 500 μm long
slab of Alq3:DCM (2.5%). The modes are evenly
spaced at 2 Å, with a mode width of 0.6 Å. The
free spectral range given by Eq. 6.151 determines
the mode spacing.

(iii) Lasers are spatially coherent light sources. This is
identified by a diffraction-limited emission
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laser with a wavelength of 337 nm and a pulse length of 500 ps (Kozlov et al., 1997a).

Polymer Cladding

SiO2

BuEH-PPV

Pump

500 550 600 650

Wavelength (nm)

Wavelength (nm)O
ut

pu
t 

Po
w

er
 (a

.u
.)

In
te

ns
ity

 (a
.u

.)

Below threshold

Above threshold

× 30

549 551 553 555 557Si Substrate

Figure 6.203 Optical output spectrum from the optically pumped DFB
OSL both below and above the lasing threshold. Right inset: Detail of the
optical modes above threshold. The mode pair is expected for a DFB laser
as discussed in text. Left inset: OSL strcuture. After McGehee et al. (1998).

6.8 ORGANIC SEMICONDUCTOR LASERS 539



beam, or in the case of a multimode laser, a
speckle pattern in the laser output. Coherence
can also be identified by polarization of the
output beam as shown in Fig. 6.205 for the single
heterostructure OSL in Fig. 6.202. The beam is
polarized in the plane of the active medium,
which is expected for TE emission. The line in
Fig. 6.205 is a fit to the TE polarized beam inten-
sity that follows IðαÞ ¼ Iðπ=2Þ sin2α, where α is the
angle between the polarizer axis and the normal
to the substrate plane, and I(α) is the intensity at α.
The existence of a well-defined beam is clear evi-
dence for lasing. While spontaneous emission can
result in a spectrally broad, Lambertian pattern,
lasers are characterized by narrowanddirectional
transverse mode emission.

(iv) Lasers are temporally coherent sources. Temporal
coherence is the property that two wave sources
have the same period, frequency and waveform.
Thus, a purely monochromatic source is tempor-
ally coherent and can interfere with itself. If a

source emits a range of frequencies of width �f ,
then the coherence time, τC, is

τC�f � 1: ð6:154Þ
Thus, the coherence time decreases as the source
becomes increasingly polychromatic: lasers have
a long temporal coherence, whereas white light
sources are incoherent. The temporal coherence
is typically measured using a Michelson or
Mach–Zehnder interferometer.

6.8.1 Theory of lasing in optically pumped OSLs

Since laser emission is due to inversion of the singlet
exciton population, all sources of singlet generation
and losses must be included in the rate equations that
describe laser action. Previously (Section 6.3.5) we
have shown that singlets are primarily lost to SSA
and STA in the absence of an electric current. The
slow buildup of triplets during optical pumping due
to the presence of weak spin–orbit coupling even in
fluorescent materials has been found to turn off laser
emission after only a few tens or hundreds of nano-
seconds following the onset of the optical pump. Fur-
thermore, triplet-induced absorption in the cavity can
reduce the net optical gain (Kozlov et al., 2000, Baldo
et al., 2002, Giebink and Forrest, 2009, Lehnhardt
et al., 2010). Including all significant cavity losses,
the coupled rate equations that describe laser transi-
ent behavior under optical pumping are as follows
(Zhang and Forrest, 2011):

dS
dt
¼ ηpIp

hνpd
� kSS� kISCS� kSTSTG � γ

c
�n
P; ð6:155Þ

dTH

dt
¼ kISCS� kHGexp � 2

R0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N0 � TG

3

s !
TH;

 

ð6:156Þ

dTG

dt
¼ kHGexp � 2

R0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N0 � TG

3

s !
TH;

 
ð6:157Þ

dP
dt
¼ Γγ� αCAV � 1

L
ln Rð Þ � ΓσTTTG

� �
c�nPþ ΓβkSS;

ð6:158Þ
where S, TH, TG, and P are guest singlet, host triplet,
guest triplet, and lasing mode photon densities, re-
spectively, ηp is the fraction of the pump emission
absorbed by the organic film, Ip is the pump intensity,
hνp is the pump photon energy, kS is the guest singlet
natural decay rate, kISC is the host ISC rate, kST is the
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Figure 6.205 Intensity of polarized light emission as a function of the
angle, α, of a linear polarizer relative to the normal to the substrate plane
of the single heterostructure OSL in Fig. 6.202. The line follows sin2α, as
expected for TE-polarized emission (Kozlov et al., 1997a).

680

In
te

ns
ity

 (a
.u

.)

In
te

ns
ity

 (a
.u

.)

Wavelength (nm)

640 645

640 660

Wavelength (nm)

Figure 6.204 Multimode spectrum of a 500 μm long Alq3:DCM (2.5%)
single heterostructure OSL in Fig. 6.202. The modes entirely fill the gain
spectrum of DCM defined by its broad PL spectrum, with the highest
intensity modes at the gain peak (Kozlov et al., 1998).

540 ORGANIC LIGHT EMITTERS



guest STA rate, γ ¼ σstimS is the gain, is σstim the
stimulated emission cross-section, and �n is the effect-
ive refractive index of the dielectric cladding layer
and gain medium waveguide (Chuang, 2009). The
optical confinement factor, Γ, is the ratio of the op-
tical mode intensity confined within the gain region
of thickness, d, to the total intensity of the propagat-
ing mode. Also, kHG is the host–guest Dexter transfer
coefficient where we assume that triplets are trans-
ferred by exchange interactions, R0 is the guest–host
van der Waals radius (� 1 nm), N0 > TG is the guest
triplet saturation population (i.e. the point at which
the triplet loss rate equals its generation rate as de-
termined from the saturation of PL quenching, as we
have observed for OLEDs in Section 6.3.5), αCAV is
the cavity loss without contributions from triplet
absorption given by αTT, and σTT is the guest triplet
absorption cross-section. The losses from the optical
cavity with mirrors with reflectivities of r1 and r2
gives a total reflectivity of R ¼ r1r2. The mirror loss
is given by the logarithmic term in Eq. 6.158 for a
cavity of length, L. That is, the mirror losses decrease
with increasing cavity length. Finally, β is the spon-
taneous emission factor, which is equal to the inverse
of the total number of modes within the PL (i.e. the
gain) spectrum of the active medium (Coldren and
Corzine, 1995). For spontaneous emission, P¼ 0, and
the intensity is proportional to S.

The exponential functions in Eqs. 6.156 and 6.157
are due to Dexter transfer that decays exponentially
with molecular distance, R0. The simultaneous solu-
tions of this system of coupled equations provide the
transient response of an OSL both below and above
the lasing threshold.

Lasing is achieved when the net gain, g(t), is equal
to the loss. This is the point when the laser medium

has reached transparency. Thus, from Eq. 6.161, the
lasing condition is given by

g tð Þ ¼ ΓσstimS tð Þ � αCAV � 1
L
ln Rð Þ � ΓσTTTG tð Þ ¼ 0:

ð6:159Þ
This equation can be solved to determine the thresh-
old singlet population, STH(t). Surprisingly, OSLs ex-
hibit two distinct threshold singlet populations. The
CW threshold population (SCW) must be high enough
to overcome triplet losses as TG(t) increases with time.
In contrast, the lasing population under pulsed exci-
tation is SPS < SCW, since for short pumping durations
the triplet population is too small to affect the cavity
gain. Then, ignoring mirror losses, as t!0, the triplet
loss ΓσTTTG� αCAV , and thus Eq. 6.159 yields
SPS ¼ αCAV=ðΓσstimÞ. With time, TG increases, which
increases the associated loss until ΓσTTTG > αCAV . Fi-
nally, TG reaches its saturation density, N0, at which
point the triplet loss can no longer increase, and
SCW ¼ ðαCAV þ ΓσTTN0Þ=ðΓσstimÞ.
The CW threshold is approximately

ICWðN0Þ ¼ hνpdðkS þ kISC þ kSTN0Þ
�ðαCAV � 1

L
ln Rð Þ þ ΓσTTN0Þ= ηΓσstimð Þ; ð6:160Þ

compared to the pulse threshold IPS ¼ ICWðN0 � 0Þ.
Thus, ICW is a quadratic function of guest triplet satur-
ation population. That is, kSTN0 is due to STA that
reduces the gain; and ΓσTTN0 is due to triplet absorp-
tion that leads to loss.
The presence of two thresholds appears to be a

unique feature of OSLs, and explains why CW lasing
was not observed for 15 years after the first demon-
strations of laser action in an organic semiconductor
(Zhang and Forrest, 2011).
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The importance of triplet absorption has been
measured in the polymer blend F8BT/MEH-PPV
(16 wt%) using the pump-probe arrangement in
Fig. 6.206a. A waveguide comprising a slab of active
material is pumped in the UV to create a large density
of singlets along with a much smaller density of trip-
lets formed via weak ISC. After a delay of 200 ns
during which time the singlets completely recombine,
a second UV probe pulse creates a second population
of singlets whose radiation propagates through the
now triplet-rich, previously pumped region. By meas-
uring the intensity of the emission as a function of
distance from the waveguide edge, the triplet absorp-
tion coefficient is determined. The long interaction
length between the waveguided fluorescence and
the residual triplet population minimizes measure-
ment inaccuracies (Lehnhardt et al., 2010).
The edge emission intensity vs. pump energy dens-

ity and duration is shown in Fig. 6.206b. The intensity
falls to an asymptotic value once the saturation triplet
density, N0, is reached. Furthermore, as the pump
duration and energy density increase, the triplet dens-
ity also increases, as apparent from the larger de-
crease in edge emission intensity. A fit to the data
(dashed line, Fig. 6.206b) using a theory similar to
that in Eqs. 6.155–6.158 yields a spectrally broad trip-
let absorption loss of αTA � 30 cm�1.
The laser rate equations have been used to analyze

a gain-guided DFB laser that included a triplet

manager analogous to managed OLEDs with reduced
TTA discussed in Section 6.3.5. The OSL comprised a
200 nm thick gain layer containing the manager,
ADN, co-deposited into the guest–host gain medium
consisting of 2 vol.% DCM2 in Alq3. The manager is
included to remove triplets generated by the pump,
thereby reducing N0 and extending the lasing dur-
ation. As noted in Section 6.3.5 (cf. Fig. 6.76), ADN
has lower triplet (ET ¼ 1.69 eV) and higher singlet
energy (ES ¼ 2.83 eV) than Alq3 (ET ¼ 1.99 eV and ES

¼ 2.38 eV). Furthermore, ES ¼ 2.03 eV and ET ¼ 1.74
eV for DCM2. The manager concentration in Alq3(98
� x vol.%):DCM2(2 vol.%) is x vol.% ADN (x ¼ 0, 10,
30, 50, 70, 100). The same films were deposited on
gratings with a period of Λ ¼ 430 nm and a 50 nm
depth on the SiO2-on-Si substrate to form the DFB
OSLs. Output from a 0.6 W pump laser diode at
wavelength λ ¼ 405 nm was focused to a 150 μm �
250 μm spot on the thin film.
Results from pumping OSLs with different concen-

trations of managers along with fits to Eqs. 6.155–
6.158 are shown in Fig. 6.207. The theory and meas-
urement agree well for both the unmanaged laser
(x ¼ 0), as well as lasers with increasing amounts of
the manager, ADN (Fig. 6.207a). As in the case of the
managed OLED, the initial drop in PL intensity is
considerably reduced with increasing concentrations
of the manager until there is no apparent loss from
TTA at x ¼ 100. The fits to the lasing transients in
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using parameters summarized in Table 6.19. Inset: Single mode lasing spectrum of an x ¼ 70 OSL (Zhang and Forrest, 2011).

542 ORGANIC LIGHT EMITTERS



Fig. 6.207b are more revealing. In the absence of the
manager, triplets rapidly build up, resulting in a las-
ing duration of only 400 ns. However, as the manager
is increased to 70%, the duration is increased by a
factor of ten, to 4.5 μs. At all concentrations, the data
are accurately fit to the model described above, using
parameters listed in Table 6.19.

From the fits, we see that in unmanaged devices, the
pulsed threshold pump fluence is more than 30 times
less than its CW value. Indeed, ICW ¼ 32 kW/cm2 is
well above the damage threshold of this (and most)
organic semiconductor systems. However, at x ¼ 70,
the CW threshold drops to only 2.2 kW/cm2, which
should not induce immediate damage to the organics.
Figure 6.208a shows a streak camera image of CW
lasing achieved at ICW ¼ 2.4 kW/cm2. The lasing lasts
as long as the pump beam is applied, and in fact only
ceases after 100 μs once the high excitation density
damages the gain region. Thus, CW lasing is achieved
once the triplet population is sufficiently reduced. The
lasing duration vs. pump power is calculated for this
same x ¼ 70 managed laser, indicating that the lasing
duration becomes infinite once ICW is exceeded.

6.8.2 Distinguishing characteristics of OSLs

We noted at the beginning of our discussion that
OSLs are interesting due to many characteristics that
distinguish them from conventional, inorganic laser
diodes. In the following, we discuss a few of these
unique characteristics that have provided motivation
to seek means for electrical pumping, and in some
cases provide sufficient cause for using OSLs in op-
tically pumped applications as well.

(i) Access to a broad and tunable range of emission
wavelengths across the visible and NIR. The appeal of
organic materials is their versatility. By simple modifi-
cations of chemical structure, a nearly unlimited range
of properties can be accessed. From the earliest dem-
onstrations of both polymer and small molecule-based
lasers, researchers demonstrated OSLs with emission
from the deep blue to theNIR (Hide et al., 1996, Kozlov
et al., 1998), with example lasing spectra in Fig. 6.209
for six different small molecule dopants and two hosts.
Another feature of organics is their broad gain

spectrum, as determined by the width of the PL

Table 6.19 Parameters for PL and lasing transients fits, and the corresponding, measured pulsed (IPS) and calculated CW (ICW) lasing threshold intensities
for Alq3(98 � x vol.%):DCM2(2 vol.%):ADN(x vol.%) OSLs (Zhang and Forrest, 2011)

Device
(x vol.%)

IPS
a

(kW/cm2)
kHG

a

(1010 s�1)
kISC

a

(107 s�1)
N0

a

(1018/cm3)
σTT

b

(10�17 cm2)
σstim

a

(10�16 cm2)
ICW
(kW/cm2)

0 0.93 4.0 3.3 5.0 4.0 1.9 32

10 0.75 3.5 2.6 3.9 3.8 2.0 19

30 0.72 13 2.3 2.8 3.6 2.4 8.8

50 0.45 3.0�103 1.7 1.5 4.3 2.1 3.7

70 0.43 5.0�105 1.3 0.92 4.1 2.3 2.2

a Parameters from measurement.
b Parameters from fits to data.
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Figure 6.208 (a) Streak camera image of laser emission for the triplet-
managed OSL in Fig. 6.207 measured at a pump intensity 2.4 kW/cm2.
This shows a CW lasing duration of >18 μs lasing duration. (b) Simulated
lasing duration evolution with increasing pump power for a triplet
managed OSL (Zhang and Forrest, 2011).
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emission peak. This allows for an exceptionally broad
selection of lasing wavelengths in even a single mo-
lecular system. An example of this tuning range is
shown in Fig. 6.210. The optically pumped ASE spec-
tra of the guest, Spiro-DPVBi, in the host, Spiro-BTBi,
red shifts with guest concentration, from 415 nm at
0.05% to 475 nm at 100% (Fig. 6.210a). The red shift is
likely due to dielectric polarization, via the SSSE dis-
cussed in Section 3.6.7 (Bulovic et al., 1999). The ac-
cessible wavelength range is determined by the broad
PL spectrum shown by the dashed line. Indeed, SSSE
red shifts in the lasing spectrum itself have been ob-
served over a remarkable range of 35 nm by varying
the DCM concentration from 0.05–10% in Alq3:DCM
Fabry-Pérot lasers (Kozlov et al., 1997b). The DFB
lasing spectrum of a neat film of Spiro-DPVBi can be
tuned over 71.6 nm by varying the second order
grating period on a Si/SiO2 substrate (Fig. 6.210b).
The broad gain spectrum of OSLs can also be

exploited to select the lasing wavelength from among
the several vibronic modes of a single molecular spe-
cies. This can be understood from the electronic state
diagram in Fig. 6.211. In this example, optical pumping
results in the transition: S1 ve ¼ 2ð Þ S0 vg ¼ 0

� �
. Emis-

sion occurs from the S1(0) state to any one of the
ground state vibronics, with the strength of a given
transition dependent on the ground state wavefunc-
tion overlap with S1(0). The transitions between ener-
gies: E1!E4! E3!E2 defines the four-level lasing
system, with the gain envelope extending across the
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Figure 6.211 Ground and first excited states of a laser. The pump
excites the molecule into its S1 state (gray arrow), and following Kasha’s
rule, emission occurs from S1(ve ¼ 0) to any one of several vibronic states
(vg ¼ 0–4) within the S0 manifold (green arrows). Due to lack of orbital
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et al., 2018).
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accessible ground state vibronics for which the oscilla-
tor strength for a particular transition is significant (in
this case, from vg ¼ 1 to 4). Ordinarily, lasing occurs
between S1(0) and S0(1). However, the other ground
state vibronics can be selected by increasing their

oscillator strength relative to the S1 0ð Þ!S0 1ð Þ transi-
tion. The selection of a given transition can thus be
used to “digitally tune” the lasing wavelength.
Selection of a particular vibronic transition has been

demonstrated for nanocrystals of the green emitting
thiophene, BP1T, by doping with low concentrations
of the absorber BP3T. The molecular structures of these
complexes are shown in Fig. 6.212. The doped, 20 μm
hexagonal crystallites were grown by OVPD in an Ar
carrier gas on quartz substrates. Since the excited state
dipolemoments are oriented perpendicular to the (001)
crystal plane that lies parallel to the substrate surface,
emission is preferentially within the plane, and is inci-
dent to the facets. The crystallites thus form ring (or
whispering gallery) lasers, with cavity length L equal to
the sum of the lengths of the 6 facets.
The BP1T emission and BP3T absorption spectra are

shown in Fig. 6.213a. The low concentrations of the
dopant are easily controlled by OVPD by placing
both the dopant and host in a temperature gradient
along the length of a horizontal tube furnace. Each
species is located at the optimal point to control its
individual evaporation rate. From the figure, we see
that the long wavelength absorption tail of BP3T ex-
tends into the high energy limb of the BP1T emission
spectrum. As the dopant concentration is increased,
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Figure 6.212 Molecular structural formulae of the luminescent BP1T,
and the UV–green absorber, BP3T. The electron micrograph shows a
single BP1T nanocrystal along with two crystalline axes indicated. The
scale bar is 5 μm (Dong et al., 2018).

(a) (b)
0.55 wt%

0.35 wt%

0.26 wt%

0.16 wt%

0.07 wt%

0.02 wt%

Pure BP1T

300 400 500 600

Wavelength (nm)

450400 500 550 600

Wavelength (nm)

0–1
0–2
0–3 0–4

A
bs

or
ba

nc
e 

(n
or

m
.)

In
te

ns
ity

 (n
or

m
.)

N
or

m
al

iz
ed

 p
ho

to
lu

m
in

es
ce

nc
e 

in
te

ns
ity

0–4

0–3

0–2

0–3+0–4

0–2+0–3

0–1+0–2

0–1
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the higher energy BP1T emission is reduced, effectively
reducing the strength of the 0–1 transition, moving to
the 0–4 transition at a BP3T concentration of 0.55 wt%.
This, in turn selects the lasing mode, as shown in
Fig. 6.213b. The pure crystal emits only from the 0–1
transition in the blue, at a wavelength of λ ¼ 464 nm.
The emission pattern is shown to the right, indicating
that the crystal facets indeed form mirrors that confine
the optical mode within the hexagonal resonant cavity.
As the dopant concentration increases to 0.07 wt%,
lasing “digitally” shifts to the 0–2 transition at 495
nm, at 0.26 wt% to the 0–3 mode, and finally at 0.55
wt%, emission is solely from the 0–4 transition in the
green, at 550 nm. Interestingly, at intermediate concen-
trations of BP3T, laser emission from two modes are
simultaneously observed. These lasers exhibit multi-
mode emission, indicating that there may be more
than one optical path that circulates within the hex-
agonal cavity at one time.
Selecting the lasing wavelength by absorption has

the adverse effect of increasing the threshold pump
power, which increases by approximately 20% from
the undoped to the 0.55 wt% sample. This roughly
corresponds to the increased absorption of BP3T
(Dong et al., 2018). The ability to select the lasingwave-
length from the transitions from within the vibronic
progression of a single molecular species is due to the
very broad gain spectrum of organic molecules.
One further exploitationof thebroadgain spectrumis

an electrically tunable organic VCSEL (OVCSEL) in
Fig. 6.214a. The DCM (2.5%):Alq3 gain medium is sep-
arated from a dielectric DBR stack by a 1 μm thick air
gap. The top reflector of this bottom emitting device is a
100 nm thick layer of Ag deposited onto the gain me-
diumsurface.Byapplyingavoltagebetween theAutop
contact and the ITO layer that underlies the dielectric
mirror stack, the cavity length is reducedvia electrostat-
ic attraction. This results in a shift in resonant wave-
length of�λ> 10 nm at 20 V, as shown in Fig. 6.214b.

From these few examples, we see that the exception-
ally broad gain spectrum of OSLs can lead to wave-
length versatility over a large range.

(ii) Temperature independent gain characteristics. Inor-
ganic semiconductor laser characteristics such as the
threshold current, slope efficiency and emission
wavelength show significant temperature dependen-
cies. This arises from the broad densities of states of
electrons and holes. As temperature increases, the
Fermi energy moves toward the band edge due to
the increase in free charge density. This, in turn, in-
creases the threshold current needed to reach trans-
parency. The threshold current (or excitation density)
in inorganic laser diodes follows the empirical rela-
tionship: jth ¼ j0exp T=T0ð Þ where T0 is the character-
istic temperature of the lasing medium and cavity
architecture. For group III–V semiconductor lasers
such as those based on InP or GaAs, T0 � 100–150
K (Coldren and Corzine, 1995). To reduce the effects of
temperature, the confinement of the density of states in
engineered quantum well and QD structures are
widely employed (Arakawa and Sakaki, 1982). We
have shown in Part I that the energetics of organic
semiconductors are inherently different from their in-
organic analogues. Disorder leads to a lack of well-
developed bands except in only a handful of molecular
systems. Thus, a strong energy gap dependence on
temperature in inorganic semiconductors is absent in
organics. Indeed, in organic host–guest systems,
excitations are localized on the guest molecule after
Förster transfer from the host. Thus, we can think of
such excited, widely dispersed fluorescent molecules
as natural quantum dots. These molecular systems
thus have very weak threshold power dependence on
temperature.
The temperature dependent characteristics for an

Alq3:DCM (5%) Fabry–Pérot laser are shown in
Fig. 6.215, and are compared with expectations for a
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conventional GaAs-based semiconductor laser diode
(dashed lines). As expected for a quantum-confined
state, there is only a small increase in threshold pump
energy with temperature from 0°C to 150°C for the
organic laser. Its characteristic temperature of T0 ¼
1000 K is nearly an order of magnitude higher than for
the inorganic device. The slope efficiency of the or-
ganic laser does not change over this same tempera-
ture range, whereas many inorganic laser diodes do
not even reach threshold at the highest temperatures
used in this experiment (Kozlov et al., 1997b). More-
over, the wavelength is also relatively temperature
independent shifting by only a few nanometers over
this broad temperature range. In contrast, the inor-
ganic laser wavelength is expected to depend on its
energy gap, which follows the empirical relationship:
EgðTÞ ¼ Egð0Þ � αT2=ðT þ βÞ, with α ¼ 5.4� 10�4 eV/
K and β ¼ 204 K for GaAs (Sze, 1981). The small red
shift of the organic is possibly due thermal expansion
of the Fabry–Pérot cavity at high temperatures.

The extraordinary and intrinsic temperature inde-
pendence of OSLs provides a compelling case for
their use as wavelength standards whose intensities
and wavelengths are independent of large tempera-
ture swings. The access to a broad range of emission
wavelengths further suggests their suitability for a
diversity of sensing, timing and communications
applications.

(iii) Ultra-narrow lasing linewidths. In addition to
stable wavelength operation, the linewidths of OSLs
can be extraordinarily narrow. Indeed, Fourier trans-
form limited linewidths have been observed for small
molecule OVCSELs, as shown in Fig. 6.216. This

device comprises a single metal mirror and a DBR
stack with a reflectivity of R1 ¼ 0.995. This gives a
microcavity Q of

Q ¼ λ0
�λ
¼ 2π

λ0

2�nL
ln 1=R1R2ð Þ � 420; ð6:161Þ

where R2 ¼ 0.91 is the Ag mirror reflectivity and
�nL ¼ 3:5λ is the effective optical cavity length. The
measured linewidth above threshold is only δλ ¼ 0.2
Å (Bulovic et al., 1998b)
The Fourier transform limited beam width is deter-

mined by the laser bandwidth. That is, high band-
width operation transforms into a spectrally broader
line. The temporal response of the OVCSEL is shown
in Fig. 6.217. The pulse response is characterized by a
series of relaxation oscillations of period T¼ 100 ps and
a duration of �t ¼ 40 ps. Relaxation oscillations arise
from a mismatch between the spontaneous emission
lifetime of the laser medium, τ, and the photon life-
time in the cavity, tC, which is simply the photon
round trip time divided by the probability of escape
per round trip. The relaxation oscillation frequency is
given by

fro ¼ 1
T
¼ 1

2π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρ� 1ð Þ
tCτ

� ρ

2τ

� �s
: ð6:162Þ

Here, ρ is called the pump parameter, which is the
ratio of the pump power to its value at threshold (i.e.
ρ ¼ E=ETH in Fig. 6.217). The Fourier transform time
of 40 ps results in the observed linewidth of δλ ¼ 0.2
Å, indicating that this device has reached its theoret-
ical bandwidth limit.
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Given this result, we are in the position to estimate
the maximum bandwidth (or minimum linewidth)
that can be achieved with an organic laser. This ul-
timately depends on the value of the threshold gain,
the size of the cavity, and its Q-factor (Henry, 1986).
Taking these factors into account, the power–
bandwidth product for OSLs is P�f ¼ 1 GHz mW,
which is comparable to that achieved using inorganic
semiconductor lasers (Bulovic et al., 1998b)

(iv) Compatibility with flexible substrates. A common
property of all organic electronic devices is that they
can be grown on almost any flat substrate without
regard to its composition or mechanical properties.
This property also applies to OSLs. Almost as soon
as the first demonstrations of OSLs were announced,
researchers reported OSLs fabricated on a variety of
flexible substrates (Berggren et al., 1998, Kallinger
et al., 1998, Kozlov et al., 1998, Herrnsdorf et al.,
2010). The challenge is to fabricate high quality grat-
ings that result in a low threshold and a well-defined
output beam, even when the substrate is flexed. Sin-
gle mode DFB lasers have been demonstrated by spin
coating a photoactive polymer, or vacuum deposition
of small molecule guest–host systems onto photopat-
terned or pressure-embossed gratings in plastic sub-
strates (Berggren et al., 1998, Kallinger et al., 1998). To
date, however, the lowest pump thresholds (~2.7
kW/cm2) (Herrnsdorf et al., 2010) on flexible sub-
strates are almost two orders of magnitude higher
than lasers on flat substrates (Xia et al., 2009). In
spite of these deficiencies, the allure of fabricating

arrays of multicolor organic lasers on flexible and
lightweight substrates has led to considerable devel-
opments of these structures.

6.8.3 Achieving electrically pumped OSLs

In Section 6.8.1 we showed that even the small
number of residual triplets that are generated by
optical pumping are sufficient to terminate lasing
emission after a few hundred nanoseconds. The
losses due to triplets are associated with triplet
absorption and STA. These losses are enormously
increased in electrically pumped devices, where
75% of the injected charges result in triplets. For
example, in the Alq3:DCM Fabry–Pérot laser, it
was found that the threshold gain corresponded to
a cavity loss of αCAV � 30 cm�1. Including mirror
losses (with R ¼ 7%) of αM � 25 cm�1, the total loss
at threshold was estimated to be αT � 55 cm�1.
However, at j ¼ 100 A/cm2, the loss increases near-
ly ten-fold, to αT � 400 cm�1 (Kozlov et al., 2000).
Clearly, electrical pumping can induce very large
losses that must be overcome by a commensurate
amount of gain, presenting a daunting challenge to
reaching threshold. We have already seen in
Section 6.3.5 that triplet losses in high intensity
OLEDs leads to a significant drop in efficiency as
the triplet population increases over time.
Laser diodes are characterized by two features.

There must be electrical confinement within the
gain medium, that is, the charge balance factor de-
fined for OLEDs must be γ � 1 to ensure a very high
density of excited states leading to population inver-
sion in the active material. And there must be optical
confinement within the gain region to ensure max-
imal overlap between the optical field and the
charge/exciton distribution. Without both of these
factors, it is unlikely that electrically pumped lasing
can be achieved. The longitudinal laser structure in
Fig. 6.218 possesses these characteristics, but it also
illustrates the difficulties in reducing losses. Optical
confinement is provided by the refractive index of
the active region that is presumably higher than that
of the surrounding HTL and ETL. Transparent con-
tacts can be used to avoid the very high losses due to
absorption and SPPs excited in the metal contacts.
These losses are exacerbated by low index contrast
between organic layers that lead to only weak optic-
al confinement. To minimize mirror losses, a DBR or
a DFB structure is required.
An advantage of the longitudinal arrangement is the

extended gain region. However, contact losses are con-
siderably easier to manage in a VCSEL where the
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optical field has nodes at the contact surfaces. This
must be traded off against a shorter gain region, and
the need to make Ohmic contact to top and bottom
surfaces that may also contain dielectric DBR mirror
stacks.

The laser equations for electrical pumping are iden-
tical to those used for optical pumping (Eq. 6.155–
6.158) except that the optical generation terms must
be modified to account for electrical injection at cur-
rent, j. Thus, we rewrite these expressions as

dS
dt
¼ χSj

qd
� kSS� kISCS� kSTSTG þ 1

2
kTTT2

H � γc�nP

ð6:163Þ
and

dTH

dt
¼ 1� χSð Þj

qd
þ kISCS� kTTT2

H

�kHGexp � 2
R0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N0 � TG

3

s !
TH: ð6:164Þ

Here, we assume that the triplets are formed only
on the host, and χS is the singlet generation prob-
ability. Also, we have included the TTA rate, kTT,
to account for triplet interactions only on host mol-
ecules since the density of guests, and hence guest
triplets, is expected to be considerably smaller. For
electrical pumping, N0 approaches the total host
concentration. Direct triplet formation on the guest
requires analogous straightforward modifications of
Eq. 6.158. The threshold condition in Eq. 6.159 also
requires modifications consistent with the above
expressions.

There have been only a few studies on the impact of
triplet losses on the threshold currents of OSLs (Baldo
et al., 2002, Giebink and Forrest, 2009). Figure 6.219a
shows the results of one such theoretical analysis that

summarizes the challenges in achieving lasing via
current injection. This study considers losses due to
mirrors, and optical and polaron absorption. For
fluorescent materials, the upper limit to efficiency is
determined by χS ¼ ¼, although the external effi-
ciency will almost certainly be less than 25% for
most lasing systems. Even in this best case, the total
cavity losses are optimistically on the order of
500 cm�1, leading to a minimum threshold current
density of �10 kA/cm2, which is well beyond the
steady-state damage threshold (10–100 A/cm2) of
most organic semiconductor materials. While j > 12
kA/cm2 has been achieved in very small (25 μm)
CuPc thin film devices mounted on heat sinks sand-
wiched between ITO and Mg:Ag electrodes, this
current is still at the lower limit expected for lasing
in an OLED. Moreover, an Alq3:NPD device was
electrically pumped with j > 500 A/cm2, reaching
a maximum brightness of 1.5 � 106 cd/m2, yet no
mention was made of observations of spectral
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Figure 6.218 Schematic illustration of an electrically pumped organic
semiconductor laser.
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narrowing or a superlinear j–V characteristic indica-
tive of ASE or superluminescence (Yamamoto et al.,
2005).
Finally, it is useful to consider the product of exter-

nal quantum efficiency and threshold current density
to determine the combined effects of materials and
excitation. This is plotted in Fig. 6.219b. There, the
regions between spontaneous emission and lasing
are delineated as functions of cavity loss.
Since χS ¼ ¼ under electrical pumping leads to an

extremely rapid build-up of triplets, the laser emis-
sion transient will be extremely short (�ns) in the
absence of management strategies. Indeed, if the cav-
ity losses are too high, lasing will not be reached at
any value of j (Giebink and Forrest, 2009). Further-
more, even for low cavity losses, the device capaci-
tance may lead to a turn-on time constant due to
device charging that is too long to avoid the build-
up of triplet losses.
In view of the foregoing considerations, it appears

unlikely that a “conventional” OLED-like structure
such as that in Fig. 6.218 will lead to electrically
pumped OSLs. However, electrically pumped lasing
may yet be achieved in structures where the gain
region and that used for electrical excitation are sep-
arated. For example, it has been shown that a vertical
cavity polymer lasing region can exhibit laser emis-
sion when integrated with a high intensity, pulsed
InGaN LED pump. Using 36 ns pulses, a threshold
was reached at an LED drive current of 156 A, as
shown in Fig. 6.220 (Yang et al., 2008). This hybrid
organic–inorganic laser suggests that spatially separ-
ating these functions may indeed eventually lead to
an all-organic laser. But it appears that this will occur
only when the effects of triplet annihilation and
absorption are eliminated from the lasing region.
Should that be accomplished, the rapid degradation
of organic materials under intense excitation found in
laser cavities still constitutes a significant barrier to
their practicality.

6.9 Summing up

In this chapter, we have found that OLEDs are the
driving force behind the organic electronics “revolu-
tion.” They have many attractive features that make
them compelling solutions for displays and lighting,
including high brightness and efficiency, access to a
wide color gamut, flexible substrates, etc. The list of
attributes is extensive, and has led to a rapidly grow-
ing industry with OLED displays becoming dominant
in mobile applications. These displays have also made
significant inroads into the television and monitor

markets. The prospects for OLED lighting are also
becoming increasingly bright!
While organic light emission science and technol-

ogy has made enormous strides since the invention of
the low voltage, bilayer OLED in the mid-1980s, there
are still major challenges that must be overcome for
this technology to reach its full potential. In the chap-
ter, we have discussed many of those challenges,
which we summarize here.

(i) Phosphorescent blue OLED lifetime: We noted that
achieving acceptably long lifetimes for blue PHO-
LEDs is arguably one of themost difficult yetmost
important challenges facing the field of organic
electronics today. The increase in display and
lighting efficiencies that would accompany re-
placing the longer-lived blue fluorescent devices
is approximately 25%, leading to a substantial
boost in mobile display battery lifetimes. Yet, we
have seen that the lifetime is intrinsically limited
by energy-drivenmolecular dissociation. The deg-
radation can partially be mitigated by decreasing
the exciton density in the device emission zone,
decreasing the emission lifetime of the phosphor
(or TADF) molecule, or by siphoning off excess
energy of hot excited states usingmanagers. These
methods have not yet led to sufficiently long deep
blue PHOLED lifetimes to bring them anywhere
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near a practical solution for displays. Armed with
insights into the chemical origins of the electronic
defects, it may be possible to engineer even more
robust molecular materials systems that will even-
tually lead to acceptable performance.

(ii) Outcoupling all of the photons. Modern PHOLEDs
and TADF molecules can have 100% internal
quantum efficiencies, yet most of the light (as
much as 80%) is trapped within the device. We
have found that the trapped light is launched
into substrate, waveguide, SPP, and lossy
modes. Numerous creative schemes have been
demonstrated to extract each of these modes
from OLEDs, with maximum efficiencies ap-
proaching �80%. For a solution to be practical,
it must allow for the emission to be independent
of wavelength and viewing angle, it should not
“disturb” the construction of the OLED itself, nor
put demands on the materials sets employed,
degrade the OLED performance in any way,
and it should be very low cost when applied
over large substrate areas. Clearly, much pro-
gress is still needed to fully solve this high
value problem.

(iii) Low cost, high resolution patterning for high definition
and large area displays. While this was primarily a
topic of Chapter 5, the ubiquity of OLED displays
in applications from virtual reality to large screen
televisions requires that considerable progress
must still be made to achieve low cost, high yield
pixel patterning. Currently, displays use fine
metal shadow masks that require constant clean-
ing and are a challenge to implement over large
areas. High speed direct patterning, either by ink
or vapor jet, appear to be far better suited for
pixelation at “any scale, over any area,” as re-
quired for these applications.

(iv) Long lifetime, flexible encapsulation. Already, flex-
ible, ultrathin and lightweight OLED displays
are appearing in the marketplace due to their
compelling form factors. Indeed, flexibility ap-
pears to be a unique feature of organic display
and lighting technology. However, we have
shown that the water and oxygen permeability
of plastic substrates is unacceptably high. This
problem has been partially solved by using inor-
ganic moisture and oxygen barriers deposited by
ALD or plasma chemical vapor deposition onto
the plastic, and directly within the OLED encap-
sulating layer itself. These coatings are not com-
pletely effective, nor are they low cost. However,
achievement of long-lived OLEDs on plastic sub-
strates leads to applications that extend beyond

just their attractive performance characteristics.
High speed patterning along with manufactur-
ing by roll-to-roll processes require flexible sub-
strates. Their achievement would ultimately
result in realizing the dream of printing opto-
electronic devices “on demand” and “by the
kilometer.”

(v) Electrically pumped OSLs. While optically pumped
OSLs were initially demonstrated more than two
decades ago, electrical pumping has yet to be
convincingly achieved. We have shown that, like
long lifetime blue PHOLEDs, there are intrinsic
limitations to realizing such a device. The losses
due to triplets often overwhelm the gain achieved
by the fluorophores in the active media. Thus,
electrically pumped organic laser diode designs
should separate the zones where excited states
are created via current injection, and the light
generation (i.e. the exciton recombination) region.
Ultimately the solution to this problem will be
found since the interest in OSLs is driven by
their wavelength versatility, temperature inde-
pendent operating characteristics, and compatibil-
ity with plastic substrates.

These are only five of the many remaining chal-
lenges facing OLEDs today. Nevertheless, OLEDs
are, and remain likely to continue to be well into
the future, the most successful organic electronic
device technology. Indeed, their development and
continuous improvement over the three decades
since their invention are already leading the way
toward realizing numerous other practical organic
electronic devices such as detectors, solar cells and
transistors, to be discussed in the following
chapters.
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Problems

1. From the three PHOLED spectra in Fig. 6.15a:
(a) Calculate the color coordinates for each spectrum to

verify the gamut shown in Fig. 6.15b.
(b) All spectra are approximately equally broad and

unsaturated. Why does the red spectrum appear
nearly saturated in the CIE chart, appearing closest
to the color locus?

(c) Assuming that the peak intensities of the three colors
are in a ratio of ¼, 1, ½ in blue, green, and red, what is
the CRI and CCT that can be achieved by the
combination of these three color elements? Plot this
point on the 1931 CIE chromaticity chart.

2. Figure P6.2 shows the emission spectrum of the white
OLED used in LG’s 55" TV.
(a) From this spectrum calculate the CRI, CCT, and (u, v)

1964 CIE color coordinates of the WOLED source.
(b) Would this WOLED be considered a good room

illumination source? Explain.
3. Figure 6.111 shows the spectrum at four different current

densities from a two-color WOLED based on a
combination of TADF and Ir-phosphor emittingmolecules.
(a) Calculate the CRI, CCT, and color coordinates at the

current densities shown.
(b) Plot the coordinates on the 1931 CIE chromaticity

chart. What are the �u, �v distances to the
Planckian locus?

4. Figure P.6.4 shows the j–V and L–V characteristics of a red
emitting OLED, along with its emission spectrum in
the inset.
(a) What are the CIE coordinates of this device?
(b) Plot the photometric characteristics of luminous

efficiency and luminous power efficiency as
functions of j.

(c) Plot the equivalent radiometric units as those in (b).
(d) Is this a PHOLED or fluorescent OLED? Explain your

answer.

5. Figure P.6.5 shows the emission spectrum (blue) of a host,
and the absorption spectrum (red) of a guest molecular
pair for an infrared emitting OLED. The effective radius of
the host is rH and the guest is rG
(a) Plot the dependence of the Förster transfer radius, R0,

and the FRET transfer efficiency vs. guest
concentration, NG.

(b) At what concentration is the efficiency maximized for
a fluorescence lifetime of the guest, τD? Assume that
the non-radiative concentration quenching rate is
given by kcc ¼ kcc0expð−r=ðrG þ rHÞÞ, where r is the
molecular separation.

(c) Repeat part (b) for Dexter transfer.

1.0

0.8

0.6

0.4

0.2

0.0
380 400 420 440 460 480 500 520 540 560 580 600 620 640 660 680 700

Wavelength (nm)

In
te

ns
ity

 (n
or

m
.)

Figure P6.2 Normalized emission spectrum of a WOLED.
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Figure P6.4 Performance characteristics of a red OLED.

552 ORGANIC LIGHT EMITTERS



6. Analysis of delayed fluorescence in Section 6.3.5 is based
on the assumption that singlet and triplet excitons are
electrically generated according to random statistics. Here
we explore situations where this might not be the case.
(a) Write the coupled rate equations for triplet and singlet

concentrations in OLEDs with singlet–triplet statistics
of χST ¼ 0, 0.1, 0.25, and 0.5.

(b) Plot the ratio of delayed fluorescence to direct
fluorescence vs. j assuming that kTTA�ST ¼ kF ¼
100kPh as a function of χST over the same domain as
in (a).

(c) What is the maximum quantum efficiency that can be
attained in each case of χST as in (a)?

(d) Plot the effective triplet current density (jT in Eq.
6.58) vs. j for a device with an EML thickness of d
¼ 50 nm and γ ¼ 1, independent of the j vs. χST
with the values in (a).

7. The excimer dynamics are described by the rate equations
in Section 6.5.3 for a guest–host system.
(a) Plot M�(t), E�(t), and H�(t) with the following initial

conditions: t ¼ 0, G ¼ 0, 3M�ð0Þ ¼ ð0:001Þ1Mð0Þ, f ¼
0.1, and kPh ¼ 0:01kET ¼ 0:1kr� kX in the absence of
other non-radiative recombination processes.

(b) Under these conditions, sketch the time evolution of
the spectra for the FPt1+FIrpic diode in Fig. P6.7.

8. The transfer matrix approach is a simple and accurate
means for calculating wave propagation through
multilayer media, such as that encountered in OLEDs
and OPVs. There are many elementary texts and sources
for learning about this powerful method of field

calculation (see, for example, Heavens, 1991). Briefly, the
electric field incident on a medium along the propagation
direction, z, is written FðzÞ ¼ Freikz þ Fle�ikz, where
subscripts r, l refer to the right, left propagating waves,
respectively, with wavevector k ¼ 2π ~n=λ0, where ~n is the
complex index of refraction of the medium, and λ0 is the
wavelength in free space. For the purposes of this
discussion, we will only consider plane waves incident
normally on a stratifiedmedium lying in the x-y direction.
Then, after propagating through a layer of thickness d, the

field and its derivative, F’
zðdÞ ¼ dF

.
dzjz¼d

Fðzþ dÞ
F0zðzþ dÞ

� �
¼M

FðzÞ
F0zðzÞ

� �
ð6:P8aÞ

where

M ¼ coskd 1
k sinkd

�k sinkd coskd

� �
ð6:P8bÞ

is called the transfer matrix. For a series of N layers, and
with the ith layer with thickness and wavenumber (di, ki),
then,

Fðzþ LÞ
F0zðzþ LÞ

� �
¼∏

N

i¼1
Mi

FðzÞ
F0zðzÞ

� �
; ð6:P8cÞ

where L ¼
XN
i¼1

di is the total thickness of the stack.

(a) Generalize Eq. 6.P8b for a plane wave arriving at any
angle, θ, relative to the normal at θ ¼ 0.

(b) Write expressions for the reflectivity and
transmissivity of the stack in terms of the amplitude
of a wave normally incident from the –z direction.

(c) Now consider the three-layer medium in Fig. P6.8.
Calculate the field exiting from the soda-lime glass
substrate into air, that is, calculate the transmissivity
of the stack for light normally incident on the surface
with wavevector k0.

9. Since the device in Fig. P6.8 is approximately what an
OLED structure might look like, we would like to
enhance outcoupling from the glass substrate using an
anti-reflection coating (ARC).
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Figure P6.5 The emission (blue) and absorption (red) spectra of a
guest–host molecular pair.
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PROBLEMS 553



(a) We want to use a two-layer ARC at the glass/air
interface comprising TiO2 and silicon dioxide with
indexes of refraction of nTiO2¼ 2.61, and nSiNx¼ 1.45.
What are the optimal thicknesses of the individual
layers in the bilayer coating to maximize the field
intensity transmitted into the glass substrate? In
what order should these two materials be placed on
the glass surface?

(b) Very low index aerogels have also been used as
antireflection coatings. What is the transmittance of
the stack in the figure for such a porous, lossless
silica medium with n ¼ 1.15 and d ¼ 0.5 mm?

10. Microlens arrays have been shown to outcouple light by
increasing the light cone angle that can escape from the
glass substrate into the air modes.
(a) Assuming that the EML emits isotropically into 4π

solid angle, plot the approximate outcoupling
efficiency as a function of microlens diameter, dμl, from
a bottom emitting OLED (index nOLED ¼ 1.7) with a
perfectly reflective top contact, and where the EML is
located sufficiently far from the emitting dipole layer
soasnot togenerate SPPmodes. Theglass substratehas
a thickness dsub. Assume that themicrolens array (index
nμl < nOLED) forms a two dimensional, closely packed
hexagonal lattice, and that the OLED diameter, dOLED,
is much smaller than dsub. (Hint: Ray tracing is a good
method to solving this problem.)

(b) Plot the outcoupling enhancement fraction for the
device with the microlens array compared to one
with a flat glass substrate using the same geometry
as in (a)?

(c) Plot the dependence of outcoupling efficiency on nμl
for a fixed dμl� dOLED

11. Calculate the approximate polar emission profile (i.e.
intensity vs. angle, θ) of a microlens array comprising
10 μm diameter close-packed hemispherical lenses with
indexes of refraction of n ¼ 1.3 and 1.7 from:
(a) A bottom emitting OLED on a 0.3 mm thick glass

substrate.
(b) A top emitting OLEDwith a transparent top cathode.
(c) What is the deviation from Lambertian for the two

devices in (a) and (b)? That is, calculate the fraction of
the total emission that falls outside a perfect
Lambertian emitter.

(d) What effect will the differences with a Lambertian
source have on the image resolution and other
appearances of the devices?

12. Calculate the dependence of dipole field intensity as a
function of angle for a molecule with a transition dipole
moment aligned 30° with respect to the substrate plane.

13. Figure P6.13 shows the luminance lifetime data for an
OLEDdriven at the current densities of 10, 20, 30, 50, and
100 mA/cm2. The initial luminances, L0, are provided in
the figure. Assume that the emission spectrum of this
device is the same as Ir(ppy)3 (although do not assume
the device is Ir(ppy)3).
(a) What are the device efficiencies (ηL and ηext) at t ¼ 0

at each current? Is this likely to be a fluorescent
OLED or a PHOLED?

(b) Fit the curves to the stretched exponential and the
sum of exponentials expressions in Section 6.7.1.
What do best fits yield for the time constants and
acceleration factors τ, τ1, τ2, β, and n? (Since lifetime
analyses are based on statistical approaches, the best
fits should be selected by a minimization of mean
square deviations, χ2, of the data from the lifetime
expressions).

(c) Write a general expression for L(t) in terms of L0 and j
that best predicts the lifetime of the devices. What is
LT80 and j0 for this device at L0 ¼ 100 cd/m2.

14. For the blue PHOLED structure that generated the data
and fits in Fig. 6.192, and assuming only TPA is active in
aging,
(a) Plot the LT70 of the device as a function of

recombination zone thickness, from drec ¼ 5 nm to
100 nm.

(b) Assuming that the voltage of the device increases

as
dV

dðdrecÞ ¼ Ad2rec where A ¼ 0:001V=nm3, what is

the optimal EML thickness that gives the largest
LT70xηP figure of merit?

15. We have seen that the OLED lifetime is thermally
activated, that is, as temperature increases by 10°C, the
lifetime decreases by approximately a factor of 1.6–1.7.
Hence, it is important to understand the change in
temperature with drive current in both display and
lighting appliances. Consider a green OLED (λmax ¼ 520
nm) with an internal quantum efficiency of 50%
comprised of a 100 nm thick Al cathode, a 100 nm thick
organic active region, and a glass substrate of thickness,
dsub. Assume the top and bottom surfaces are maintained
at the ambient temperature, T0. The materials parameters
for these several layers are given in Table 6P.15.
(a) Based on the power balance Eq. 6.128, plot the steady

state OLED active region temperature over the
domain 0 < j < 100 mA/cm2 for dsub ¼ 0.1, 0.3, 1,
and 5 mm?

(b) Calculate the junction temperature in (a) allowing the
top contact to reach its own equilibrium temperature.
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Figure P6.13 Aging data for an OLED. Initial luminances are indicated.
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(c) Assume that a current step, j, is applied to thedevice at
t ¼ 0. What is the equilibration time constant as a
function of organic layer thickness, dorg¼ 10–200 nm?

16. An organic semiconductor laser has mirror reflectivities
of R1 ¼ R2 ¼ 0.6, a radiative lifetime of 5 ns, an effective
index of �n ¼ 1:7, and a wavelength of λ0 ¼ 600 nm.
(a) Plot the transform-limited bandwidth vs. the cavity

of length L in the domain of 50 μm to 500 μm at twice
the threshold.

(b) Plot the laser linewidth over the same domain in L
as (a).
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CHAPTER 7

Organic light detectors

“I’d put my money on the sun and solar energy. What a source of power! I hope we
don’t have to wait until oil and coal run out before we tackle that.”

Thomas A. Edison, Inventor, 1931

What prophetic words from Thomas Edison, 23 years before the invention of the solar cell! Yet, here we are in
the twenty-first century, and solar power generation has finally taken root as a significant (but far from
dominant) alternative to fossil fuels. Our question in this chapter, however, is not whether solar power will
play a significant role in the production of clean, abundant, and inexpensive renewable energy (it already
does), but whether organic thin filmmaterials, with their ultra-lightweight form factor along with their ability
to be deposited onto virtually any reasonably smooth surface including flexible plastic and metal foils, will
contribute to the explosively growing field of solar electricity production. But solar cells are not the only
organic detector technology. Solar cells, also known as organic photovoltaics (OPVs), are a member of a
broader class of photodetectors that includes organic photodiodes, photoconductors, and phototransistors. It
is the former two types of detectors that are the subject of this chapter. Phototransistors, which are a
combination of the photodetection and gain/switching elements, are treated in Chapter 8. As always, our
discussion relies heavily on the foundations laid in Part I on the processes of photogeneration and charge
conduction in organic materials.
To fully understand the process of photogeneration of charge, we beginwith a discussion of the fundamentals

of the organic photodetection process. The types of organic detectors will then be described in broad terms,
before we engage in a detailed discussion of photodiodes. Their performance characteristics, including spectral
sensitivity (i.e. their external quantum efficiency spectrum), noise, and bandwidth characteristics form the basis
of this part of the chapter. This sets the groundwork for discussing specific photodetector architectures and
applications.
While developments in photoconductors and photodiodes have led to impressive device performance

characteristics, the vast majority of research has focused on solar cells since these are inherently large area
devices; an application for which organic electronics is optimally suited to fill. Hence, the bulk of this chapter
will focus on organic solar cells, principally in what differentiates them from incumbent technologies, and the
mechanisms that govern their performance. After discussing the basics of solar cell operation including the
thermodynamic limits to organic solar cell efficiency, we will describe the various types and structures of
devices developed to reach the highest possible efficiencies. Indeed, progress in OPVs has largely been paced
by developments in materials and device architectures. Hence, we will introduce several of the most interest-
ingmaterials that have been developed for use in the various device regions including the active, blocking, and
transport layers, the morphologies of the thin films that lead to efficient exciton dissociation and charge
collection, and the device architectures that provide the highest power conversion efficiencies. Efficient solar
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7.1 Operating principles of organic
photodetectors

A photodetector is a transducer that converts photons
to an electric current. There are numerous types of
photodetectors ranging from bolometers to avalanche
photodiodes. In this chapter, however, we focus our
attention on only the primary types of detectors that
employ organic electronic active materials. These re-
spond in the spectral region ranging from the ultra-
violet (with wavelengths λ > 300 nm) into the near
infrared (NIR, at λ < 1500 nm). The NIR wavelengths
of interest are also known as the short wavelength IR, or
SWIR band. Within these visible to near-visible spec-
tral regions, organic electronic devices fall into three
classes: photoconductors, photodiodes, and phototran-
sistors. The principal difference between them is that
the photodiode comprises an internal junction that
actively separates photogenerated excitons, while the
photoconductor and phototransistor lack a junction.
The latter two devices exhibit photocurrent gain
(i.e. more than one electron is produced per incident
photon) although their bandwidth is usually far lower
than the photodetector that has an internal field to
rapidly sweep out charge. To understand phototran-
sistors, knowledge of transistor operation is required,
and hence is treated separately in the following
chapter.

Photocurrent in organic semiconductor devices is
generated by absorption of a photon of energy hν,

greater than the HOMO–LUMO gap energy of the
semiconductor, EG. Here, h is Planck’s constant, and ν
is the frequency of the incident radiation. While
this fundamental absorption process is dominant in
most devices, there can be other, lower energy sites
that absorb photons with hν<EG. For example, charge
transfer (CT) states at the heterojunction formed be-
tween a donor and acceptor in a photodiode
(Section 4.7.2), or at the semiconductor/metal contacts
can add to the absorption, creating a tail that extends
deep into the energy gap. We will find that CT state
absorption plays a vital role in the efficiency and
photodetection process at photodiode junctions.

7.1.1 Photoconductivity and photoconductors

7.1.1.1 General considerations

A schematic illustration of an in-plane photoconduct-
or is shown in Fig. 7.1. Photoconductivity is a

power harvesting requires specialized devices, with the highest performance often achieved with multijunc-
tion cells. The design of such cells can be quite complex due to the dependence of efficiency on balancing the
charge generation and extraction in multiple stacked elements. And a transparent charge recombination zone
must exist between each element. The design principles of multijunction cells will therefore be discussed in
detail.
Beyond bulk and mixed heterojunctions, there are many other architectures that have been explored. These

include cascade and blended donor or acceptor cells, ternary mixtures used to achieve broad spectral coverage,
hybrid organic/inorganic quantum dot semiconductor structures, and structures exploiting singlet fission.
This latter process involves the formation of two low energy triplet excitons for each high energy singlet
generated on photon absorption. These interesting structures and phenomena introduce important physical
and device concepts that may eventually bear fruit.
The chapter closes with a discussion of device reliability and the potential for large-scale, low cost

manufacture. Indeed, it is these two features that will ultimately determine whether or not OPVs become a
practical source of solar energy harvesting. It will become apparent that, given some additional progress in
achieving low cost and high efficiency, OPVs are indeed well-positioned to become a vital source of electricity
derived from the nearly limitless supply of solar energy arriving every day on the Earth’s surface. Given that
providing an ubiquitous source of clean energy to fulfill humankind’s needs over the long term is imperative,
we must continue to work to improve, and to provide solar energy via large-area organic electronic
technology that is so well suited to the purpose.

L
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Figure 7.1 Schematic illustration of a photoconductor showing the
electron (jn) and hole (jp) current densities generated by an incident
photon of energy hν. The current in the external circuit is I.
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fundamental property of all semiconductors, and
hence this property was demonstrated long before
the first junction photodiodes were reported. Photo-
conductivity in triphenylmethane under pressure was
observed in 1930 (Petrikaln, 1930), which predated the
first clear identification of an organic semiconductor,
violanthrone (see Chapter 1) (Akamatu and Inokuchi,
1950). The first systematic studies of photoconductivity
in organics were apparently based on the small mol-
ecule rhodamine B (Nelson, 1954).
As illustrated, the photoconductor is simply a slab

of semiconductor that is sandwiched between ohmic
metal contacts. Light incident on the semiconductor
generates excitons that dissociate into free electrons
and holes. These carriers subsequently drift to oppos-
ite contacts due to a small electric field placed across
the semiconductor by an externally applied voltage.
The source of charge can be either via excitation
across the energy gap to generate an intrinsic photo-
current, or via excitation from deep trap levels to a
conduction (HOMO or LUMO) energy level. This
latter process is extrinsic, in that it requires a defect
or dopant that is not native to the semiconductor
itself. In the following discussion we will consider
only intrinsic processes, since the effects of traps can
greatly complicate (and potentially obscure) the ana-
lysis of this deceptively simple process.
Rose first elegantly elucidated the general problem

of photoconductivity in inorganic semiconductors
(Rose, 1955a, 1955b, 1963). The conductivity of the
semiconductor is

σ ¼ q μnnþ μpp
� �

; ð7:1Þ

where μn and μp are the bulk electron and hole mobi-
lities and n and p are the total densities of electrons
and holes. In the presence of illumination, we have
n ¼ nph þ n0 and p ¼ pph þ p0, where nph (pph) and
n0 (p0) are the densities of photogenerated and back-
ground free electrons (holes), respectively. The back-
ground free charge densities are subject to the law of
mass action:

n0p0 ¼ n2
i ; ð7:2Þ

where ni is the intrinsic carrier concentration. In the
absence of backgrounddoping,n0 ¼ p0 ¼ ni. Also, con-
servation of charge requires that nph ¼ pph. In an intrin-
sic inorganic semiconductor where excitation is simply
between the valence and conduction bands, Rose as-
serts that “only the life time of a free carrier describes the
essential performance and contains the essential physics of a
photoconductor” (Rose, 1955a). Thus, we can write for
the carrier generation rate, Gph, under illumination:

Gph ¼ kDnph ¼ ηext Pincλ=hcð Þ
dWL

; ð7:3Þ

where kD ¼ 1=τD is the rate of photogeneration of
carriers equal to the reciprocal of its lifetime, τD, Pinc

is the incident optical power, c is the speed of light, d
is the thickness of the semiconductor, L is its length,
andW is its width (cf. Fig. 7.1). Also, ηext is the external
quantum efficiency of the photoconductor, which is
equal to the total number of photons incident to the
electrons generated. In Eq. 7.3 we assume that all
photons are absorbed in the semiconductor, that is,
d ≫ 1=α λð Þ, where α is the optical absorption length at
wavelength, λ.
From the above, we obtain the total photocurrent

density (in one dimension):

jph ¼ σF ¼ qnph μn þ μp

� �Va

L

¼ q
ηext Pincλ=hcð Þ

kD
μn þ μp

� � Va

dWL2 ;

ð7:4Þ

where Va is the voltage across the sample of length, L.
Also, F is the electric field, which in a resistor is
F ¼ Va/L. By the same reasoning, the dark current
for an intrinsic semiconductor is given by

jD ¼ qni μn þ μp

� �Va

L
; ð7:5Þ

giving a total current of

jT ¼ jph þ jD ¼ q nph þ ni
� �

μn þ μp

� �Va

L
: ð7:6Þ

The foregoing discussion is based on the premise
that a photoconductor is a simple resistor, following
Ohm’s law in Eqs. 7.4–7.6. Barriers due to non-Ohmic
contacts, traps, or morphological irregularities within
the bulk of the photoconductor can result in signifi-
cant deviations from the ideal case considered here.
The existence of energy barriers results in the local
depletion of charge, creating a deviation from the
linear field approximation of F ¼ Va/L. In situations
that exist at high voltage or intensity, or for photo-
conductors with poor contacts, therefore, our analysis
breaks down and a model that includes extrinsic fac-
tors is required.

7.1.1.2 Gain and bandwidth

Returning to the photocurrent in Eq. 7.4, and defining
j0 ¼ qηext Pincλ=hcð Þ=dW, then the photocurrent gain is
given by

g ¼ jph
j0
¼ τD μn þ μp

� �Va

L2 : ð7:7Þ
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That is, the photoconductor has gain whereby one
photon can generate more than one electron. Then,
in some cases, gηEQE > 1. Indeed, g has been observed
for many inorganic photoconductors to be as high
as 106.

The carrier velocity is related to mobility via
v ¼ μF, and since the carrier transit time is ttr;nðpÞ ¼
L=vnðpÞ ¼ L2= μnðpÞVa

� �
for electrons (holes), then it

follows that

g ¼ τD
1

ttr;n
þ 1

ttr;p

� �
: ð7:8Þ

Thus, we have the remarkable result that the gain is
equal to the ratio of the carrier lifetime to its transit
time. Indeed, if the mobility of one carrier type is
substantially larger than the other, then the gain
is simply the ratio of the lifetime to the transit time
of that charge.

Photoconductors operate in quasi-equilibrium, that
is, in the regime where the applied voltage is low
enough to avoid injection of charge from contacts.
Hence all regions of the device are undepleted, and
conduction is strictly ohmic, as stated in in Eq. 7.4. If a
charge is swept out of the sample by the applied
voltage in time, ttr < τD, the semiconductor is forced
out of equilibrium until a like charge is injected from
the opposite contact. This process of charge transit
followed by injection to re-establish equilibrium
repeats itself until the excess charge recombines,
and the sample is once more charge-neutral. During
time, τD, g charges are injected following the absorp-
tion of a single photon, thus giving rise to
photoconductive gain.

The time to reestablish equilibrium is τD, and hence
the photogenerated charge has a transient response to
a light pulse following

nph tð Þ ¼ nph0exp �t=τDð Þ: ð7:9Þ

This leads to a bandwidth of �f ¼ 1=2πτD, or a gain-
bandwidth product of

g�f ¼ 1
2π

1
ttr;n
þ 1

ttr;p

� �
; ð7:10Þ

which is the inverse of the transit time of the charges.
The gain-bandwidth product expresses a fundamen-
tal trade-off of all photodetectors that determines its
viability for a particular application. Unfortunately,
photoconductors generally have a slow recovery
time as well as a long transit time, leading to a
small g�f compared to photodiodes that operate
under reverse bias.

7.1.1.3 Photogeneration in excitonic
photoconductors

Thus far we have considered the simple case of
an inorganic semiconductor device in the absence
of traps. An organic photoconductor is substan-
tially more difficult to analyze since the fundamental
excitation does not directly generate free change in
the bands, but rather it proceeds via the intermediate
generation of an exciton. In Chapter 4.7.2, we ana-
lyzed charge generation at an organic type II hetero-
junction. There, excitons drift to a donor–acceptor
junction where they separate into a more loosely
bound PP state that eventually dissociates into free
charge. A photoconductor lacks a heterojunction, and
hence the exciton must dissociate directly into free
charges, an often inefficient process that lacks an en-
ergetic driving force. Of course, excitons may diffuse
to a contact that can lead to efficient charge gener-
ation, or it can dissociate at a defect within the semi-
conductor bulk. Notwithstanding these secondary
processes with their own inherent inefficiencies (i.e.
the exciton may have to diffuse long distances before
finding a dissociation site), organic photoconductors
consequently have considerably lower efficiencies
than do organic photodiodes and solar cells.
The energetics of exciton dissociation is illustrated

in Fig. 7.2. This scenario shows that a photogener-
ated exciton current, jX, is generated by absorption
of a photon of energy hν greater than the HOMO-
LUMO gap of the semiconductor. The exciton then
can recombine at rate kD, or it can dissociate into a
free electron–hole pair at rate kdiss. Recombination of
free electrons and holes at rate krec leads to a loss in

En
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Exciton

HOMO

LUMO

krecnp

kDNkDN0

kdissN

Ground
state

Free 
charge

n, p 

jT/qdjX/d

O

O

Figure 7.2 Schematic of the energetics of free charge generation in
an organic photoconductor. Rates are denoted by k, the exciton density
is N, the free charge densities are n, p, the total current is jT and
the exciton current is jX. The vertical arrows indicate electrons and
their spins.
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the photocurrent, jph ¼ jT � jD. Excitons can also
be thermally generated at rate kD. Once again ignor-
ing complications due to recombination at traps,
the steady state rate equations governing photo-
generation are

jph
dq
� krec n2 � n2

i

� �þ kdiss N �N0ð Þ ¼ 0 ð7:11Þ

and

jX
d
� kD N �N0ð Þ � kdissN þ krecn2 ¼ 0: ð7:12Þ

Here,N is the exciton density with valueN0 at equilib-
rium (i.e. in the absence of illumination), and
we assume that the material is undoped, that is,
n0 ¼ p0 ¼ ni. Now, when jX ¼ 0, then N ¼ N0 and
from Eq. 7.12 we obtain

krecni

kdiss
¼ N0

ni
; ð7:13Þ

which is a consequence of detailed balance.
We can define the internal quantum efficiency as the

ratio of the number of electrons generated per photon
absorbed in the device active region, which differs
from ηext by ignoring reflections from the surface
or absorption in electronically inactive areas of the
sample. This can be expressed as the ratio of rates:

ηint ¼
kdiss

kdiss þ kD
: ð7:14Þ

Then it follows that

ηintkD ¼ 1� ηintð Þkdiss: ð7:15Þ
Finally, as in Chapter 4, the Langevin recombination
rate between free carriers is given by

krec ¼ q
ε

μe þ μp

� �
; ð7:16Þ

where ε ¼ εrε0 is the semiconductor permittivity, εr is
the relative dielectric constant, and ε0 is the permit-
tivity of free space. Using Eq. 7.5, we can replace the
photocurrent with

jph ¼ krecnphD; ð7:17Þ
where D ¼ εF is the electric displacement field. Sub-
stituting for N by using Eq. 7.11 in Eq. 7.12 gives

jph ¼ dq 1� ηintð Þ
j2ph

krecD2 þ
2nijph
D

" #
� qηint

jX : ð7:18Þ

The quadratic term in the photocurrent results from
the two step recombination process via the exciton
that does not exist in non-excitonic, inorganic semi-
conductors. This expression, unfortunately, does not

have a tidy solution. It is helpful at this point to define
the recombination current as

jrec ¼ krecD2

dq 1� ηintð Þ ; ð7:19Þ

which represents the reverse current due to Langevin
recombination of photogenerated electrons and holes
back to the bound exciton state. Then, the number of
photogenerated charges from Eq. 7.18 is given by

nph ¼ jrec
krecD

1� 2dqni

D
1� ηintð Þ

8<
:

� 1� 2dqni

D
1� ηintð Þ

� �2

þ 4qηint
jX
jrec

" #1
2

9=
;:

ð7:20Þ
For unipolar conduction in a doped semiconductor, ni

is replaced by the majority background carrier dens-
ity. For example, for electrons, n0 ≫ ni, and n0 is
substituted in Eq. 7.20. For bipolar conduction, the
definition of jrec must be adjusted accordingly.
There are a couple of notable aspects to this other-

wise ungainly expression. First, if ηint ¼ 0, this im-
plies that jX ¼ 0, in which case nph also vanishes. On
the contrary, the expression is undefined as ηint ! 1,
since in this limit, jrec blows up. Outside of these
limits, we see that nph is, to first order, linear in D�1

(and therefore L/Va) consistent with Ohm’s law,
although the detailed dependence of nph on Va de-
parts significantly from linearity as the terms in D�2

become large at very low electric fields. However,
this only occurs when the background charge con-
centration, n0 is also large. Indeed, for an intrinsic
semiconductor or when n0 is small, the expression to
first order simplifies to

nph ¼ jrec
2krecD

1� 1þ 4qηint
jX
jrec

� 	1
2

( )
� qηint

jX
krecD

:

ð7:21Þ
The last approximation on the right is valid at low
light levels (i.e. jX small). In this limit, the expression
leads to the obvious conclusion that in the absence of
a significant background charge density and recom-
bination, jph � qηintjX.
We emphasize that the treatment assumes that the

photoconductor is in equilibrium, that is, the dark
current is conducted by charge native to the device,
whether it be due to intrinsic thermal generation
(with density ni), or due to extrinsic charge intro-
duced via impurity doping (e.g. with density n0). As
seen in Section 4.4.2, charge injection whereby
n0 ! n0 þ ninj, with ninj equal to the injected charge
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density, results in a significant departure from ohmic
conduction used in the derivation of Eq. 7.21.

The intermediate generation of an exciton also
results in a slower response to an optical impulse
compared to an inorganic semiconductor since the
exciton diffusion time (τED) must be added to the
carrier lifetime in Eq. 7.8. That is the excitonic photo-
conductor has a bandwidth of

�f ¼ 1
2π

1
τD þ τED

� �
� 1

2πτD
; ð7:22Þ

where the term on the far right hand side is the
expression for the bandwidth of a conventional
photoconductor, since in general τD ≫ τED (i.e. τD ~
microseconds, whereas τED ~ nanoseconds). If this
inequality is not valid, g�f in Eq. 7.10 must be modi-
fied accordingly.

7.1.1.4 Quantum efficiency and responsivity

Equation 7.3 was used to define the external quantum
efficiency in terms of the charge generation rate,
assuming that all photons are absorbed within a
thickness, d. This is rarely the case. Indeed, in organ-
ics, the lateral photoconductor configuration is the
exception rather than the rule due to the very short
exciton and charge diffusion lengths, and low charge
mobilities in these inherently disordered materials.
Hence, many photoconductors have a vertical geom-
etry, that is similar to OLEDs and photodiodes
(see Fig. 7.3). An antireflection coating (ARC) is often
deposited on the light incident surface to reduce or
eliminate Fresnel reflections, increasing the photon
intensity arriving at the absorbing photoconductive
layer. The photoconductive layer itself is sandwiched
between a transparent and a reflective metal contact,
and hence light undergoes two passes through the

organic layer. Note that the convention used in speci-
fying device dimensions is different from that used
in lateral geometry devices in Fig. 7.1. In the vertical
geometry, the length of the photoconductor is defined
by the layer thickness, d. Hence, the device area is LW,
whereas in the lateral geometry it is dW.
The flux light at position x within a film follows the

Beer–Lambert law, that is, Φ xð Þ ¼ Φ0exp �α λð Þxð Þ,
where Φ0 is the incident flux intensity. Thus, after
propagating a distance 2d, and ignoring losses due
to reflection at the metal contact and at the dielectric
boundaries within the multilayer structure, the total
number of absorbed photons is

Gph ¼ 1� Rð Þ Pincλ=hcð Þ
dWL

�
ð2d
0

exp �α λð Þxð Þdx=
ð∞
0

exp �α λð Þxð Þdx
2
4

3
5

¼ 1� Rð Þ Pincλ=hcð Þ
dWL

1� exp �2α λð Þdð Þ½ �

ð7:23Þ

where R is the reflectivity of the incident surface.
Comparing this with Eq. 7.3 gives

ηext λð Þ ¼ 1� Rð Þηint λð ÞηA λð Þ

¼ 1� Rð Þ kdiss
kdiss þ kD

� �
1� exp �2α λð Þdð Þ½ �;

ð7:24Þ
where ηA is the absorption efficiency in the active
region. This expression gives the quantitative rela-
tionship between the internal and external quantum
efficiencies. That is, ηint includes only those photons
that reach the active semiconductor region. We
emphasize that Eq. 7.24 is approximate in that it
replaces the actual optical field intensity distribution
within the multilayer device stack with a simple
exponentially decaying flux density. However, we
have seen in the previous chapters that devices as in
Fig. 7.3 form weak microcavities that can substantial-
ly impact the photon distribution within the active
layer. A more precise calculation of the optical field
distribution and its relation to detector efficiency is
found in Section 7.1.2.
A representative compilation of the absorption

coefficients of the molecular donors DBP, DPSQ, and
DTDCPB, and the fullerene acceptors C60 and C70 are
compared to the common inorganic semiconductors,
Si, Ge and, GaAs, in Table 7.1. The absorption coeffi-
cients for the organics are at least one order of mag-
nitude higher than the inorganics. In particular, the
organics have α > 105 cm�1, compared to the indirect
band gap Si and Ge with α ¼ 102–103 cm�1, and the
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Figure 7.3 Schematic illustration of a vertical photoconductor.
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direct gap GaAs at 104 cm�1. The higher absorption
coefficient is due to the molecular (i.e. non-chemical
bonded) nature of organics leading to high oscillator
strength for S1  S0 transitions. This is compared to
transitions in inorganics where the oscillator strength
is distributed over the high density of states within
the broad energy bands. The consequence of the high-
er absorption coefficient is the ability to use thinner
layers to absorb the incident light in an organic
photodetector.
The reflectivity at the interface between two non-

absorbing layers with indexes of refraction of n1 and
n2 at normal incidence is

R ¼ n1 � n2ð Þ2
n1 þ n2ð Þ2 : ð7:25Þ

The more general case of incidence as a function of
angle relative to the substrate plane is discussed fur-
ther in Section 7.2.2. Generally, illumination is inci-
dent from free space with n1 ¼ 1, and n2 ¼ nsub is the
refractive index of the substrate. Then,

R ¼ 1� nsubð Þ2
1þ nsubð Þ2 : ð7:26Þ

Equation 7.24 requires knowledge of the rates of dis-
sociation and recombination. It is, therefore, more
convenient to express the external efficiency in terms
of the measured photocurrent density, jph. Then, using
Eq. 7.3 it is apparent that

gηext ¼
jphA

q Pincλ=hcð Þ ; ð7:27Þ

where A ¼ WL is the sample area. This is the most
common and useful expression for calculating the
change generation efficiency using all easily measur-
able quantities without knowing the details of the
detection process. However, in a photoconductor
or for that matter any detector that exhibits gain, a
measurement of the photocurrent does not directly
provide ηext. Rather, we can only measure the gain-
efficiency product, gηext, since the total number of elec-
trons per photon is the observable quantity.
Finally, it is useful to define the detector responsiv-

ity, R, that is, the current generated per incident unit
of optical power. From Eq. 7.27,

R ¼ jphA
Pinc
¼ qgηext

λ

hc

� �
½A=W�: ð7:28Þ

Thus, the responsivity increases with wavelength
since the photodetector is essentially a photon coun-
ter. Absorption of low energy photons (correspond-
ing to longer wavelengths) generates the same
number of photons as higher energy photons as long
as all the photons have energy that exceeds the energy
gap. Since power decreases with increasing wave-
length, the responsivity correspondingly increases.

7.1.1.5 Noise, detectivity, and dynamic range

There are three principal noise sources for all detect-
ors: shot noise, thermal (or Johnson) noise, and 1/f noise
(Rose, 1955a, 1963, van der Ziel, 1986). Noise has its
origins in the uncertainty in the random arrival of
charge at an electrode. The noise currents, therefore,
can be determined using statistical analysis. Since the
more rigorous approaches are beyond the scope of
this book, here we will use a more intuitive method
introduced by Albert Rose to derive the expressions
for calculating noise currents in photodetectors (Rose,
1963). As wewill see in Chapter 8, many of these same
expressions are also used to quantify transistor noise.
The noise current is the product of the root mean

square (rms) fluctuation in the average number of
electrons arriving at an electrode per time interval, τ,
and the amount of charge contributed (ζq) on each
arrival, as illustrated in Fig. 7.4. If hni is the average
number of charges, then the rms fluctuation is hni1=2.
Thus, the rms noise current is

hi2ni1=2 ¼
hni1=2

τ
ζq; ð7:29Þ

yielding a mean square fluctuation of

hi2ni ¼
hni
τ2

ζqð Þ2 ¼ qiTζ
τ

: ð7:30Þ

Table 7.1 Absorption coefficients (α) and refractive indexes (n) for
representative organic and inorganic photodetector materials

Material λmax
a (nm) α (cm�1) nb (at λmax)

Si 800 3 � 102 3.42

Ge 1300 7 � 103 3.68

GaAs 800 1.3 � 104 4.1

C60 345 3.20 � 105 2.14

C70 385 2.01 � 105 1.99

DBP 605 2.70 � 105 2.5

DPSQ 690 3.23 � 105 1.9

DTDCPB 590 1.09 � 105 1.75

a λmax for inorganic semiconductors taken at a point approximately 0.2 eV
above the band edge.

b gn for inorganic semiconductors taken approximately 0.2 eV below the
band edge.
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Here, iT ¼ qhni=τ is the mean total current. The time
interval is related to the bandwidth, �f, via
τ ¼ 1=2�f . In traversing the distance between elec-
trodes, carriers undergo a gain, ζ ¼ g. This results in
a mean square shot noise current of

hi2s i ¼ 4qgiT�f : ð7:31Þ
The extra factor of 2 arises since the charges in a
photoconductor can either be generated (i.e. they
add to the current) or recombine (they reduce the
current). However, since both are random processes,
they contribute equally to the current fluctuation and
hence must be included in Eq. 7.31.

The situation is somewhat different when Va ! 0.
By illuminating or heating the semiconductor, we
generate charges that recombine after traveling a dis-
tance equal to their diffusion length, LD. Then each
generated charge contributes, on average, qLD/L to the
total current, where L is the length of the photocon-
ductor in the lateral geometry in Fig. 7.1. Then, from
Eq. 7.30, the total noise current in the frequency inter-
val, �f, is

hi2ni ¼ 4
hni
τ

q
LD

L

� �2

�f : ð7:32Þ

Again, we must include contributions from charge
diffusing either toward or away from an electrode,
accounting for the extra factor of 2. The diffusion
length is related to the carrier lifetime via: L2

D ¼ Dτ,
and from the Einstein relation in thermal equilibrium,
D
μn
¼ kBT

q
, we obtain

L2
D ¼

kBTμnτ
q

: ð7:33Þ

For simplicity, we assume that the hole mobility is
smaller than the electron mobility, and hence can be
ignored. Substituting Eq. 7.33 into 7.32, and relating
the average number of charges to their density via
hni ¼ nLA, then mean square thermal or Johnson noise
current is

hi2thi ¼
4kBT�f
RPC

; ð7:34Þ

where RPC ¼ L=σA is the series resistance of the
photoconductor under illumination.
It is interesting to note the voltage at which the

shot and thermal noise contributions in photocon-
ductors are equal. In the shot noise limit, the gain is
g ¼ τ=ttr ¼ τμF=L. Recall, the thermal noise was cal-
culated assuming Va ! 0. In this case, the gain is
g0 ¼ LD=L; that is additional carriers are drawn into
the photoconductor to maintain equilibrium until
the diffusing charge arrives at the contacts. In many
organic photoconductors, g0 < 1, whereas g > 1.
Writing g0 in terms of the mobility, using Eq. 7.33
we obtain

g0 ¼ kBTμnτ
qLDL

: ð7:35Þ

Setting g ¼ g0, then the thermal and shot noise contri-
butions are equal at:

Fdiff ¼ kBT
qLD

: ð7:36Þ

Here, Fdiff is the diffusion field, above which shot noise
dominates thermal noise. Indeed, Fdiff is a convenient
means to identify the transition between diffusion
(i.e. equilibrium) and drift in a photoconductor.
Thus far we have considered a trap-free photocon-

ductor. Both static and dynamic disorder makes this
the exception rather than the rule in organic semicon-
ductors. As a charge traverses the conductor, it can be
trapped after a time, τt in an energy level within the
HOMO–LUMO gap, where it subsequently recom-
bines. The lifetime of the carrier fluctuates due to
randomness of the trapping process, and this in turn
introduces randomness in the charge arrival time
at the electrodes. Taking the example where τt ≪ τ,
then the gain is reduced to: gt ¼ τt=ttr ¼ τtμF=L,
and the bandwidth becomes �ft ¼ 1=2τt. The shot
noise in this instance is, from Eq. 7.30,

hi2sti ¼ 4qgtiT�ft: ð7:37Þ

The spectral densities, that is, the noise per unit band-
width, hi2ni=�f , of both shot and thermal noise is
bandwidth-independent. Thus, both of these are
white noise sources. An additional and important
source of noise is 1/f or flicker noise. This is not a
white noise source since its spectral density follows

hi2f i ¼
κ�f
f α

; ð7:38Þ

where α � 1 depends on the specific nature of the noise
source and κ is a constant. The origins of flicker
noise are not as well understood as thermal or

Electrode Electrode

j

ζq τ

Figure 7.4 Illustration of charges carrying current, j, in a
photoconductor arriving at an electrode. The amount of charge delivered
per event is ζq, and the measurement interval is τ.
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shot noise, although it is often attributed to poor con-
tacts or trapping at defects within the semiconductor.
Its functional dependence indicates that 1/f noise
dominates at low frequencies, but then is overcome
by white noise sources as the frequency is increased.
An illustration of the several noise contributions

and their frequency domains is shown in Fig. 7.5.
Note the frequency independence of the white noise
sources compared to the 1/f noise spectrum.
The total noise current of the photoconductor is

found by adding all of the mean square currents, viz.

hi2ni ¼ hi2s i þ hi2sti þ hi2thi þ hi2f i: ð7:39Þ

For a time-averaged incident optical power (assum-
ing a sinusoidal signal of frequency ≪ �f ) of �Pinc ¼
Pinc=2, the time averaged signal current is, from
Eq. 7.27,

�iph ¼ qgηext
�Pincλ=hc
� �

; ð7:40Þ
leading to a signal-to-noise power ratio (which is
proportional to i2) of:

S
N
¼
hi2phi
hi2ni

: ð7:41Þ

In Eq. 7.40 we assume a sinusoidal input power of
P tð Þ ¼ Pince�jωt, where the modulation frequency is
ω ≪ 2π�f ¼ 1=τD . The noise equivalent power, NEP, is
defined as the rms optical power required to achieve
S/N ¼ 1 per unit bandwidth. That is,

NEP ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffihi2ni=�f

p
R : ð7:42Þ

Then the detectivity is simply the inverse of the NEP,
that is,

D ¼ 1
NEP

: ð7:43Þ

To compare devices of different areas, it is convenient
to normalize D to the device area and bandwidth. For
this purpose, we define use the specific detectivity,
given by

D� ¼
ffiffiffiffiffiffiffiffiffiffi
A�f

p
NEP

¼ R
ffiffiffiffiffiffiffiffiffiffi
A�f
hi2ni

s
; ½Jones� ð7:44Þ

where the units of Jones are [cm Hz1/2/W]. Then, for
a trap-free photoconductor operating near Va ¼ 0,

hi2ni �
4kBT�f
RPC

þ�f
f α

we obtain

D� ¼ qηext λ=hcð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

A
4kBTð Þ=RPC þ κ=f α

s
: ð7:45Þ

At higher voltages, or in the presence of traps, the
detectivity is dominated by thermal or trap shot noise,
which all decrease with the square root of the noise
current.
One final quantity defining detector performance is

its dynamic range,DR, that is, the range over which the
detector response is linear. If we assume that imax

ph is
the maximum photocurrent that can be sourced
by the photoconductor before there is a noticeable
departure from linear behavior (i.e. ηext decreases
from its maximum value), then the dynamic range is
defined as:

DR ¼ 20log10
imax
ph

imin
ph

 !
½dB� ð7:46Þ

where imin
ph is the minimum photocurrent that delivers

the least acceptable S/N. The maximum photocurrent
is sometimes defined as the point at which iph departs
from its linear value by �1 dB (corresponding to i

0
ph).

Often this decrease in efficiency is due to voltage
drops across the contacts or other regions of the
photodetector structure, which introduce a parasitic
resistance, Rcontact, in series with the photoconductive
semiconductor. Then from Eq. 7.41 and assuming
S/N > 1, imin

ph ¼ hi2ni1=2:

DR ¼ 10log10
i
02
ph

hi2ni

 !
; ð7:47Þ

where the noise current is given by the appropriate
expressions.

7.1.2 Photodiodes and solar cells

The primary difference between a photodiode and a
photoconductor is that the photodiode has a
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Figure 7.5 Mean square current noise spectral density in a
photoconductor.
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rectifying junction and is operated away from
equilibrium due to a combination of internal and
applied electric fields. We also distinguish between
a photodiode operated under reverse bias and at
zero bias. A reverse bias is applied to increase the
charge collection efficiency beyond that attained
with only the internal field due to the junction, as
well as to increase the detector bandwidth by ac-
celerating photogenerated charges toward their re-
spective contacts. This mode of operation is known
as the photodetector mode. Under reverse bias, the
detector is a shot-noise-limited current source that
can be sensitive to very small photocurrents for a
small jD. Alternatively, the detector can be operated
at Va ¼ 0, relying only on the internal field to
separate and sweep out the charges. This results
in slower response and often lower efficiency, al-
though the biasing scheme complexity is reduced
from that needed to apply an external reverse bias.
This is known as the photovoltaic mode of operation,
and is universally used for photodiodes employed
as solar cells (Section 7.3), but is also often used for
photodetector sensor applications.

The organic photodiode (OPD) comprises a
donor/acceptor (D-A) type II heterojunction (HJ)
that separates a photogenerated exciton into a po-
laron pair, which subsequently dissociates into a free
electron and hole. The multistep photogeneration
process in the HJ introduced in Section 4.7.2 is illus-
trated in Fig. 7.6. The process is initiated by absorp-
tion of a photon in either the donor or acceptor
(step 1, Fig. 7.6). The photon generates an exciton
that diffuses toward the D-A junction (step 2). At

the HJ, the electron transfers from the donor to
the acceptor, and the hole remains in the donor
(step 3). If absorption occurs in the acceptor, the
electron stays within that layer while the hole
transfers to the donor. The driving force for the
transfer is the offset in energies between the
LUMOs and HOMOs of the two layers, whose
magnitude is determined by the energy gaps and
the HOMO–LUMO energy difference, �EHL.
The new state originating from exciton dissociation
is the polaron pair, or CT state (shown prior to
relaxation in step 3). Processes 1–3 are collectively
known as photoinduced charge transfer. Finally, the
electron and hole are dissociated from the bound
PP state via thermal excitation. The free polarons
drift away from the junction and are collected in
the external circuit (step 4).
The energy level diagram in Fig. 7.6 represents the

equilibrium condition where Va ¼ 0. This is known
as short circuit operation. Photodiodes are often
reverse-biased to achieve both high bandwidth and
high efficiency. Under reverse bias, the bands are
tilted downward from left to right, thus resulting in
efficient hole collection at the anode contact, and elec-
tron collection and at the cathode.
Figure 7.6 implies that internal quantum efficiency

for photogeneration is the product of the efficiencies
of each of the four steps:

ηext ¼ ηAηint ¼ ηAηEDηCTηCC; ð7:48Þ
where ηA is the absorption efficiency (step 1), ηED is
the exciton diffusion efficiency (step 2), ηCT is the
charge transfer efficiency (step 3), and ηCC is the
charge collection efficiency (step 4). Since each of
these processes has η < 1 (particularly ηED and ηCT)
the total efficiency can be small. We will find, how-
ever, that control of the morphology of the D-A junc-
tion that removes some of the limitations of a planar
HJ illustrated in Fig. 7.6 can result in an internal
efficiency that approaches unity.
Photogeneration in organics differs from the pro-

cess in inorganic semiconductors, in that the latter
does not proceed via the generation and dissociation
of tightly bound excitons. In inorganic semiconduct-
ors, absorption results in the direct promotion of free
carriers to the conduction and valence bands that are
subsequently collected at the adjacent contacts. Thus,
ηint ¼ ηAηCC, thereby eliminating the two most ineffi-
cient steps required in organic detectors (i.e. it elim-
inates ηED and ηCT). Band-to-band excitation also
simplifies the device structure, which does not require
a HJ to provide the necessary energy for exciton
dissociation.

LUMO

HOMO

Donor

Acceptor

2 4

4

1
3

Δ

3

PP

Ex
hν

EHL

Figure 7.6 Illustration of the photogeneration process in a D-A
heterojunction. Ex = exciton, PP = polaron pair. The dashed lines indicate
Coulomb binding between electrons (solid circles) and holes (open circles).
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7.1.2.1 Photodiode and solar cell architectures and
energetics

Figure 7.7 provides an archetype layering scheme
of an OPD, although actual structures can be signifi-
cantly more complex than illustrated. The substrate-
illuminated device begins with a transparent anode,
typically ITO. This is followed by a transparent anode
buffer layer that reduces the barrier to charge injec-
tion. Typical materials used for this purpose are
PEDOT:PSS or MoO3. Next is the organic active re-
gion. We will find in subsequent sections that this can
be a bilayer D-A HJ, a bulk HJ, or a homogeneously
mixed HJ. Often neat planar layers are included in the
active region along with the blended film to increase
absorption and/or ensure that there are no continu-
ous pathways for charge to transit from cathode to
anode that create shorts. The active region is often
capped by a transparent exciton blocking/electron
conducting layer (EBL). The wide energy gap EBL
has multiple purposes (Peumans and Forrest, 2001,
Peumans et al., 2003b). Energy barriers formed at the
LUMO and HOMO edges and its wide energy gap
prevents excitons generated in the active region from
diffusing to, and recombining at the cathode. It is a
transparent spacer that ensures that the incident op-
tical field is maximized within the active region. And
finally, the EBL serves as a buffer that prevents dam-
age to the active region during deposition of the metal
cathode.
There are several variants to this basic design.

A transparent metal oxide cathode can be employed
if device transparency at wavelengths other than
those absorbed in the active region is required for
use as an energy-generating window, for example.
Furthermore, top-illuminated detectors are enabled
using a metal contact on the substrate and a transpar-
ent top contact. Top illumination is often more con-
venient for integration with backplane circuits and for
use in modules. Also, inverted structures reverse the
positions of the cathode and anode from that shown
in Fig. 7.7 to improve electrode performance for some
organic active layer combinations.
The energy level diagram of the notional OPD in

Fig. 7.7 is shown in Fig. 7.8 to illustrate the functions
of the various layers. Starting from the anode side,
light is absorbed in the organic active region, in this
case comprising a mixed D-A region with an add-
itional region formed by a layer of the neat acceptor
material. In fact, light can be absorbed across the
entire active region although we show here only
processes that arise from absorption in the mixed
region itself. While this device has a conventional
planar-mixed architecture used in small molecule

OPVs, the neat acceptor region is often absent. The
excitons (Ex) dissociate into polaron pairs (PPs)
throughout the mixed or BHJ region, or they diffuse
to the D-A junction in planar structures. The PPs
then dissociate (or recombine) to generate free elec-
tron polarons in the acceptor, and hole polarons in
the donor that move along continuous percolating
paths in the mixed or BHJ region toward their re-
spective electrodes.
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Figure 7.7 Illustration of an archetype, substrate-illuminated organic
photodiode.
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Figure 7.8 Energy level diagram of an archetype OPD illuminated via
the anode. In this diode, the anode buffer has a deep LUMO level that
promotes transport of electrons (filled circles) to the mixed D-A layer
where they can recombine with photogenerated holes (open circle). The
process of exciton (Ex) diffusion and polaron pair (PP) formation prior to
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The anode buffer is a transparent layer that is
analogous to the hole injection layer in OLEDs
(Section 6.1). As shown in the figure, the buffer has a
very deep LUMO energy characteristic of MoO3 or
HAT-CN. It transports electrons from the anode con-
tact to its interface with the donor layer where they
recombine with photogenerated holes, thus “complet-
ing the circuit.” Alternatively, the buffer can have a
very shallow HOMO energy that aligns with the
donor HOMO. In this modality, holes are transported
from the donor, through the buffer, and to the anode.

There are several different designs for the EBL that
will be discussed in Section 7.4. The embodiment in
Fig. 7.8 comprises a wide energy gap organic layer
that results in transparency. While the wide energy
gap provides for efficient blocking of excitons
from reaching the cathode, it likewise confines elec-
trons within the acceptor. Electronic defect levels
(illustrated by dashed lines in the energy gap) may
be generated during deposition of the cathode con-
tact. These defects provide sites for electron hopping,
thus allowing their transport to the cathode. The
presence of such defects depends on the blocking
material used, that is, it must be susceptible to dam-
age inflicted by energetic metal atoms. The defects
must also extend across the layer at sufficiently high
densities to create low resistance conducting paths.
This condition limits the thickness of the blocking
layer to a range that may not be optimal to ensure
that the optical field is also maximized within the
active layer. Hence, several alternative blocking
layer architectures have been demonstrated that to
not depend on damage from the cathode. Due to the
important role that EBLs play in high efficiency de-
tection, alternative schemes to that in Fig. 7.8 are dis-
cussed in Section 7.4.1.

In contrast to photodiodes used in sensing applica-
tions that are optimized to detect a comparatively
narrow spectral band, a solar cell must maximize its
power output by harvesting photons generated across
a broad range of the solar spectrum. Excitonic absorp-
tion linewidths are insufficiently broad to harvest
sunlight across the entire visible and near IR spectra,
hence both the donor and acceptor layers should be
comprised of materials whose absorption bands do
not entirely overlap. It is rarely the case that even two
materials are sufficient to achieve optimal solar cover-
age that should extend over a wavelength range of at
least 400 nm< λ < 1100 nm (corresponding to photon
energies 1.1 eV < Eph < 3.1 eV). Furthermore, a single
junction cell must absorb photons from the blue into
the NIR to provide good coverage of the solar spec-
trum. This implies that only one, or at most two

(donor and acceptor) narrow energy gap materials
comprise the cell. This results in a low open circuit
voltage determined by the smallest energy gaps
employed. Shorter wavelength photons thermalize
after absorption in the narrow gap region, thus sur-
rendering much of their energy to heat. Thermaliza-
tion losses are reduced by combining multiple cells,
some absorbing at short wavelengths while others
absorbing deeper into the red. For these reasons, the
highest efficiency cells are configured into stacks of
subcells, each comprising donor and acceptor mater-
ials that absorb in different, partially overlapping
absorption bands (Hiramoto et al., 1990, Yakimov
and Forrest, 2002, Peumans et al., 2003b, Ameri
et al., 2009, Che et al., 2014, 2018b).
A schematic illustration of a multijunction cell is

shown in Fig. 7.9. The cell consists of N subcells (SC-1
to SC-N) separated by nearly electrically and optically
lossless charge recombination zones (CRZs). The CRZ
may consist of an exciton blocking layer, a charge
recombination region and an anode buffer that share
an interface between the two adjacent subcells, or it
may consist of only a single layer that serves all of
these purposes. An equivalent circuit of the stack is
also shown in Fig. 7.9. Each of the subcells is a separ-
ate, current-generating diode. If each of the CRZs is
electrically lossless, then the total open circuit voltage
(see the following section) is equal to the sum of the
voltages across each of the subcells. The maximum
output voltage is thus the sum of the individual open
circuit voltages (VOC), viz.

VOC;T ¼
XN
i¼1

VOC;i: ð7:49Þ

In a bottom illuminated device, the top-most cell
(SC-1) is known as the back cell, and SC-N upon
which the light is initially incident is the front cell.
Since the cells are in series, the current across each of
the cells must be equal. Hence, the photocurrent, jph, is
limited by the subcell generating the lowest photocur-
rent. By convention, in the photovoltaic mode, the
photocurrent is positive.
The CRZs must be transparent such that the light

arriving via the substrate (or via transparent contact
in a top illuminated device) is not absorbed before
arriving at one of the subcells. The purpose of the
CRZ is to provide sites for charge recombination
between each of the cells. For the example in
Fig. 7.9, a photon absorbed in SC-N results in a hole
collected at the anode and an electron that drifts
toward the CRZ separating this subcell from SC-
(N-1). Similarly, the hole generated in SC-(N-1) drifts
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toward that same CRZ whereas its electron drifts
toward the next subcell (SC-(N-2)) in the stack. The
electron and hole arriving at the CRZ between the
two lower subcells recombine without loss within
this layer. This is analogous to charge generation
layers (CGLs) used in stacked OLEDs. Their differ-
ent nomenclatures suggest that the opposite pro-
cesses occur in these two types of zones found
between stacked elements, yet in fact their operating
principles are essentially identical.
The spectral separation in a dual junction (tandem)

solar cell is shown in Fig. 7.10a. This arrangement
places the long wavelength absorbing subcell adjacent
to the anode, and the short wavelength subcell nearest
to the cathode. In Section 7.1.2, we show that this is the
optimal arrangement for multijunction organic cells
since the intensity of short wavelength illumination is
highest near to the reflecting cathode, where there is a
node in the standingwave amplitude. This is similar to
inorganic cells where the high-energy absorbing cell is
placed in the front cell position. The onset of absorption
in an inorganic semiconductor is at the gap energy, but
due to their very broad bands, absorption extends deep
into the blue from the longest wavelength onset.
Hence, a narrow band gap, red absorbing subcell
must be placed at the back position, otherwise it blocks
the higher energy photons from being absorbed in a

short wavelength (large band gap) absorbing cell
placed behind it.
In contrast, organic excitonic absorption bands are

relatively narrow, as illustrated in Fig. 7.10b. Hence,
the subcells do not require this same ordering of
absorption bands, giving an increased flexibility in
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Figure 7.9 Schematic illustration of an archetype, multijunction photodiode or solar cell. Its equivalent circuit is shown on the right, with jph the
photocurrent and VOC,i the open circuit voltage of the ith subcell (SC-i).
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cell design. The ordering of organic absorbing cells
can thus be optimized to maximize absorption of
specific wavelengths, depending on the field profile
within the multilayer stack without being overly con-
cerned about whether light from a front cell will be
blocked from the cell behind it (see Section 7.1.2). Of
course, this assumes that the absorption spectra of the
various subcells do not significantly overlap, as is the
case for the cell in Fig. 7.10.

Energy level diagrams for a series-stacked tandem
photodiode in equilibrium and under illumination are
shown in Figs. 7.11a and b, respectively (the anode
buffer and exciton blocking layers are omitted for
clarity). The recombination of photogenerated elec-
trons and holes within the CRZ is illustrated in
Fig. 7.11b. The CRZ itself may be a thin, semitranspar-
ent metal such as Ag, or a transparent metal oxide
such as MoO3 or ZnO with a large electron affinity.
The composition of this and other layers are discussed
further in Section 7.4. Without the CRZ, the electrons
and holes build up at the D-A interface between SC-1
and SC-2. This results in a potential that tilts the bands
to reduce VOC,T back towards its equilibrium value of
VOC,T ¼ 0, at which point the device no longer con-
ducts. Note that the energy level diagrams imply a
planar cell architecture. That is, the donor and accept-
or layers are continuous layers meeting at a single, flat

interface. However, interdigitated, mixed, and bulk
HJs all share the same energetics as illustrated here,
since the donor and acceptor components in these
mixed morphologies still contact the anode and cath-
ode, respectively (see Section 7.1.2.3).
Finally, it is worth mentioning that the series

connected stack, while being the most frequently im-
plemented, is not the only possible architecture. The
requirement for balanced charge generation in all the
subcells can be removed by connecting the subcells
in parallel, as shown in Fig. 7.12. The disadvantages
of this device are twofold. First, parallel connection
requires contact to the transparent, low resistance
electrodes between each subcell in the stack. The elec-
trodes no longer serve as recombination zones since
charges of similar sign are incident on both electrode
surfaces. In practice, it is difficult to simultaneously
achieve very low resistance and optically lossless con-
tacts in a thin film between the active organics. Fabri-
cating devices with transparent electrodes on separate
substrates and then mechanically sandwiching the
devices together is one route to obtain contacts to
interior electrodes. In addition, the two different sub-
strates can form the base and lid of a package if the
entire unit is sealed around its periphery.
The second disadvantage of the parallel configur-

ation is that the voltage at the output is equal to
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Figure 7.11 Energy level diagrams of a tandem OPV cell in
(a) equilibrium and (b) under illumination. For simplicity, the presence of
dipoles at organic interfaces is ignored. Electrons are shown as closed
circles, and holes as open circles.
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connected stacked photodiode or photovoltaic cell. Electrons are closed
circles, holes are open circles. The total photocurrent, jph,T, is the sum of
the separate photocurrents, jph,i, generated in the several subcells.
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the minimum of all the voltages of the constituent
subcells, and the photocurrent is the sum of the
photocurrents from each of the cells (see the equiva-
lent circuit in Fig. 7.12) following

jph;T ¼
XN
i¼1

jph;i: ð7:50Þ

As a result, the cell is a high current/low voltage
element. This combination is susceptible to efficiency
loss due to its internal series resistance—an effect that
is minimized in the series stack in Fig. 7.9.
Hybrid combinations of series and parallel cells

may ultimately provide the highest efficiency along
with a reduced need for perfect current or voltage
balance. For example, two low VOC (i.e. long wave-
length) cells can be stacked in series, and then con-
nected in parallel to a high VOC cell that absorbs at
shorter wavelengths (see Fig. 7.13a). If the sum of the
two low voltage cells is approximately equal to that of
the high voltage cell, the voltage loss, which is the
difference between the voltage generated by the sin-
gle junction and the series double junction cell, can be
minimized as shown by the equivalent circuit in
Fig. 7.13b.
The series tandem can be fabricated on one trans-

parent substrate (e.g. glass) in a conventional bottom
illuminated, transparent top contact configuration,
while the short wavelength device is fabricated in a
top-illuminated configuration on a second substrate,
which can either be transparent or opaque. The con-
tacts from both are brought to the substrate edges
and separately accessed after the substrates are bond-
ed to form a sealed package. An illustration of the
assembly procedure of the two substrates and their
associated OPVs into a single, sealed package is
shown in Fig. 7.14.

7.1.2.2 j–V characteristics in the dark and under
illumination

In Section 4.7.2, we used a theory based on PP pro-
duction mediated by excitons to derive the current in
an organic HJ in the absence of traps (Giebink et al.,
2010b). This analysis showed that the j-V characteris-
tics were similar, but not identical to the Shockley
ideal diode equation, viz. (see Eq. 4.282)

j ¼ j0s exp q Va � jARserð Þ=kBTð Þ � kPPd
kPPd;eq

� 	
� jph;

ð7:51Þ
where

j0s ¼ qa0krecNHOMONLUMO 1� ηPPdð Þexp ��EHL=kBTð Þ
ð7:52Þ

is the saturation current density, a0 is the PP radius
calculated using the Bohr model of the hydrogen
atom and the dielectric constants of the contacting
D and A materials, NHOMO and NLUMO are the dens-
ities of states of the corresponding frontier orbitals,

(a) (b)

V1

V2

V3

V1 +

SC-1

SC-2

SC-3

=V2 V3

Figure 7.13 (a) Series-parallel OPV schematic structure and
(b) equivalent circuit.
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Figure 7.14 Illustration of the assembly of OPVs on separate substrates
into a single, packaged device. From top: The single and double junction
cells are separately fabricated, assembled face to face and then
encapsulated to seal the devices from the environment.
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and kPPd and kPPd,eq are the PP dissociation rates at
voltages Va and 0, respectively. These rates are analo-
gous to kdiss for the photoconductor in Fig. 7.2
(cf. Fig. 4.103). Also included is the series resistance,
Rser, which combines contact and internal layer resist-
ances into a single quantity. The voltage drop across
this resistance is Vser ¼ jARser. Finally,

ηPPd ¼
kPPd

kPPd þ kPPr
ð7:53Þ

is the PP dissociation efficiency, where kPPr is the rate
of recombination of PPs. Hence, the photocurrent
is jph ¼ qηPPdjX, again analogous to the process in
Fig. 7.2. In the more common situation where traps
are present, we have shown that (Eq. 4.314):

j¼ j0D exp q Va � jARserð Þ=nDkBTð Þ � kPPd
kPPd0

� 	

þ j0A exp q Va � jARserð Þ=nAkBTð Þ � kPPd
kPPd0

� 	
� jph;

ð7:54Þ

where j0D and j0A are the saturation current densities
due to traps on the donor and acceptor sides of the HJ,
respectively (and hence depend on the respective
trapped charge densities, among other factors found
in Eq. 7.52), and nD and nA are the ideality factors, that
define the voltage division between the donor and
acceptor sides of the HJ. For nD; nA � 1, diffusion in
the absence of traps is the dominant recombination
process, and when nD; nA � 2, recombination via
traps on the donor or acceptor side of the HJ is
present.

For simplicity, we can assume that the HJ is ap-
proximately symmetrical, in that the density of trap
states is equal on both the donor and acceptor sides,
and that NS ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NLUMONHOMO
p

is the joint density of
states. It is straightforward to show for this case that
there is only a single ideality factor, nS ¼ nA ¼ nD.
Then Eqs. 7.51 and 7.54 reduce to (Giebink et al.,
2010b)

j ¼ j0 exp q Va � jARserð Þ=nSkBTð Þ � kPPd
kPPd;eq

� 	
� jph

ð7:55Þ

and the saturation current becomes

j0 ¼ qa0krecN2
S 1� ηPPdð Þexp ��EHL=kBTð Þ: ð7:56Þ

In addition to the series resistance, shunts across the
junction must be included. The leakage through
the shunt adds to j0, and is accounted for by adding

a parallel resistance, Rshunt. The equivalent circuit
for an OPD or OPV containing all the circuit elem-
ents that serve as proxies to describe numerous
complex physical phenomena is shown in Fig. 7.15.
Including Rshunt into the “master equation” Eq. 7.55
then gives

j ¼ j0 exp q Va � jARserð Þ=nSkBTð Þ � kPPd
kPPd;eq

� 	

þ Va � jARser

Rshunt
� jph

ð7:57Þ

The j–V characteristics of an archetype photodiode
are shown in Fig. 7.16, which are similar to those
shown on a semi-log scale in Fig. 4.113. The linear
scale is helpful in revealing several parameters useful
to understanding photodetector operation. The photo-
detector and photovoltaic modes correspond to the
characteristics in the third and fourth quadrants, re-
spectively. A photodetector used in the photovoltaic
mode at Va ¼ 0 V yields the detector short circuit
current, jSC. Solar cells, however, are operated at the
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Figure 7.16 Current–voltage characteristics of an organic HJ diode in
the dark (light blue line) and under illumination (dark blue line),
generating a photocurrent density, jph. Rshunt is the shunt resistance
determined by the slope of the j–V curve at Va = 0 V, which is magnified in
the inset. Also shown are the open circuit voltage (VOC) and the short
circuit current density (jSC). The region dominated by series resistance is in
the first quadrant. The photodetector and photovoltaic modes of
operation are indicated.
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Figure 7.15 Equivalent circuit for an organic photodiode.
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maximum power generation point, which is inter-
mediate between Va ¼ 0V and VOC.
At low forward bias, the current increases exponen-

tially with Va, with exponential slope equal to
q=nSkBT. While Eq. 7.54 predicts two slopes since in
general, nA 6¼nD, it is also true that only one trapping
process will dominate at, and be observable in a linear
plot such as Fig. 7.16. As forward bias is increased,Vser,
the voltage drop across the series resistance, becomes
significant and the slope of the j-V characteristic is
linear, following Ohm’s law determined by Rser.
Under reverse bias, the dark current increases

slowly with Va due to increased PP ionization
where, kPPd Vað Þ> kPPd 0ð Þ ¼ kPPd0 as approximated
by Onsager–Braun theory (Eq. 4.305). As we will
find in Sec. 7.2, other factors such as generation-
recombination of charge and photoconductivity can
also contribute to the slope in reverse bias. At large
reverse bias, the slope increases at a greater rate than
shown in Fig. 7.16. This is the region of junction break-
down. Breakdown can have several sources, including
tunneling of charge at high fields across the HJ, ava-
lanche breakdown due to impact ionization of high en-
ergy carriers with valence electrons on the molecules
in the layers, microplasmas, and thermal runaway (Sze,
1981). Whereas tunneling and avalanche breakdown
may be reversible (i.e. the j–V characteristic at lower
voltage is recovered without hysteresis), microplas-
mas and thermal effects permanently damage the
junction. Furthermore, due to the low charge mobili-
ties, it is unlikely that impact ionization leading to
carrier multiplication (and hence photocurrent gain)
can occur in OPDs. Hence, the most prevalent causes
of breakdown under reverse bias are thermal effects
or shorting via microplasmas. Tunneling breakdown
may also occur in some situations, although it is rare
given the relatively small extent of the electron wave-
functions in molecular solids. Tunneling breakdown
is characterized by an approximately exponential in-
crease in dark current with voltage, and only a minor
dependence on temperature (Sze, 1981).
The slope of the j–V characteristic at Va ¼ 0 gives

the shunt resistance:

Rshunt ¼ 1
A

dVa

dj

����
Va¼0

; ð7:58Þ

illustrated by the diagonal line in the inset. The shunt
resistance is a function of charge leakage around the
junction, and is important in devices that are operated
near 0 V. For the trap free D-A HJ (corresponding to
nS¼ 1), and ignoring the small voltage dependence of
kPPd as Va ! 0 (Braun, 1984, Peumans and Forrest,
2004, Giebink et al., 2010b), then from Eq. 7.55,

Rshunt ¼ Rser þ kBT
qA

1
jþ j0 þ jph

� �
: ð7:59Þ

That is, atVa¼ 0 and in the dark, the shunt resistance is
simply equal to the series plus the thermal resistance,
Rth ¼ kBT= qAj0ð Þ. This latter term is due to
recombination across the HJ. For a one-sided junction
(i.e. where either j0D or j0A dominates), the thermal
resistance is increased by the ideality factor, nD or nA.
Under illumination, the shunt resistance increases to
Rth ¼ kBT=qA j0 þ jph

� �
. There are often parasitic resist-

ances that can contribute toRshunt. For example, defects
at the rectifying HJ can result in leakage that is not
accounted for by the ideal expressions for j vs. V. The
shunt resistance in this case is found by combining the
current through the parasitic resistance, Rp, in parallel
with the expression in Eq. 7.55. Indeed, in such situ-
ations, it is not uncommon for Rp ≪ Rser + Rth. Thus,
Rshunt and its deviation from the ideal Eq. 7.59 is used to
diagnose the quality of the rectifying junction.
Under illumination, the j–V characteristics undergo

a nearly rigid shift by an amount equal to –jph. The
curve crosses the j ¼ 0 axis at the open circuit voltage,
VOC, and at Va ¼ 0 the short circuit current is jSC ¼ jph.
According to Eq. 7.6, jph ¼ jT � j0 (here we replace jD
with j0 from the diode equation). The photocurrent
contribution to the j–V characteristics is indicated in
Fig. 7.16. We show below that application of reverse
bias can result in an increase in jph that is larger than the
increase in j0 due to contributions from ηCC(V), since a
large applied voltage can efficiently sweep out photo-
generated electrons and holes before they recombine.

7.1.2.3 Active region morphologies

Upuntil this point,we considered only a simple photo-
active region consisting of the donor layer in contact
with the acceptor to form a planar interface. However,
in both OPDs and OPVs, considerably higher efficien-
cies are achieved using irregular or interdigitated inter-
faces presenting a large area for exciton dissociation.
Photogeneration occurs in both the acceptor and

donor regions, within a depletion region of width
wT, and in the undepleted regions lying remote from
the HJ. However, we have shown in Chapter 4 that
unless they are intentionally doped, organic materials
have few background charges, in which case the
active region is fully depleted. There are three princi-
pal morphologies employed in organic detectors that
maximize efficiency and bandwidth. They are the
planar heterojunction that was discussed in reference
to Fig. 7.6, the random bulk heterojunction (BHJ),
and the more ordered controlled BHJ. An illustrative
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comparison between the planar and BHJ architectures
is shown in Fig. 7.17.

In the planar junction, light may be absorbed at
distances much larger than LD from the point of
dissociation. This leads to a trade-off between ηED
and ηA in Eq. 7.48 since α ≪ 1/LD. Therefore, efficient
detectors employ a morphology where the D and
A regions form an interdigitated junction with a
large surface area that completely fills the active re-
gion volume (Halls et al., 1995, Yu et al., 1995). This is
the BHJ architecture in Figs. 7.17b and c that was
originally inspired by the large area junction of a dye
sensitized solar cell (DSSC). In a DSSC, a rough TiO2

surface is coated with a sensitizing dye, and the entire
structure is immersed in an electrolyte (O’Regan and
Grätzel, 1991). The large area of the TiO2 surface
enables the efficient harvesting of photons without
creating resistive bottlenecks to charge generated at
the sensitizer/TiO2 interface.

The idealized BHJ in Fig. 7.17b shows a perfectly
ordered, interdigitated network of A and D materials.
The network optimizes the photodetector by ortho-
gonalizing the directions for light absorption and
exciton diffusion. That is, light is absorbed along
the direction parallel to the interdigitation which can
extend for distances≫1/α. However, the width of the
fingers should be 	 LD to assure that excitons reach a

heterointerface where they dissociate prior to their
recombination. This geometric optimization breaks
the fundamental trade-off between ηED and ηA, allow-
ing both to simultaneously approach unity.
Achieving the ideal, interdigitated BHJ with the

appropriate dimensions requires nanometer control
of the morphology. In Section 5.4.2. we showed that
management of strain via organic vapor phase depos-
ition (OVPD) of a CuPc/PTCBI HJ achieved this
precisely controlled structure (Yang et al., 2005a).
The resulting solar cell comprised 35 nm long by
30 nm wide nanocrystalline pillars of CuPc covered
by blanket deposition of the PTCBI acceptor. These
dimensions are close to the exciton diffusion length in
the CuPc. The growth of the BHJ with this precise
geometric and morphological control led to an
approximately 2.5-fold increase in the OPV cell quan-
tum efficiency compared to that of an analogous pla-
nar HJ made from these same materials.
Conventionally, BHJ structures are obtained by

blending two, partiallymiscible polymers in a solution
(Yu et al., 1995). This forms a thermodynamically
driven, random D-A network shown in Fig. 7.17c.
While the blend provides a large surface area junction,
it contains numerous defects such as islands of one
material, or cul de sacs that prevent charge extraction
to the electrodes. A layer of the unblended donor (next
to the anode) or acceptor (adjacent to the cathode) is
required to prevent shorting by direct bridging by one
or both of these materials across the entire active vol-
ume of the device. The BHJ shown in Fig. 7.17c features
a zone of neat acceptor near to the anode.
Many variations on the BHJ morphology have been

demonstrated in both polymer and small molecular
weight materials systems. A notable and successful
variant is the mixed HJ, or the planar-mixed HJ (PM-
HJ) shown schematically in Fig. 7.18 (Uchida et al.,

Cathode

Anode

Substrate

(a) (b)

(c)

Figure 7.17 Illustration of photodetection in an idealized (a) planar and
(b) bulk heterojunction (BHJ) diode. The acceptor regions are shaded.
Holes are represented by open circles, electrons by filled circles, excitons
are shown by dotted circles, and the D-A junction is the boundary with the
shaded region. (c) A BHJ diode with blended donor and acceptor regions
forming a random network. The acceptor regions are in light blue. The
neat, donor region (dark blue) adjacent to the anode prevents shorting of
the acceptor from cathode to anode.

Mixed
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Figure 7.18 Illustration of the planar-mixed HJ (PM-HJ) structure. The
mixed region is shown in detail on the right, where the acceptor molecules
are dark, shaded circles and the donor molecules are light, open ellipses.
Percolating pathways for electrons (black lines) and holes (blue lines)
are shown.
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2004, Xue et al., 2005). This small-molecule-based de-
vice comprises a region with a blend of donor and
acceptor molecules deposited via co-deposition in
vacuum or OVPD. The mixed layer is sandwiched
between neat, planar layers of donor molecules adja-
cent to the anode, and a neat acceptor adjacent to a
transparent and electron conducting/exciton block-
ing layer (see Section 7.4.1). A structural variant em-
ploys one or sometimes even no neat layers. Excitons
in the mixed layer are generated on either a donor or
acceptor molecule. The exciton rapidly dissociates
into a PP since acceptor and donor molecules are in
contact everywhere within the mixture. This is an
improvement over the BHJ since there is neither
need, nor opportunity for exciton diffusion over
even short distances. This leads to ηΕD ¼ 1 for the
PM-HJ.
While exciton dissociation occurs with unity effi-

ciency in the mixed region, there remains two losses
that must be overcome. The first is due to absorption
in the neat, planar layers. The excitons generated in
the donor and acceptor slabs surrounding the blend
must diffuse to the mixed region to undergo dissoci-
ation. While the neat layers increase the optical path
length and hence the number of excitons generated, as
well as preventing shorts from forming between the
cathode and anode by the mixed layer, they should be
kept at thicknesses < LD to minimize exciton recom-
bination. The second requirement is that percolating
pathways for electron and hole conduction on the
acceptor and donor molecules, respectively, must
exist within the mixed layer to ensure that the charges
do not recombine prior to collection. If conducting
paths from the excitonic point of origin to a charge-
collecting electrode are incomplete, charge will build
up until the potential within the mixed layer that
opposes the external bias is sufficiently large to shut
off further charge collection. This is controlled by the
morphology the blend, and the ratio of the particular
donor and acceptor molecules used. Further, their
steric and electrostatic characteristics must be con-
sidered in choosing the deposition and other pro-
cesses used in their fabrication to ensure that
bicontinuous, low resistance pathways for charge con-
duction are formed.
The disruption of the conductive pathways, and the

disorder induced by the close proximity of donor
and acceptor molecules, results in a reduced charge
mobility compared with that in neat layers of the
same materials. To quantify the conductive properties
of the blend, we define the carrier drift length, l¼ μτF as
the distance a charge can travel before recombination.
Here, τ is the carrier lifetime. A high charge collection

efficiency, ηCC, requires that l be comparable to, or less
than the mixed-layer thickness. Charge transport in
the homogeneous layers is considered to be lossless
since photogenerated holes and electrons are spatially
separated, except when Va approaches the built-in
junction potential. The collection efficiency can there-
fore be written (Xue et al., 2005)

ηCC ¼
LC

xM
1� exp �xM=LCð Þð Þ; ð7:60Þ

where the charge collection length, LC, is the sum of
the hole and electron drift lengths prior to recombin-
ation, and xM is the thickness of the mixed layer
(Crandall, 1983). From this expression we find that
ηCC ¼ 1 for xM ≪ LC, and ηCC ¼ LC/xM for xM ≫ LC,
suggesting that the mixed layer should be thinner
than the collection length to obtain a high efficiency.
Furthermore, ηCC is a function of the applied voltage
through the field dependence of LC:

LC ¼ τDpμp þ τDnμn

� �
Va � Vbið Þ=xT; ð7:61Þ

where τDp and τDn are the hole and electron lifetimes
within the mixed layer, and xT is the thickness of
all layers between the anode and cathode contacts.
Hence, ηCC increases with the applied voltage, which
efficiently separates charges immediately upon their
photogeneration. To take full advantage of the mixed
molecular HJ structure, it is important to have high
carrier mobilities in a thin mixed layer such that LC is
comparable to the optical absorption length.
It should be apparent that the morphologies of the

absorbing regions of planar, BHJ and PM-HJ devices
are determining factors in the detector efficiency. Or-
dered and interconnected regions lead to higher
charge mobilities and longer diffusion lengths, in-
creasing both ηΕD and ηCC, and hence ηext in the
photodiode. For this reason, considerable effort has
been directed towards controlling the film morpholo-
gies in organic photodetectors. This topic is discussed
further below.

7.1.2.4 Bandwidth

The energy level diagram of a generalized symmetric,
p-intrinsic (i)-n excitonic HJ under reverse bias is
shown in Fig. 7.19. Photons can be incident from ei-
ther the right or the left, depending on which of the
contacts is transparent. For the purpose of this discus-
sion, we assume that light is incident via a transparent
anode contact on the donor, and that the junction is at
x ¼ 0. Absorption occurs in both the donor and
acceptor, generating carriers across the entire device
active region, depending on the local flux density,
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Φ x; λð Þ. There is minimal charge recombination with-
in the depletion region following exciton dissociation
since electrons and holes are rapidly swept to the
contacts by the applied and internal fields (resulting
from Va and the built-in voltage, Vbi, respectively).
Hence, unlike a photoconductor, a photodetector has
a gain, g ¼ 1.

The response time of the photodetector is limited
by four factors: (i) the time for exciton diffusion from
the point of generation to the HJ, τED, (ii) charge
drift time across the depletion region of total width
wT ¼ wD þ wA, (iii) charge diffusion time through the
undepleted regions of the detector at wA < x< � wD,
and (iv) the time required to charge the device cap-
acitance, Cj.

Charges within the depletion region drift in the
junction field resulting in a transit time, ttr ¼ ttr;nþ
ttr;p, where the electron and hole transit times (ttr,n
and ttr,p, respectively) depend on the electric field
and the charge mobilities in the acceptor and donor
layers. These times are typically less than the diffusion
time, τED. The rate at which charges diffuse through
undepleted regions of the photodiode depends on
their diffusion constants. The undepleted region tran-
sit time (ttr,un) also depends on whether or not there is
a drift component to the transit time equal to

ttr;unp ¼ xD � wDð Þ2
�

μp·δVa

� �
ð7:62Þ

for the example of hole drift in the donor. Here, δVa is
the residual voltage across the undepleted layer, and
xD is the total donor layer thickness. A similar expres-
sion obtains for electrons in the undepleted acceptor
region. It is also apparent that the drift time depends
on the total layer thicknesses, xD or xA. For very thick
layers, with wT << xD þ xA, we would expect

ttr < ttr;unp þ ttr;unn, in which case the device will be-
have more like a photoconductor than a photodiode.
It will exhibit photoconductive gain, whose band-
width depends on the minority carrier lifetime. This
device design is clearly undesirable, and hence will
not be considered further. Hence, we assume there is
little background charge as is typical of most OPDs,
such that the undepleted regions are much thinner
than wT. Then, the time for charge transport across
the undepleted zones of the detector is less than either
ttr or τED, and can be neglected.
Charging of the junction capacitance, Cj, places a

further time constraint on detector response. Here, Cj

is the series capacitance of the two depleted regions:

Cj ¼ CDCA

CD þ CA
¼ ε0A

εDεA
wAεD þ wDεAð Þ : ð7:63Þ

This is in addition to the parasitic capacitances from
the contact and other peripheral contributing capaci-
tances, Cp, to give the total device capacitance of CT ¼
Cj + Cp. Since achieving a short response time requires
thin layers, andwT ! xD þ xA, then in most situations
CT � Cj. The total resistance, RT, that determines the
RC-limited response time of τRC ¼ RTCT is inferred
from the small signal equivalent diode circuit in
Fig. 7.20 to include capacitance and external loads.
The photocurrent and noise current sources are
in parallel with all circuit elements except the device
series resistance. Thus, RT ¼ Rser þ Rj

� �
∥ RL∥Rinð Þ

where RL is the load resistance of the detection circuit,
and Rin is the effective input resistance of the follow-
ing current amplifier. For a very low dark current
device, it is reasonable to expect that the junction
resistance as determined by the diode equation,
Rj ¼ iT=Va >> Rser, except at high reverse voltages
where the device undergoes reverse breakdown.
Similarly, it follows that Rj >> RL;Rin, thus giving

τRC ¼ RL∥Rinð ÞCT: ð7:64Þ
The foregoing discussion provides the bandwidth for
an organic HJ detector of:

�f ¼ 1
2π

1
ttr
þ 1

τED
þ 1

τRC

� �
ð7:65Þ
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Figure 7.19 Energy level diagram of a D-A HJ detector under reverse
bias (Va), defining energies and dimensions.
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Figure 7.20 Small signal equivalent circuit of a photodiode.
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and, since the gain of the OPD is g ¼ 1, we have a
gain-bandwidth product of

g�f ¼ �f ð7:66Þ
(cf. Eq. 7.10). We assume that the transit time through
undepleted regions is small compared to the other
terms in Eq. 7.65. In many detectors, however, the
three terms in Eq. 7.65 are comparable. We will find
in Section 7.2 that diode designs have been devised to
maximize detector bandwidth that eliminate one or
more of the time constants, resulting in bandwidths
approaching 1 GHz (Peumans et al., 2000b).

7.1.2.5 Noise and dynamic range

Since n; p! 0 in the depletion region in reverse-
biased photodiodes, the probability of trapping and
detrapping of carriers is negligible. Hence 1/f noise is
not a dominant source of noise. In contrast, noise from
charge generation can be significant, leading to shot
noise given by

hi2shi ¼ 2q iD þ iph
� �

�f ¼ 2qiT�f ; ð7:67Þ

which differs from the expression for photoconduct-
ors (Eq. 7.37) by a factor of 2 since, in the absence of
charge in the depletion region, recombination is min-
imal. Also, for OPDs, g ¼ 1. The other source of noise
is the thermal, or Johnson noise, which from Eq. 7.34,

hi2thi ¼
4kBT�f

Rser þ Rj
� �

∥ RL∥Rinð Þ �
4kBT�f
RL∥Rin

: ð7:68Þ

Due to the high junction resistance, the thermal noise
is generally dominated by the impedance of the
external circuit.
The total noise of a photodiode is typically much

smaller than for a photoconductor due to the low dark
resistance (and hence high iD) of the latter. Further,
the Johnson noise of the photoconductor cannot be
smaller than that of a photodiode since, even for the
best case of a very high dark resistance, a photocon-
ductor still must be used at the input of a detection
circuit whose load and input resistances are, in prin-
ciple, equal to those used for a photodiode.
The S/N, NEP, and D� then follow directly from

our treatment for photoconductors in Sec. 7.1.1. The
specific detectivity is:

D� ¼ qηext λ=hcð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

A
2qiT þ 4kBT=RL∥Rin

s
: ð7:69Þ

From the foregoing, we infer that D� is much larger
for a photodiode due to its lower noise compared to
the photoconductor. Similarly, from Eq. 7.47 we infer

that the DR of the photodiode is also larger due to its
reduced NEP. Series resistance from contacts limits
the maximum photocurrent, although undepleted
donor and acceptor regions in OPDs can also contrib-
ute to Rser, placing further limits on iph, and hence DR.

7.1.3 Comparison of photoconductors
and photodiodes

The simplicity of photoconductors led to their early
demonstration and development, long preceding
the demonstration of a HJ OPD that showed an asym-
metric, rectifying j–V characteristic (Tang, 1986).
However, as we have found in this section, the
bandwidth and noise performance of reverse-biased
photodiodes far exceeds that of photoconductors.
For these reasons, photodiodes are preferred for
almost all sensitive detection applications. While
photoconductors can source photocurrent, they are
incapable of providing power to an external load. In
contrast, photodiodes operating in the fourth quad-
rant of the j–V characteristics (where V > 0 and j < 0,
and vice versa) in the so-called photovoltaic mode are
useful as a power generating solar cell. Due to the
potential low cost and ability to deploy such devices
on large, flexible substrates, OPVs have been the sub-
ject of considerable research by the organic electronics
community, and hence will be discussed at length in
subsequent sections. We summarize the foregoing
discussion by comparing the characteristics of photo-
conductors and OPDs operated in the detection (in
contrast to the photovoltaic) mode in Table 7.2.

7.1.4 Modeling efficiency: optical and charge
generation in OPDs and OPVs

According to Eq. 7.48, the product of the efficiencies
of four processes leading to charge generation deter-
mines the quantum efficiency. Two of the processes,
namely absorption (ηA) and exciton diffusion (ηED),
are coupled since the diffusion efficiency depends on
the distance that the exciton is generated from a D-A
junction, and this in turn depends on the distribution
of the optical field within the device. In describing the
optical field of a photoconductor, we used the simple
model of an exponentially decaying flux density with
distance (the Beer–Lambert law) within the absorbing
semiconductor. Such a treatment is valid only in the
case of a single layer structure, whereas multilayered
OPDs form weak microcavities. Indeed, in Chapter 6
we showed that the optical field distribution in
multilayer OLEDs was more complex than predicted
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by such a simple considerations, and thus optical out-
coupling of emitted radiation could only be under-
stood and ultimately controlled by a detailed
knowledge of the complex indices of refraction of all
the layers comprising the device. This problem is even
more complex in OPDs (and by extension, OPVs)
since the product of ηAηED ultimately determines ηint.

The absorption and exciton diffusion efficiencies in
the photodetector are functions of the optical proper-
ties of the materials employed, excitation wavelength
λ, layer thicknesses, and the layer order. To evaluate
ηAηED, the optical electric field amplitude F xð Þ is cal-
culated as a function of position in the generalized
multilayer structure in Fig. 7.21 following the treat-
ment of Heavens (1991) and later adapted to solve the
specific situation of organic detectors (Pettersson
et al., 1999, Peumans et al., 2003b). Generally, we as-
sume that the materials comprising the device are
homogeneous and isotropic, and the jth layer of a
stack consisting of m layers between a semi-infinite
substrate (layer j ¼ 0) and air (j ¼ m+1) is thus
described by a complex index of refraction, viz.

~nj ¼ nj þ iκj; ð7:70Þ
where nj and κj are the real and imaginary parts of the
refractive index, respectively. In the harmonic field
approximation at frequency ω, we can write

Fj x; tð Þ ¼ F0jexp �ξjx� ωt
� �

ẑ; ð7:71Þ

where ξj ¼ 2π=λð Þ ~nj is the complex propagation con-
stant. Since we are only concerned with the spatial
distribution of the field, we can omit the time depend-
ence of F. Furthermore, since we assume that the

structure is semi-infinite in the plane normal to the
propagation direction, x, we do not need to distin-
guish between the polarization directions of the field.
In the following treatment, we use the convention
that a + (�) superscript represents propagation in
the +x (�x) direction. The thickness of the jth layer is
xj, and light is incident on the substrate in the +x
direction. The interfaces between layers are assumed
flat on the scale of the wavelength.

Table 7.2 Comparison of operating parameters of photoconductors and photodiodes

Parameter Photoconductor Photodiode

Operating voltage Near equilibrium ðVa ! 0Þ Reverse bias

Photocurrent gain (g) τ/tr (1–106) 1

ηint kdiss= kdiss þ kDð Þ kPPd = kPPd þ kPPrð Þ
ηext

j ph A

qg P incλ=hcð Þ
j ph A

q P incλ=hcð Þ
Responsivity qg ηext λ=hcð Þ qηext λ=hcð Þ
Bandwidth (�f ) 1/2πτD 1/2πttr

Gain-bandwidth product (g�f ) 1/2πttr 1/2πttr
�in2=�f 4k BTð Þ=RPC þ κ=f α 2qi T þ 4k BT =RL∥R in

Specific detectivity (D*) qηext λ=hcð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

A
4k BTð Þ=RPC þ κ=f α

s
qηext λ=hcð Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A

2qi T þ 4k BT =RL∥R in

s
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Figure 7.21 Schematic of a multilayer stack with light incident in the +x
direction from the left. Superscripts + and � refer to propagation in the
+x and �x directions, respectively.
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In the transfer matrix formalism, propagation of light
is described by 2�2 matrices subject to the continuity
of the tangential component of the electric field at an
interface. At the interface between layers j and k, the
optical field is described by the interface matrix Ijk:

Fþj
F�j

� 	
¼ Ijk

Fþk
F�k

� 	
¼ 1

tjk

1 rjk
rjk 1

� 	
Fþk
F�k

� 	
; ð7:72Þ

where rjk and tjk are the complex Fresnel reflection and
transmission coefficients, respectively, given by

rjk ¼
~nj � ~nk

� �
~nj þ ~nk

� � ð7:73aÞ

and

tjk ¼
2 ~nj

~nj þ ~nk
� � : ð7:73bÞ

The treatment thus far has considered reflection
and transmission at each interface. We also need to
account for the phase shift accumulated as the field
propagates through a layer of thickness xj. This is
expressed in terms of the phase matrix given by

Lj ¼ e�iξjxj 0
0 eiξjxj

� 	
; ð7:74Þ

where ξjxj is the phase shift.
Thus, the field incident on the layer stack from

the substrate, j ¼ 0, is related to the transmitted field
at j = m+1 by the scattering matrix, S:

Fþmþ1
0

� 	
¼ S Fþ0

F�0

� 	
¼ ∏

m

l¼1
I l�1ð ÞlLl

Fþ0
F�0

� 	
: ð7:75Þ

Here, F�mþ1 ¼ 0 implies that there is no reflected wave
at the end of the multilayer stack. The convenience of
the transfer matrix method is that the field exiting
from an arbitrary layer system is found simply by
calculating the Fresnel coefficients at each interface
and the phase change within each layer, and then
taking the products of their respective 2�2 matrices
with the incident field. Then, with

S ¼ S11 S12

S21 S22

� 	
; ð7:76Þ

we obtain the total reflection (r) and transmission (t)
coefficients of the stack:

r ¼ F�0
Fþ0
¼ S21

S11
ð7:77aÞ

and

t ¼ Fþmþ1
Fþ0
¼ 1

S11
: ð7:77bÞ

The absorption efficiency of the multilayer structure is
equal to the fraction of the light neither transmitted
nor reflected, which is given by

ηA ¼ 1� T � R ¼ 1� jtj
2~nmþ1
~n0

� jrj2; ð7:78Þ

where T and R are the transmissivity and reflectivity,
respectively. Thus far, we have assumed that the
substrate is infinitely thick. In fact it is only optically
thick, that is, xsub ≫ λ, and is typically �0.1–1 mm.
Hence, the effect of the substrate is included by
correcting T and R for reflections at the air/substrate
and substrate/multilayer interfaces rather than by
including it directly in the transfer matrix calcula-
tion. This gives substrate reflectivities and transmis-
sivities for light incident from air with ~n ¼ 1 of
(cf. Eq. 7.26):

Rsub ¼ 1� nsubð Þ2
1þ nsubð Þ2 ð7:79aÞ

and

Tsub ¼ 4

1þ nsubð Þ2 ; ð7:79bÞ

where we have made the reasonable assumption that
the substrate is non-absorbing (i.e. ~nsub ¼ nsub). This
gives a total reflectivity and transmissivity of the
multilayer structure, including the substrate, of

R
0 ¼ Rsub þ R

1þ RsubR
ð7:80aÞ

and

T
0 ¼ TsubT

1þ RsubR
; ð7:80bÞ

yielding the total absorption efficiency of ηA ¼ 1�
T
0 � R

0
.

Since we are ultimately only interested in absorp-
tion within the active region (presuming that other
layers do not generate excitons that can reach a D-A
interface, and hence cannot contribute to the photo-
current), we need to calculate the local electric field
within the layers comprising the dielectric stack.
Let us assume that we are interested in the field
within layer, j. Then we can separate the system
into three parts: those layers in the regions
0< x< x

0
, the layer j itself, and those at x> x

0 þ xj,
where x

0
is the sum of the thicknesses of the layers

x0 to xj-1. Then the scattering matrix of the entire
structure is given by

S ¼ S�j LjSþj ; ð7:81Þ
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with

S�j ¼ ∏
j�1

l¼1
I l�1ð ÞlLl

 !
I j�1ð Þj ð7:82aÞ

and

Sþj ¼ ∏
m

l¼jþ1
I l�1ð ÞlLl

 !
Im mþ1ð Þ: ð7:82bÞ

The electric field propagating in the positive direction
in layer j at the left interface is related to the incident
plane wave via

tþj ¼
Fþj
Fþ0
¼

Sþj11
Sþj11S

�
j11e
�iξjxj þ Sþj21S

�
j12e

iξjxj
; ð7:83Þ

and similarly for the electric field propagating in the
negative direction at the left interface:

t�j ¼
F�j
Fþ0
¼ tþj

Sþj21
Sþj11

ei2ξjxj : ð7:84Þ

Finally, we arrive at the total electric field at an arbi-
trary position inside layer j as the linear superposition
of the fields propagating in opposite directions, and
whose intensities are modified by the phase at x:

Fj xð Þ
Fþ0
¼ tþj xð Þ þ t�j xð Þ ¼ tþj e

iξjx þ t�j e
�iξjx: ð7:85Þ

The time-averaged Poynting vector gives the power as
a function of position, which for the harmonic field in
Eq. 7.71 yields the local generation rate:

Gj xð Þ ¼ 2πε0κjnj

h
jFj xð Þj2; ð7:86Þ

which is related to ηAPinc via Eq. 7.3. This differs from
the simple model of absorption calculated using the
Beer–Lambert relationship since it considers reflec-
tion and absorption within each layer of the dielectric
stack in the OPD.

To calculate ηext, we must also consider exciton
diffusion, that is, we need to calculate the probability,
ηED, that an exciton generated at x will diffuse to a
D-A junction where charge transfer followed by
carrier generation can occur. The continuum steady
state exciton diffusion equation for the jth layer is,
therefore,

L2
Dj
∂2Nj xð Þ
∂x2

�Nj xð Þ þ τDjGj xð Þ ¼ 0; ð7:87Þ

where τDj ¼ L2
Dj=Dj is the exciton diffusion lifetime in

layer j, Dj is its diffusion coefficient, and Nj(x) is the
exciton density.

Equation 7.87 is solved using two possible
boundary conditions: (i) ideal non-quenching inter-
faces, and (ii) quenching interfaces with an infinite
surface recombination velocity. The first boundary
condition, corresponding to ∂Nj xð Þ=∂x ¼ 0, applies
to excitons in a narrow energy gap organic semi-
conductor at a heterointerface whose LUMO and
HOMO levels are nested within the LUMO and
HOMO of the contacting material (type I HJ), pro-
hibiting exciton dissociation by via charge transfer.
This case is clearly undesirable for OPDs. The sec-
ond boundary condition, corresponds to Nj(x) ¼ 0,
and applies to type II D-A HJs where all excitons
dissociate by CT and contribute to the photocurrent,
as well as to organic/metal contacts where excitons
non-radiatively recombine without contributing to the
photocurrent. The photocurrent can then be calculated
from the exciton diffusion current evaluated at the D-A
interface:

jph;j ¼ qDj

���� ∂Nj xð Þ
∂x

����
x¼xHJ

; ð7:88Þ

where xHJ is the position of the heterointerface. Then,
the external efficiency from layer j leading to charge
transfer is given by the ratio of the photocurrent to the
incident photon flux:

ηext;j ¼ 2h
jph;j

qε0λjFþ0 j2
; ð7:89Þ

where we have assumed that ηCTηCC � 1, which is
often the case for the most efficient D-A HJ photo-
detectors. Now, we have seen that Gj ∝ jFþ0 j2, and thus
jph;j ∝ jFþ0 j2. Hence the external quantum efficiency is
independent of the incident optical power in the lin-
ear range of OPD operation, that is, where series
resistance or other second order effects such as charge
annihilation are small.
The external quantum efficiency in stratified struc-

tures is determined by first calculating jFj xð Þj2
throughout the multilayer as shown in Fig. 7.22a
for the archetype device: ITO anode/32 nm PEDOT:
PSS hole injection layer (HIL)/15 nm CuPc donor/35
nm C60 acceptor/16 nm BCP exciton blocking layer
(EBL)/100 nm Al cathode at λ ¼ 600 nm. Optical
constants for each layer are provided in the table in
Fig. 7.23. The local generation rate is calculated using
the electric field and the optical properties of the
active layers, as shown in Fig. 7.22b. Finally, using
LD determined from independent measurements
such as spectrally resolved photoluminescent quench-
ing (see Section 3.9, Lunt et al., 2009 and Bergemann
and Forrest, 2011) the diffusion equation is solved to
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obtain N(x) in Fig. 7.22c. Then, the photocurrent im-
plied from Eq. 7.86 yields ηext (Peumans et al., 2003b).
Extending the analysis for the specific structure in

Fig. 7.22, we provide a guide in Fig. 7.23 for designing
bilayer OPDs and OPV cells, where ηint is used as a

performance parameter, since it is a measure of the
exciton harvesting efficiency. In these calculations,
the wavelength is fixed at λ ¼ 620 nm. The symmetric
device structure is: glass/150 nm anode/x nm do-
nor/x nm acceptor/10 nm spacer/150 nm cathode.
For the donor and acceptor layers, κ ¼ 1.0 was used,
which corresponds to α ¼ 2πκ/λ ¼ 1.0 � 105 cm�1,
which is typical for π�  π transitions (see Table 7.1).
Since this device is symmetrical, the same LD was
used for both the donor and acceptor layers. Of
course, accurate modeling of a realistic detector
requires precise knowledge of the layer thicknesses,
the optical properties (n and κ), and LD of all materials
used. The solid lines are model calculations of ηint vs.
the donor and acceptor layer thicknesses assuming
LD = 2–40 nm. The dotted lines represent a simple
exciton diffusion model that does not account for
interference or absorption in regions where x > LD,
or at metal contacts.
The maximum ηint is obtained for donor and accept-

or layer thicknesses � LD. Thicker layers suffer from
absorption in regions far away from the D-A inter-
face. For layers thinner than LD, absorption in the
metal cathode decreases ηint, causing a large deviation
from the simple model (dotted lines). This latter effect
poses a limit to the achievable ηint for a given LD. The
data points in the figure show measurements of
devices. The solid squares correspond to glass/ITO/
CuPc/PTCBI/Ag, and the open squares are for a
similar device except that it contains a transparent
BCP exciton blocking layer between the cathode and
the acceptor. Also shown (triangle) is the result for a
device that replaces the acceptor, PTCBI, with C60.
The fits to the PTCBI device indicate that its diffusion
length is approximately 3 nm. However, we note that
the efficiency decreases dramatically for an acceptor
layer thickness <10 nm for the device lacking the
EBL. This is due to exciton quenching at the cathode
when the thickness is less than �2LD. In contrast, the
device with the EBL shows an increasing ηint as
xA ! LD. Also, the longer diffusion length of C60 re-
sults in a concomitant increase in the internal effi-
ciency. In all cases, the optical model yields an
accurate value for the device efficiency.
The transfer matrix approach has been used in

devices with intentionally strong microcavities that
allow for tuning the absorption spectra to enable
wavelength-selective detection. Such a spectrally
selective OPD has been demonstrated with the fol-
lowing structure (see Fig. 7.24a, An et al., 2009): Al
anode (50 nm)/MoO3 transparent optical spacer
(110–220 nm)/CuPc or α-NPD donor (20 nm)/C60

acceptor (40 nm)/BCP EBL (7 nm)/Ag cathode

PEDOT:PSS  / 15 nm CuPc / 35 nm C60 / 15 nm BCP

Alglass ITO
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Figure 7.22 Steps used in calculating the external quantum efficiency of
an archetype organic photodiode. (a) The OPD structure along with the
normalized intensity distribution calculated using the optical constants
for each layer provided in Fig. 7.23. (b) The optical absorption profile at
λ = 600 nm, and (c) the exciton profile calculated using the method
described in text. All calculations are shown as dashed lines (Peumans
et al., 2003b).
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Figure 7.23 Internal quantum efficiency vs. donor and acceptor layer
thicknesses for a symmetric organic OPD whose materials parameters are
provided in the table. The structure is on a glass substrate coated with a
150 nm thick anode, donor and acceptor layers, a 10 nm thick,
transparent exciton blocking layer, and a 150 nm thick Al cathode. The
solid lines are calculated for various LD. The dotted lines assume no
absorption at the metal cathode. The open and filled squares correspond
to measurements of devices described in text, and the solid triangle is for a
glass/ITO/PEDOT:PSS/CuPc/C60/BCP/Ag OPD (Peumans et al., 2003b).
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(40 nm). The strong microcavity results from the
dielectric layers sandwiched between the reflective
Al anode and the semitransparent, reflective Ag cath-
ode through which the illumination is incident. The
MoO3 anode buffer layer thickness is adjusted from
110 nm to 220 nm to tune the cavity to the desired
wavelength (An et al., 2009).

Figure 7.24a shows the calculated optical intensity
distribution for λ ¼ 520 nm and 430 nm. The peak
intensity within the CuPc/C60 active region is at
520 nm, whereas the intensity is weaker at 430 nm.
Hence, it is expected that the OPD will have a greater
sensitivity at the longer wavelengths. The transfer
matrix formalism coupled to the exciton diffusion

equation using measured optical constants and LD

has been applied to devices with different MoO3

thicknesses. Atomic force microscope (AFM) images
of the films showed an rms roughness of 14.5 nm for
Al and 7.3 nm for Ag. Hence, it is reasonable to expect
that films deposited onto the Al surface will replicate
at least some fraction of the roughness of the base
layer. The calculations, therefore, were modified
from those in the foregoing discussion to account for
rough interfaces that were generated during layer
deposition.
Rough surfaces are a common feature of many

multilayer organic thin films, and hence it is worth-
while to consider this situation in some detail. The
reflection and transmission of a plane wave from a
rough surface can be understood from Fig. 7.25a.
Rays of wavelength, λ0, incident from a medium
with index of refraction n0 at angle β are reflected
from surface irregularities of height,�h. The reflected
light undergoes a position-dependent phase shift of

�ΦR ¼ 4π�hn0

λ0
cosβ: ð7:90Þ
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Figure 7.24 (a) Sample OPD structure with a MoO3 optical spacer/
anode buffer layer thickness of 150 nm, and the optical field
distribution at two wavelengths of 520 nm (in resonance with the CuPc/
C60 active region) and 430 nm (off resonance). (b) Simulated and (c)
measured external quantum efficiency spectra for devices in (a) for varying
MoO3 spacer thicknesses. Devices with 200 nm and 220 nm thick MoO3
thicknesses use CuPc instead of α-NPD (An et al., 2009).
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Figure 7.25 (a) Reflection and transmission of a pair of rays, A, B, that
are incident at angle β to the surface normal. The middle and lower panels
show variations in phase vs. position for the reflected (R) and transmitted
(T) waves. (b) As in (a) for a heterogeneous medium with domains of
different dielectric constants, ε1 and ε2 (Fili�nski, 1972).
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For a surface with a Gaussian distribution of surface
roughness, the reflection coefficient is thus modified
(Fili�nski, 1972):

R
0
βð Þ¼Rs βð Þexp ��Φ2

R

� �¼Rs βð Þexp � 4πσn0

λ0
cosβ

� �2" #
;

ð7:91Þ
where the rms surface roughness is given by

σ ¼
X
�h2

� �1=2
: ð7:92Þ

Here, Rs is the reflection coefficient obtained for a spec-
ularly smooth surface. Using similar reasoning for a
transmitted wave (see Fig. 7.25a), we have a phase
shift of

�ΦT ¼ 2π�h
λ0

n� n0ð Þcosβ ð7:93Þ

to yield a modified transmission coefficient of

T
0
βð Þ ¼ Ts βð Þexp ��Φ2

T

� �
¼ 1� Rs βð Þð Þexp � 2πσ n� n0ð Þ

λ0
cosβ

� �2" #
:

ð7:94Þ
Film composition heterogeneity, that is, where the
composition of the medium is spatially variant such
as in a D-A blend or BHJ, can also be present. Spatial
variations in dielectric properties due to domains
with different crystal orientation, densities, or even
from a high, spatially varying impurity concentration
may exist. This introduces a heterogeneous dielectric
medium that comprises domains of differing dielec-
tric constants, ε1, ε2,…, as shown in Fig. 7.25b. Rays
traveling through different regions of the film will
therefore undergo phase shifts similar to that experi-
enced from a rough surface. Then, �Φθ is the rms
fluctuation in phase due to a distribution of dielectric
constants, viz.

�Φθ ¼ 2πL
λ

X �n
n2

� �2
" #1=2

; ð7:95Þ

where L is the total layer thickness in Fig. 7.25b. In
absorptive media, the phase shift due to variations in
both the real and imaginary indexes of refraction (�n)
are included. Then in analogy to our treatment for
roughness, we modify the reflection coefficient by:

R
0
θ ¼ Rsexp ��Φ2

θ

� �
: ð7:96Þ

A similar expression can be derived for the trans-
mission coefficient, T

0
θ. Finally, both surface rough-

ness and material inhomogeneities are incorporated
into the expressions used in the transfer matrices by

adding their respective contributions to the phase
shifts encountered in propagating through the ith
layer.
Returning to Fig. 7.24b, the external quantum effi-

ciency is calculated for devices with various MoO3

buffer layer thicknesses, incorporating the effects of
surface roughness imparted by the Al anode. The
strong microcavity arising from the active semicon-
ductor layers sandwiched between two reflective
metal contacts results in narrow peaks, each at a
different wavelength depending on the buffer layer
thickness. For the thickest buffer layers, there are two
maxima, one at short and the other at longer wave-
length. These dual peaks correspond to two intensity
maxima, one at λ/4n and the second at 3 λ/4n lying
within the D-A layers. The experimental results in
Fig. 7.24c are reasonably close to predictions, al-
though there are some notable differences, particular-
ly at long wavelengths. This difference is due to
inaccuracies in the layer refractive indexes which
were taken from literature values rather than being
directly measured (An et al., 2009). Note that the de-
vices with MoO3 thicknesses of 200 nm and 220 nm
(dashed lines) used α-NPD in place of CuPc as the
donor to enhance the short wavelength absorption.
One feature of microcavities discussed in Chapter 6

is their sensitivity to light incidence angle and polar-
ization. This is indeed the case for the devices in
Fig. 7.24, where wavelength peak shifts as large as
40–50 nm are observed as the angle is varied from 0o

(normal incidence) to 60° (An et al., 2009). This effect
is undesirable if the incidence angle is not fixed,
whereas it can be used to detect the incidence angle
if the source wavelength is known.

7.1.5 Modeling efficiency: dependence on
film morphology

Thus far we have considered only charge generation
and the optical fields in planar, bilayer heterojunc-
tions (PHJs). However, we have shown that efficient
detectors use BHJs or mixed HJs. The characteristics
of such entangled structures (cf. Fig. 7.17) must be
accurately modeled to optimize materials and archi-
tectures for improved performance. Developing
morphological models is more straightforward for
small molecules deposited from the vapor phase
than for solution processed films. In the former
case, the dynamics of domain formation is based
only on the intermolecular interaction energies at
the substrate surface, along with the particular
kinetics of the growth process that involves non-
interacting particles in the vapor phase. More

594 ORGANIC LIGHT DETECTORS



complex solution phase interactions along with
undefined molecular shapes govern polymer
morphologies. Achieving a desired morphology is
ultimately an experimental process with a good de-
gree of trial and error. A few such processes and the
resulting morphologies achieved for films deposited
from solution are described in Section 7.4.2. Here we
focus on the less complicated problem of modeling
mixtures deposited from the vapor phase (i.e. by
either VTE or OVPD). This treatment provides a
generalized methodology for understanding how
the foregoing discussion of PHJs informs the more
complex treatment of blends.

The basic elements for “constructing” a given
small molecule morphology is to assume that the
blends consist of solids predominantly bonded by
van der Waals forces. Then the structure can be
modeled using the atom–atom potential model de-
veloped in Section 2.5. In the following, we describe
a general dynamic Monte Carlo (DMC) energy-based
simulation method introduced by Adams et al.
(1993) and then adapted to the specific problem of
mixed small molecule HJ domain formation during
growth (Watkins et al., 2005, Yang and Forrest,
2008). Variations on this molecular dynamics simula-
tion procedure have been used to understand
morphologies in OPVs, OLEDs, transistors, and nu-
merous other thin film structures.

We start by assuming the organic molecules are
arranged on a cubic (Watkins et al., 2005, Yang and
Forrest, 2008) or a face-centered cubic lattice to
account for molecular asymmetries, allowing extend-
ed molecules to occupy two lattice sites (Ding et al.,
2018). The lattice constant is a, which is on the order of
a molecular diameter (typically �1 nm). The lattice
sizes discussed below are (100a)2 in the substrate (x–y)
plane, with varying depth in the substrate normal (z)
direction. Periodic boundary conditions are applied.
The bottom and top of the lattice are assumed to
contact the anode and the exciton blocking layer,
respectively.

Phase separation from a homogeneously mixed
active region is generated using an entropy-driven
site spin-exchange Ising model (Adams et al., 1993)
whose parameters are adjusted to reproduce the
observed grain size and distribution for binary blends.
Lattice sites are allowed to exchange their spins
between all 26 proximate neighbors (6 in the <100>
direction, 12 in the <110> direction, and 8 in the
<111> direction). Since the van der Waals interaction
between like molecules is generally larger than the
interaction between different molecules, the change
in system energy that ensues from the exchange of

two neighboring molecules (spins) is represented
using the Ising Hamiltonian for the energy of site, i:

εi ¼ � J
2

X
j

δSj;Sj � 1
� �

; ð7:97Þ

where δsi;sj is the Kronecker delta for spins occupying
sites i and j. The coupling between sites is given by J,
which is arbitrarily set to +1. The summation is over
first and second nearest neighbor sites, with the en-
ergetic contribution decreased by

ffiffiffi
2
p

for the latter.
Exchange attempts between sites i and j are accepted
with the probability P �εð Þ. This is thermally acti-
vated according to (Kawasaki, 1972)

P �εð Þ ¼ exp ��ε=kBTð Þ
1þ exp ��ε=kBTð Þ ; ð7:98Þ

where the energy difference between sites i, j is �ε.
Here, T is in units of J/kB. This procedure leads to
large-scale phase separation occurring in a system
with limited miscibility. The accepted spin ex-
changes tend to form aggregates of like molecules
by lowering the total system energy, while the grain
size is controlled by the number of executed spin
exchanges.
The growth of more complex D-A nanocrystalline

networks is modeled assuming growth by alternate
deposition of ultrathin layers of D and A molecules
(Yang et al., 2005b, Ding et al., 2018), taking into ac-
count gas phase transport, surface diffusion, and
evaporation back into the gas phase. The structural
morphology is simulated based on the atom–atom
potential method. Recall from Section 2.5 that the
total bond potential between neighboring molecules

i, j is U Rij
� � ¼ 1

2

X
m;n

ϕm;n Rij
� �

. Here, Rij ¼ jRi � Rjj is

the relative molecular positions and ϕm;n Rij
� �

is the
potential between the mth and nth atoms in different
molecules, i and j. Both the London and Buckingham
potentials are convenient for large-scale atom–atom
modeling of organics. The energy of molecule i, is
then obtained by summing over all neighboring mol-
ecules j.
It is assumed that the organic molecules are ran-

domly generated in the gas phase at a distance far
from the substrate. Once incident on the solid sur-
face, they diffuse from site i to unoccupied site j, at
a rate:

wi!j ¼ w0f �Φð Þ; ð7:99Þ

where w0 is the hopping attempt frequency, and
�Φ ¼ Φj �Φi is the difference in energy of the mol-
ecule occupying site i or j. Then,
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f �Φð Þ ¼ exp ��Φ=kBTð Þ for �Φ � 0
1 for �Φ< 0


ð7:100Þ

A molecule on the surface can also re-evaporate back
into the gas phase where the destination site, j, is
above the solid surface, with Φi ¼ 0. The dominance
of bond energies between like molecules over those
between dissimilar molecules results in the formation
of large, homogeneous domains.
Morphologiesare“constructed”byassumingthat the

first homogeneous layer consists of D molecules. Fol-
lowing that, a thin A layer is deposited, forming aggre-
gates thatdonotprovide full coverageof theunderlying
D layer. A second, thin D layer is then deposited to
partially cover the A layer, but it also directly contacts
the first, continuous D layer. Several such thin, discon-
tinuous D-A layer pairs are sequentially deposited, fol-
lowed by a thick and continuous capping layer.
To connect the morphology to the charge gener-

ation efficiency, exciton and carrier transport within
the simulated morphology must also be modeled. We
found in Chapter 4 that short-range hopping between
localized states provides a reasonable picture of the
transport in disordered organic systems. For this pur-
pose, the first reaction method (FRM) using the DMC
algorithm is applied. In FRM, the probability of an
allowed process (e.g. exciton site hopping) is calcu-
lated following the first time the exciton or charge
appears, and is updated following exciton dissoci-
ation, quenching, bimolecular recombination or
charge collection. Compared to a full DMC calcula-
tion in which the probability is recalculated after each
change of system configuration, FRM significantly
reduces computation time (Watkins et al., 2005). The
FRM calculation is reasonably accurate as long as the
particle densities are small, where interparticle inter-
actions can be neglected. This is generally the case for
detectors and solar cells under modest illumination
intensities. The FRM simulation generates excitons at
rates consistent with the incident light intensity and
spectrum, and tracks their diffusion to the D-A HJ
where they dissociate into free carriers.
Förster energy transfer governs exciton diffusion in

materials commonly used for detection. Hence, the
hopping time, τEX, depends on R6

ij and the difference
in site energies, �Eij, viz. (Scheidler et al., 1996, Yang
and Forrest, 2008)

τEX ¼ τD
Rij

a

� �6 log Xð Þ
f �Eij
� � : ð7:101Þ

Here, τD is the exciton lifetime, and 0 < X < 1 is a
random number. The hopping probability is based on
the Miller–Abrahams model in Section 4.3.2:

f �Eij
� � ¼ exp ��Eij=kBT

� �
for �Eij � 0

1 for �Eij < 0
:


ð7:102Þ

Onsager–Braun theory (Braun, 1984) is used to
describe exciton dissociation, where the generated
carrier gains energy equal to the difference between
the D-A energy offset and the exciton binding energy.
Finally, electron transport is calculated based

on effective-medium theory (cf. Fishchuck et al.,
2002 and Section 4.3.2). This yields the carrier
hopping time:

τch ¼
qa2exp 4a Rij � a

� �� �
6kBTμnðpÞ

1
f �Eij
� � ; ð7:103Þ

where μn(p) is the electron (hole) mobility.
This analysis has been used to understand photo-

generation in CuPc/C60 D-A HJs with six different
morphologies: a bilayer, planar HJ (PHJ), a homoge-
neous D-A mixture, a PM-HJ, an ordered BHJ consist-
ing of pillars with diameters greater than LD,
arranged in a chessboard pattern bounded on top
and bottom with a D and A layer, and a random
nanocrystalline network. The PHJ cell consists of
two homogeneous layers separately comprised of
D and A molecules. The PM-HJ cell is comprised of
a D-A mixed layer sandwiched between top and bot-
tom continuous homogeneous layers (Yang and
Forrest, 2008).
The morphological evolution of an initially homo-

geneously mixed, 60 nm thick CuPc:C60 film that is
subsequently annealed by calculating the structure
after a specified number of DMC steps (i.e. “spin
exchanges”) is provided in Table 7.3. The average
domain size is expressed in units of lattice constants,
[a], and the specific interface area in units of [a2]. The
specific interface area is the ratio of the total calcu-
lated D-A interface area to its projection onto the
substrate plane. The homogeneous mixture has a
domain size of a, equal to the volume occupied by a
single molecule, and a specific interface area >60a2.
As annealing proceeds to 100 steps, the domain vol-
ume grows by segregation of the components, finally
leading to a domain size of 10a and a much smaller
projected area of 6a2.
When the top surface is unconstrained (i.e. it is

free to develop 3D structure), the simulations predict
roughening during annealing that increases with
layer thickness, consistent with phenomena ob-
served for thermally annealed CuPc/PTCBI mixed
junctions (Peumans et al., 2003a). Roughening is
shown in Fig. 7.26 for the simulated growth of a
sample consisting of a stack of alternating CuPc
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and C60 layers as follows: CuPc(10a)/[C60(3a)/CuPc
(3a)]n/C60(30a), where n is the number of bilayers. Sur-
face roughening is a general property of nanocrystalline
growth,although itsmagnitudedependsontheparticu-
lar materials systems and growth dynamics involved.

By combining the results of morphological simula-
tions with the charge and excitonic dynamics of
Eqs. 7.101–7.103, we can determine the internal
efficiency of the mixed or BHJ device. Moreover,
the external efficiency of the detector is found by
including the physical dimensions of the device
with the optical constants (n, κ) of the layer stack. In
Table 7.3, for example, we use the exciton diffusion
and charge collection efficiencies to arrive at the in-
ternal quantum efficiency (recall ηint¼ ηEDηCTηCC) as a

function of morphology obtained through mixed HJ
annealing. In these calculations, it has been assumed
that the charge transfer efficiency, ηCT, is unity. As we
have seen in this and previous chapters, however, this
is not generally true, particularly for junctions where
�EHL is small. Nevertheless, it is straightforward to
include this factor into the calculation of ηint based on
discussions from Chapter 4 and Section 7.4.
Simulated efficiencies of five CuPc/C60 morpholo-

gies are shown in Fig. 7.27. For these calculations the
following materials parameters were employed for
CuPc and C60, respectively: LD ¼ 15 nm, 40 nm; τD ¼
10 ns, 1 μs, and μp ¼ 7 � 10�4 cm2/V s and μn ¼ 5 �
10�2 cm2/V s. As expected, the exciton diffusion
efficiency of the planar HJ decreases exponentially
with d, although its charge collection efficiency is
always close to 100%. The opposite holds true for
the homogenous mixture, were charge collection is
impeded by the lack of percolating conductive paths,
yet every photogenerated exciton has a neighboring
counter molecule that results in ηED ¼ 1. The planar
mixed device shares properties of both of these ex-
tremes. Unsurprisingly, the external quantum effi-
ciency (and hence jph) is maximized for an ideal
chessboard morphology, or for a nanocrystalline net-
work. We have shown in Section 5.4.2 that a chess-
board structure can approximately be achieved by the
strained growth of CuPc nanopillars on ITO using
OVPD (Yang et al., 2005a). Nanocrystalline networks,
although more random than chessboards are more
readily achieved during growth and yet deliver nearly
equivalent performance. Finally, the analysis provides
information on the optimal active layer thicknesses for
a given materials system. It is apparent that the effi-
ciency saturates at thicknesses between 60 nm and
80 nm, which indeed is close to that used in OPVs
comprising small molecule active regions.

Table 7.3 Average domain sizes, specific interface areas and cell efficiencies of mixed films before and after annealing for
different numbers of DMC steps for a 100�100�60 nm3 lattice. The shaded areas are one of the two components (D or A), and
the “empty” areas are occupied by the opposite component (Yang and Forrest, 2008)

DMC steps 0 1 10 50 100

Morphology

Domain size [a] 1.0 2.0 4.9 7.9 10.3
Specific interface 
area [a2]

61.2 29.7 12.2 7.6 6.0

0.31 0.34 0.40 0.44 0.43
1.00 1.0 0.97 0.93 0.87
0.31 0.34 0.39 0.41 0.37

ηCC
ηED
ηint

0 1 2 3 4 5 6 7
0

2

4

6

8

10

12

14

0

1

2

3

4

5

6

A
D

Number of A/D Bilayers

Rm
s 

Su
rf

ac
e 

Ro
ug

hn
es

s 
(a

)

Sp
ec

ifi
c 

In
te

rf
ac

e 
A

re
a 

(a
2 )

Figure 7.26 Simulation of the growth of alternating D-A stacks with the
structure CuPc(10a)/[C60(3a)/CuPc(3a)]n/C60(30a), where D = CuPc and
A = C60 indicating the (a) root mean square surface roughness (open
triangles in units of [a]) and (b) the specific interface area (circles in units of
[a2]) (Yang and Forrest, 2008).

Reprinted with permission from Yang, F. & Forrest, S. R. 2008. Photocurrent
Generation in Nanostructured Organic Solar Cells. ACS Nano, 2, 1022-1032.
Copyright 2008 by the American Chemical Society.
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It is encouraging that experimental results sum-
marized in Table 7.4 are in agreement with the simu-
lations. In particular, the agreement between the
transfer matrix calculations of the optical field inten-
sity, and the exciton diffusion theory has proven this
analysis to be invaluable in accurately predicting
the design and performance of a wide range of highly

complex planar, bulk HJ, mixedHJ, andmulti-element
stacked organic detectors.

7.2 Organic photoconductors and
photodiodes: properties and examples

Having considered the theoretical underpinnings
of organic photodetection, in this section we give
examples of how this property is implemented in de-
vices. We also introduce several examples of photo-
detector applications that benefit from the unique
attributes of organic semiconductors, particularly
their flexibility and conformability. We will show
that very high sensitivity (i.e. low noise) and band-
width can be achieved using OPDs demonstrated to
span the electromagnetic spectrum from X-rays to the
NIR. We begin in Section 7.2.1 with a brief discussion
of photoconductive detectors, and then in Section 7.2.2
we move to descriptions of the many and varied im-
plementations of OPDs. The discussion of an organic
device that is a hybrid between a detector and a tran-
sistor is the organic phototransistor, or OPT. A discus-
sion of OPTs is found in Section 8.5.

7.2.1 Photoconductors

We have found in Chapter 4 that a wealth of know-
ledge about charge transport and photogeneration
in organic semiconductors has been acquired via
the study of their photoconductive properties
(Borsenberger et al., 1978, Karl et al., 1991, Bässler,
1993). However, there are far fewer examples of
organic photoconductors used in device applica-
tions. A notable exception is their early application
in electrophotography (also known as xerography). In
its most elementary embodiment, the electrophoto-
graphic process requires a large photoconductive
sheet mounted on a roller with a contact on its
surface. The sheet is charged by the application of
voltage to the roller electrode. When illuminated,
charges are generated and subsequently separated
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Figure 7.27 Simulations of five CuPc/C60 HJ morphologies yielding the
(a) exciton diffusion, (b) charge collection and (c) external quantum
efficiencies as functions of the active layer thickness, d. The PHJ cell has
the structure of CuPc(d0 nm)/C60(d0 þ20 nm), where 2d0 þ 20 nm ¼ d.
The PM-HJ, chessboard structures comprises a 10 nm thick bottom CuPc
layer and a 30 nm thick top C60 layer. The nanocrystalline structure is CuPc
(10 nm)/[C60(3 nm)/CuPc(3 nm)]n/C60(30 nm), where n ¼ 0, 2, 4, 6, and
8. The square pillar width in the chessboard structure is 5 nm (Yang and
Forrest, 2008).

Table 7.4 Comparison between simulated and observed ηext for various CuPc/C60 solar cells under 1 sun intensity, AM1.5G illumination

HJ structure Simulated ηext Measured ηext Ref.

PHJ: 0.13 0.14 (Yang et al., 2007)

CuPc(20nm)/C60(40nm) 0.15 (Peumans and Forrest, 2001, Fujishima et al., 2009)

Mixed HJ: 0.16 0.16 (Sullivan et al., 2004)

CuPc:C60(1:1, 60 nm)

Nanocrystalline network HJ: 0.42 0.43 (Yang et al., 2007)

CuPc(10 nm)/[C60(3 nm)/CuPc(3 nm)]6/C60(30 nm)
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by the resulting field. Charges migrate to the surface
of the sheet, neutralizing the photogenerated charge
in the illuminated areas. Thus, the sheet carries an
electrostatic, latent image that is subsequently dec-
orated by colored particles charged opposite to the
latent charge on the surface. This converts the elec-
trostatic image to a permanent image once the par-
ticles are “fixed” to the surface (i.e. via heating). For
a comprehensive description of organic photocon-
ductors used in electrophotography, the reader is
referred to reviews by Law (1993) and Weiss and
Abkowitz (2010). It is worth noting that electropho-
tography provided the materials, and in many ways
inspired early successful demonstrations of efficient
OLEDs and OPVs at Kodak in the 1980s (Tang, 1986,
Tang and VanSlyke, 1987), and that ultimately led to
our current “organic electronic revolution.”

The electrophotographic configuration differs from
that of the discrete organic photoconductive (OPC)
device that converts light to a photocurrent. Due to
their inferior performance (i.e. low bandwidth and
high noise) compared to photodiodes, there are few
reports of OPCs developed for sensitive detection
purposes. However, these deficiencies are partially
counterbalanced by photocurrent gain, and the rela-
tive simplicity of the OPC.

There is considerable confusion that leads tomisiden-
tification of photoconductors as photodiodes (Aihara
et al., 2003, Campbell and Crone, 2007, 2009, Hokuto
et al., 2011). It is therefore important to once more ar-
ticulate their distinct attributes. (i) A photoconductor
does not have a junction. This results in symmetrical,
Ohmic characteristics under an applied voltage of both
polarities. That is, j ∝ V over the full range of normal
operation. A diode-like, rectifying characteristic indi-
cates the presence of a junction arising from the pres-
ence of twodifferent semiconductors (i.e. aHJ), or at the
contacts (a Schottky barrier). Indeed, asymmetrical rec-
tifying characteristics are an unmistakable feature of
an OPD. (ii) Photocurrent gain is observed in an OPC
but not in an OPD. In Section 7.1, we noted that the
unambiguous identification of gain can be problemat-
ic, given that the photocurrent is proportional to gηext.
If ηext is small, the product gηext may be less than unity.
Hence, to ensure that there is photoconductive gain, a
comparison of the device response with a calibrated
detection standardwith a known efficiencymust yield
gηext > 1. Otherwise it is possible to assume that the
external efficiency is very small, resulting in a gain that
is mistakenly inferred to be large, and still arrive at
gηext < 1. (iii) The photocurrent is proportional toVa in
the OPC, whereas in an OPD, jph is independent, or at
best weakly dependent on voltage. Recall from Eq. 7.7

that the OPC photocurrent gain follows g ∝ Va.
Hence, jph ∝ gηext ∝ Va. In contrast, g ¼ 1 at all volt-
ages for an OPD. (iv) Lacking a rectifying junction, an
OPC does not exhibit a photovoltaic effect (cf.
Fig. 7.17). That is, its j-V characteristics intercept the
origin both in the dark and under illumination. Thus,
an OPC cannot be used as a photovoltaic power
source. By meeting all four of these performance cri-
teria, an OPC can be clearly distinguished from a
photodiode.
A device with all of the attributes of a photocon-

ductor is the interdigitated structure in Fig. 7.28a. The
OPC uses a conventional lateral geometry where the
semiconductor (a 200 nm thick pentacene layer) is
deposited by VTE onto the surface of a 3 � 3 mm2

interdigitated Cr/Au electrode pattern, with an elec-
trode “finger” width of 10 μm separated by 20 μm
long photoconductive channels. Light is incident onto
the electrodes via the glass substrate. The I–V charac-
teristics in the dark and under illumination are shown
in Fig. 7.28b. The characteristics are symmetrical,
since both electrodes are comprised of the same
metal (and hence the same work function). The
small nonlinearity in the curves is an indication of a
residual extrinsic injection from the contacts.
However, this small deviation from Ohm’s law is
insufficient to significantly affect the photoconductive
nature of the device. Under illumination, the increase
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Figure 7.28 (a) Schematic illustration of a pentacene OPC and its test
circuit. (b) Current–voltage characteristics of the OPC in the dark and
under 0.5 mW illumination at λ = 632 nm (Gao and Hegmann, 2008).
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in current is due to the addition of a photoconductive
current, iph. Note that even in the presence of a photo-
current, the I-V curve still intercepts the origin, indi-
cating a lack of a photovoltaic effect, which is
consistent with the absence of a rectifying junction.
The operating characteristics of the pentacene

OPC are shown in Fig. 7.29. The photocurrent is
linear in voltage to Va � 60 V (Fig. 7.29a). At higher
voltages, the photocurrent increases superlinearly,
possibly due to trap filling or heating. Nevertheless,
the adherence to Ohm’s law over a wide range of
voltage is clear.
Figure 7.29b shows the responsivity of the OPC

compared with a Si photodiode used to determine
the OPC efficiency. Also shown is a line correspond-
ing to a unity external efficiency. Due to the depend-
ence of R on incident wavelength, the external
efficiency has a slope that increases with λ. Import-
antly, the OPC shows a responsivity that significantly
exceeds that for ηext ¼ 1, providing unambiguous
evidence for the presence of photocurrent gain.
From the OPC responsivity and analysis of the photo-
current spectra with voltage, it is found that g ¼ 16.
The gain decreases with increasing optical input
power, following a sublinear dependence of g ¼
τtμeVa=L2 1þ P=P0ð Þn½ �, where n ¼ 0.65. This depend-
ence is attributed to shallow electron traps, with a

trap residence time, τt. As power increases, the traps
become saturated with charge, and the transit time
decreases, resulting in the concomitant decrease ingain.
The presence of a rectifying junction does not rule

out the possibility that photoconductivity may
also contribute to the photoresponse of a photodiode.
Indeed, photogeneration in regions beyond the de-
pleted zones has been quantified for planar phthalo-
cyanine donor/C60 acceptor HJ diodes (Jeong et al.,
2012, Renshaw et al., 2012). This combination of ef-
fects complicates the analysis of the j-V characteristics
beyond that used to describe the ideal situation where
all the charge is generated by excitons arriving and
dissociating at the D-A HJ. The effect of photocon-
ductivity on the photocurrent characteristics of the
D-A HJ photodiode are illustrated in Fig. 7.30a for a
device with structure: ITO/SubPc (13 nm)/C60
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Figure 7.29 (a) Photocurrent–voltage characteristics of the OPC in
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line indicates a unity slope. (b) Responsivity vs. wavelength of the OPC,
also showing that of a Si photodiode used to determine the OPC
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Figure 7.30 (a) Energy level diagram of a HJ photodiode showing two
sources of photocurrent: polaron pair (PP) dissociation at the HJ leading to
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Reprinted with permission from Renshaw, C. K., Zimmerman, J. D., Lassiter, B.
E. & Forrest, S. R., Phys. Rev. B, 86, 085324, 2012. Copyright 2012 by the
American Physical Society.
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(40 nm)/BCP (8 nm)/Ag (100 nm). The two sources of
photocurrent are direct exciton dissociation in the
bulk with efficiency, ηpc, and exciton migration to
the D-A junction with efficiency, ηjxn. The photocon-
ductive contribution, according to Eq. 7.4, should scale
linearly with voltage. In Fig. 7.30b, we show the bipo-
lar j-V characteristics in the dark and under white
light illumination. Over a wide range of reverse bias,
the current under illumination linearly increases,
along with a current contribution due to a photocon-
ductance, R�1pc .

We have found in Section 4.7.2 (cf. Eq. 4.303 and
4.305) that the voltage dependence of the junction
current under reverse bias is due to field-induced PP
dissociation; an effect observed for both planar and
bulk HJs (Mihailetchi et al., 2004, Giebink et al., 2010a,
Giebink et al., 2010b, Limpinsel et al., 2010). Contrary
to the simple linear dependence on voltage predicted
for photoconductivity, field-induced PP dissociation
increases approximately exponentially, and can be
mistaken for photoconductivity (Braun, 1984). In
Fig. 7.31, the reverse j–V characteristics are plotted
for an ideal HJ diode in the absence of photocurrent,
but for varying ratios of kPPd to kPPr. Over this extend-
ed range of reverse bias, there is no region where the
curves are linear as in Fig. 7.30 due to the dominance
of Onsager–Braun (O-B) dissociation, with its ap-
proximately exponential voltage dependence.

PP dissociation via O-B resulting in j-V character-
istics similar to those predicted in Fig. 7.31 has been

observed in PC61BM acceptor-based BHJ diodes in
Fig. 7.32. The characteristics are symmetric about
voltage, VPOS, between 0.52 and 0.64 V. This is
the built-in potential along with a contribution
from differences in the contact work functions
(either Ca/Al or Ag cathodes, and an ITO anode).
The field at the contacts partially depletes the semi-
conductor, and hence reduces the internal electric
field to F ¼ jVa � VPOSj=d, where d is the BHJ film
thickness. The photogeneration process is due to two
processes in these diodes: excitons can either migrate
to a P3HT (D)-PC61BM (A) HJ where they form a PP.
Alternatively, the large work function/LUMO off-
sets can separate the PPs at the cathode, yielding a
constant photocurrent offset of jcont.
In the bulk, the field-assisted PP dissociation effi-

ciency determined from O-B theory is given by:

PO�B Fð Þ ¼ ηPPd Fð Þ ¼ kPPd Fð Þ
kPPd Fð Þ þ kPrr

ð7:104Þ

Dissociation is followed by charge collection, whose
efficiency, ηCC, is also dependent on the electric field.
That is, the charges can recombine due to collisions
with counter charges (e.g. photogenerated electrons
with holes) in the entangled BHJ regions where high
densities of charges find themselves in close proxim-
ity under intense illumination. Charge recombination
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Figure 7.31 Calculated j–V characteristics for an archetype planar HJ
OPD under reverse bias up to �5 V under 1 sun (1 kW/m2) illumination.
The curves correspond to different ratios of the PP dissociation and
recombination rates, kPPd, kPPr, respectively. There is no combination of
rates that results in a linear region characteristic of photoconductivity as in
Fig. 7.30 (Renshaw et al., 2012).

Reprinted with permission from Renshaw, C. K., Zimmerman, J. D., Lassiter, B.
E. & Forrest, S. R., Phys. Rev. B, 86, 085324, 2012. Copyright 2012 by the
American Physical Society.
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in insulators prior to collection leads to a collection
efficiency of (Sokel and Hughes, 1982)

ηCC Vð Þ ¼ exp qV=kBTð Þ þ 1
exp qV=kBTð Þ � 1

� 2kBT
qV

� �
ð7:105Þ

The voltage dependences of both PP dissociation via
O-B in Eq. 4.305 and collection via Eq. 7.105 lead to a
photocurrent in both the forward and reverse direc-
tions that is described by combining Eqs. 7.104 and
7.105 to obtain (Limpinsel et al., 2010)

jph ¼ qGdPO�B Fð ÞηCC Va � VPOSð Þ þ jcont
¼ qGdηPPd Fð ÞηCC Va � VPOSð Þ þ jcont:

ð7:106Þ

As previously, G is the exciton generation rate.
Results of fitting Eq. 7.106 to the j–V data of

the P3HT:PC61BM cell are shown by the solid lines
in Fig. 7.32. The photocurrent offset due to photoge-
neration at the contacts leads to a higher jcont for the
device with a Ag compared to a Ca/Al cathode. The
various contributions to the photocurrent from field-
dependent PP dissociation, and from recombination in
the bulk, are plotted in the inset for the Ca/Al cathode.
Note that near VPOS, the j-V response is linear and is
indistinguishable from photoconductivity.
Photoconductivity can, indeed, dominate the cur-

rent in reverse bias (e.g. Fig. 7.30). In this case, we can
extend the analysis for an ideal HJ in the presence of
traps to obtain

j¼ j0D exp q Va � jARserð Þ=nDkBTð Þ � kPPd
kPPd0

� 	

þ j0A exp q Va� jARserð Þ=nAkBTð Þ � kPPd
kPPd0

� 	
� jjxnþ jpc

ð7:107Þ

where, using Eq. 7.4, we obtain the photoconductive
contribution to the current in terms of its charge gen-
eration efficiency, ηpc (Renshaw et al., 2012):

jpc ¼ Spc Va � jRser � Vbið Þ
¼ qηpcG τeμe þ τhμhð Þ Va � jRser � Vbið Þ=d: ð7:108Þ

The j–V characteristics can be fit by Eq. 7.107, pro-
vided that an independent measurement of the photo-
conductance, Spc ¼ 1/Rpc, is separately obtained for
the D and A layers of the HJ. This is found by meas-
uring the photoconductivities of single layer devices
comprising either the D or A layer sandwiched
between ohmic electrodes. Figure 7.33 shows one
such measurement for an ITO (150 nm)/SubPc
(60 nm)/Ag (100 nm) OPC at several different simu-
lated solar illumination intensities. The symmetric
characteristics increase linearly for both positive and

negative Va, as expected for a photoconductor in the
absence of space charge effects or energy level bend-
ing. The photocurrent is zero at Va ¼ Vbi ¼ 0.8 eV,
which is equal to the work function differences of the
cathode and anode contacts. Unlike the BHJ in
Fig. 7.32, there is no evidence for energy level bending
at the contacts. The energy level diagrams for this
device at both equilibrium and at flat band, where
the absence of an electric field results in jpc ¼ 0, are
shown in the inset. From these and similar data ob-
tained from a C60 OPC, it is found that Spc ¼
0.40 mA/V cm2 at a light intensity of 66 mW/cm2

for SubPc and Spc ¼ 0.82 mA/V cm2 at 100 mW/cm2

for C60.
Photoconductivity measurements were used to fit

the planar SubPc/C60 HJ characteristics in Fig. 7.30,
using Spc ¼ 0.90 mA/V cm2 at 1 sun (100 mW/cm2)
intensity, white light illumination. The fits also
assume j0A ¼ 1.0 pA/cm2, j0D ¼ 47 nA/cm2, Rser ¼
3.7 Ω cm2, and ideality factors of nA ¼ 1.6, and nD ¼
5.9. These parameters, along with Vbi ¼ 0.8 V then
provide a simulation of the illuminated j–V data
shown by the solid line in Fig. 7.34. The dashed line
only includes effects of kPPd Vað Þ from Onsager–Braun
dissociation that does not account for the observed
reverse-biased voltage dependence. By including the
additional current due to photoconductivity, the
simulation and the device data are in agreement
over the entire range of measurement, indicating effi-
cient PP dissociation and the importance of photocon-
ductivity in these archetype OPV structures. The
presence of photoconductance results in an increase
in jsc by 15% in the SubPc/C60 devices. Hence, in
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planar HJs, this effect cannot be ignored, although
in bulk and mixed HJs where there are no undepleted
photoactive regions, the contributions of photocon-
ductivity are insignificant.

Photoconductors have seen few photonic device
applications. One notable exception is the use of
P3HT photoconductors as photoreceptors in retinal
implants. The polymer is deposited on an aqueous
PEDOT:PSS electrode on a 30 μm thick silk fibroin
substrate, illustrated in Fig. 7.35. The unit was
implanted into a rat retina whose photoreceptive
rod and cone cells had degenerated from retinitis
pigmentosa (Ghezzi et al., 2013). The ionic, aqueous
environment within the retina creates the second con-
tact that interfaces with the inner nuclear layer. When
illuminated, photogenerated electrons stimulate the
nerve cells that contact the photoconductor, sending
an electrical impulse to the brain via the ganglion
network. Thus, retinal photosensitivity was restored
(Maya-Vetencourt et al., 2017). The biocompatibility,
flexibility, and functionality of organic electronics
make this technology attractive for such medical
prosthetics.

7.2.2 Photodiodes

An optimized photodetector should be designed to
have a high bandwidth, low dark current (and hence
low noise), and most importantly, high external
quantum efficiency. This combination of attributes
requires that the materials, layering scheme and

layer morphology be selected and controlled to
achieve the required performance goals. In this sec-
tion, we will primarily focus on photodiodes for
signal detection, and leave the discussion of solar
cells to Section 7.3. However, since many of the
attributes of OPDs are shared with OPVs, it is not
possible to completely separate the discussion of
devices that are optimized for both applications.
Hence, to fully understand the operation of an
OPV, we must first take a close look at detectors
used as optical sensors.

7.2.2.1 Photodiode materials

The first bilayer OPD with a high rectification ratio
(i.e. the ratio of current in the forward to that in the
reverse biased direction at the same jVaj) comprised
the donor, CuPc, and the acceptor, PTCBI. The
j–V characteristics obtained in the dark and under
75 mW/cm2, AM2 simulated solar illumination (see
Section 7.3) are shown in Fig. 7.36. The device area as
determined by the Ag cathode was 0.1 cm2. The
donor, acceptor, and cathode layers were deposited
by VTE. The HJ formed between the D and

–1 0 1

–5

0

5

10

15

Dark
1 Sun

Spc= 0
Spc≠ 0

Voltage (V)

C
ur

re
nt

 D
en

si
ty

 (m
A

/c
m

2 )

Figure 7.34 Current–voltage characteristics in the dark (circles) and
under 1 sun intensity, simulated solar illumination (squares) of the D-A HJ
in Fig. 7.30. The dashed line is a fit to Eq. 7.55 in the absence of
photocurrent (Spc = 0), and the solid line is includes Spc as independently
measured for SubPc and C60 photoconductors in Fig. 7.33 (Renshaw
et al., 2012).

Ganglion
cell layer

Ganglion cell

Amacrine cell
Bipolar cell
Horizontal cell

Cone

Rod

Inner
nuclear
layer

Outer
nuclear
layer

(a)

PEDOT:PSS

P3HT

Substrate

Electrical 
impulseLight stimulus

(b)

Figure 7.35 (a) Normal retina structure showing light-receptive rod and
cone cells connected to the ganglion cell layer that delivers electrical
impulses to the brain when activated by light. (b) A degenerated retinal
structure where the photoreceptive cells are replaced by a P3HT
photoconductor. Illumination of the OPC generates charges that stimulate
the nerve network, analogous to direct stimulation of the rods and cones.
Adapted from Ghezzi et al. (2013).
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A molecules produces an apparently exponential
turn-on in the forward direction, and a low dark
current of 5–10 nA/cm2 under reverse bias The
ideality factor, determined from the forward-biased
characteristics fit to the Shockley diode equation, is
n = 1.5–1.7 (Tang, 1986). The operation of this OPD is
consistent with discussions both in Chapter 4 and
Section 7.1, that is, excitons generated within the
D and A layers drift to the HJ where they undergo
dissociation. The liberated electrons flow in the
acceptor to the cathode, and the holes transport
through the donor to the anode.
Since this demonstration, many other donor and

acceptor materials have been identified that have led
to higher optical response and improved sensitivity.
The donors are chosen to absorb in the wavelength
range of interest while ensuring that the positions of
the frontier HOMO and LUMO levels create a type II
(staggered) HJ with the acceptor. The energy level
offsets between the HOMO and LUMO levels of the
D and A pair must be sufficiently large to promote
efficient PP formation, followed by their dissociation
into free charge. This requires HOMO and LUMO
energy offsets of 0.2–1 eV.
There are several reviews of materials used in

OPDs and OPCs (Dong et al., 2012, Baeg et al., 2013,
Jansen-van Vuuren et al., 2016). We provide a few
selected examples of donors and acceptors employed

in photodiodes for light sensing applications, with
further example materials with particular applications
to solar energy conversion discussed in Section 7.4.4.
Figure 7.37 shows several example OPD donor mater-
ials and their respective absorption bands. Molecules
that span the spectrum from the UV for solar blind
detection, all the way to the SWIR band between 0.9
and 1.7 μm wavelength, have been developed for use
in high efficiency detectors. The most commonly
employed donor is P3HT due to its compatibility in
forming bulk HJs with PCBM. With an energy gap of
1.9 eV, it absorbs from the light blue into the red.
Similarly, MEH-PPV is a soluble, red-to-green absorb-
ing material that can be paired with an appropriate
acceptor to access the middle of the visible spectrum
(Halls et al., 1995, Yu et al., 1995). Several polymers
used in OPDs that absorb farther into the red and
NIR have also been demonstrated, such as PDDTT
(Gong et al., 2009) and PCPDTBT (Peet et al., 2007) in
Fig. 7.37 that have long wavelength absorption cut-
offs at 1300 nm and 950 nm, respectively.
There are numerous donors based on small mol-

ecules that span the spectrum from the UV into the
SWIR region. One particularly broad class of mol-
ecules is the metal phthalocyanines, MPcs. Their
high thermal stability, ease of vacuum thermal sub-
limation, reasonably good hole mobilities, and di-
versity of optical absorption spectra resulting from
the large choice of metal centers (most notably Zn,
Cu, Sn, and Pb) makes them attractive for detection.
Metal Pcs have been used in detectors sensitive from
the green into the NIR (Tang, 1986, Peumans and
Forrest, 2001, Bailey-Salzman et al., 2006, Pfuetzner
et al., 2009). Porphyrins, whose properties are close-
ly related to the Pcs, have also been employed for
optical sensing. A notable example is porphyrin
tapes, where two or more porphyrin rings are
fused to increase the electron conjugation length,
thus pushing absorption to wavelengths as long as
1400 nm (Zimmerman et al., 2010a). The linear poly-
acene, pentacene, and polyacene derivatives such as
rubrene have also been used due to their high
hole mobilities (and hence high operating band-
widths when employed in OPDs) and absorption
in the visible (Tsai et al., 2009, Yang et al., 2013).
Many of the donors used for detection in the blue
and UV have their origins as hole conducting hosts
and transport layers. Hosts require large energy gaps
to effectively transfer excited states to lower energy
dopant molecules. Furthermore, the high mobilities
required for hole transport make them suitable as don-
ors. Two examples in Fig. 7.37 are m-MTDATAwith a
longwavelength cutoff of 375 nm,NSNwith a cutoff of
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310 nm, and TPBi (cutoff of�400 nm) (Yan et al., 2009).
When combinedwith a UV absorbing acceptor such as
the polymer, PVK, the detectors are useful in environ-
ments with large background solar irradiation. This
allows for so-called solar-blind detection, which is used
to detect deep UV light that is emitted, for example, by
the flame from a missile or jet engine. This emission
must often be detectable in bright sunlight, or when
viewed while backlit by the sun (Li et al., 2011).

In contrast to donors, comparatively few acceptors
have been developed. An acceptor must have good
electron conductivity along with appropriately posi-
tioned HOMO and LUMO levels relative to the donor
for efficient exciton dissociation. In subsequent sec-
tions, we will find that the advancement of solar cell
efficiency has primarily been paced by the identifica-
tion of new, efficient acceptor molecules. The rectifier
in Fig. 7.36 uses a perylene-based acceptor due its large
LUMO energy. However, solar cell power conversion
efficiencies employing thermally deposited perylenes
has been limited to only �1%. In the 1990s, the fuller-
ene, C60 (Yu et al., 1994) and its soluble derivative
PC61BM (Yu et al., 1995) were successfully used in
efficient solution-based detectors, and this was extend-
ed to small molecule based OPDs and OPVs in 2001
(Peumans andForrest, 2001).More recently, C70 and its
analog, PC71BM, have been favored due to their broad-
er spectral absorption than their C60-based analogs.

Functionalization with silyl groups in SIMEF raises
the LUMO energy to �3.7 eV compared to �3.8 eV
for PC61BM, increasing �EHL, and hence the open cir-
cuit voltage of OPDs operated in the photovoltaic
mode. In addition, its favorable packing morphology
is helpful for promoting electron transport (Matsuo
et al., 2009). The fullerene, ICBA, also has frontier or-
bital energies that can provide a slightly modified op-
tical absorption and energy offsets from PC61BM. It
also has improved solubility that broadens applica-
tions accessible to the fullerene family. Several of ex-
ample fullerenes are shown in Fig. 7.38.
Fullerene acceptors led to the first solution-

processedBHJ (Yu et al., 1995) andmixedHJ structures
(Xue et al., 2005). Their spherical symmetry leads to
rapid and efficient PP production in planar as well as
blended D-A films. The success of fullerene acceptors
in achieving high OPD and OPV efficiencies was un-
matched by other molecules until the middle of the
second decade of the twenty-first century when a
new class of non-fullerene, non-perylene acceptormol-
ecules (called non-fullerene acceptors, NFAs) emerged,
an advance that has led to a renewed burst of develop-
ment of high efficiency OPDs (see Section 7.4.4).
A limitation of the fullerene family is apparent

from the very few modifications that have been
introduced to tailor their energetic and/or physical
properties. Indeed, the molecules in Fig. 7.38 represent
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almost all examples that have been used in high effi-
ciency detectors.
The absorbance spectra of C60 and C71 are given in

Fig. 7.39. Absorbance is defined as the logarithm of the
transmittance of a substance, that is,

A ¼ �log10T ¼
ðd
0

α10 xð Þdx; ð7:109Þ

where the film thickness is d and α10 is the decadic
attenuation coefficient given by α10 ¼ α=log10. The high-
er order fullerene, C70, is preferable for most OPD and
OPV applications due to its absorption into the NIR,
whereas C60 only absorbs weakly from the yellow to
red due to low absorbance of the CT state between 550
and 650 nm.
The squaraines (SQs) are solution processed small

molecules that can be functionalized by capping end
groups that shift their absorption spectra from the
visible to the NIR. For example, the modified SQs
such as the diphenyl moiety in Fig. 7.37 absorbs out
to 850 nm (Binda et al., 2009, Wei et al., 2011b). An
example glycolic chain-substituted SQ (GlySQ) blend-
ed with PC61BM has demonstrated high efficiency
as a photodetector due to its low dark current. The
detector dark current was reduced by interposing a
30 nm thick layer of a cross-linked and insoluble, wide
energy gap MEH-PPV anode buffer layer between

the ITO anode and the BHJ active region to prevent
electron injection under reverse bias, as shown in
Fig. 7.40. Dark currents of 2 nA/cm2 at 1 V reverse
bias are indicative of the importance of anode buffer
layers, to be discussed further in Section 7.4.1 in the
context of OPVs. The specific detectivity at this voltage
for a 4 mm2 detector is D� = 3.4 � 1012 Jones vs. 5.9 �
1011 Jones for devices with and without the buffer,
respectively. The 3 dB roll off frequency is 1 MHz,
indicating that parasitic resistance from the electron-
blocking layer does not degrade the detector dynamic
response.
Demonstrating devices with high quantum effici-

encies at wavelengths extending into the NIR and
beyond is particularly difficult to achieve due to the
energy gap law (see Section 3.6.1), which states that
the rate of non-radiative exciton recombination in-
creases as the energy gap is reduced. Hence, narrow
energy gap materials needed for NIR detection are
vulnerable to dissipative reactions that ultimately re-
sult in reduced diffusion lengths, and hence lower
efficiencies. In addition, narrow energy gaps lead to
increased dark currents due to thermal charge gener-
ation from HOMO to LUMO. In spite of these chal-
lenges, considerable success has been achieved in
demonstrating efficient NIR photodetectors using op-
timized materials.
An efficient long wavelength organic detector is

based on solution-processed small molecular weight
porphyrin tapes comprising two Zn-metallated por-
phyrins, triply-linked at the meso–meso and both β–β
positions shown in Fig. 7.41. Long wavelengths are
accessed by molecular linking to extend the electron
conjugation length, thereby leading to a reduced en-
ergy gap compared to the core porphyrin molecule
itself (Tsuda and Osuka, 2001, Duncan et al., 2006).
The Zn porphyrins with 3,5-di-tert-butylphenyl
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Figure 7.38 Fullerenes used in organic photodiodes. C60 and C70 are
employed in small molecule devices. The remaining fullerenes are used in
solution-based devices due to their solubility arising from attaching the
pendant groups to the fullerene cores.
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side groups in Fig. 7.41 are functionalized by using
three different terminations: Psub with singly bond-
ed pyrene, Pfused with a doubly-bonded pyrene,
and Ppery with a doubly fused perylene. The conju-
gation length is shortest for Psub, and longest for
Ppery. Forming the additional bond to the pyrene
end group reduces the energy gap of Psub by 0.20 eV.
The absorption peaks are at 1150 nm (Psub), 1400 nm
(Pfused), and 1485 nm (Ppery). The compounds
absorb throughout the visible and into the NIR, with
intenseQ-band absorption peaks between λ¼ 1050 nm
and 1350 nm (Zimmerman et al., 2010a, 2011).

For Psub:PCBM:4,40-bipyridyl (Bipy) additive
(1:0.1:1), a maximum D� ¼ 8.8 � 1011 Jones and
ηext ¼ 3.6% at λ ¼ 1150 nm was observed, whereas a
Pfused:PCBM:Bipy (1:0.75:1) OPD had an order of
magnitude lower D�, but with ηext ¼ 10.5% at λ ¼
1400 nm. The j–V characteristics, spectrally resolved
external quantum efficiencies, and specific detectiv-
ities for Psub:PCBM:Bipy and Pfused:PCBM:Bipy de-
vices are shown in Fig. 7.42. Devices using films of
neat perylene-fused porphyrin dimers (not shown)
achieved an ηext ¼ 9.1% at λ ¼ 1485 nm
(Zimmerman et al., 2011).

The detectivities achieved using the porphyrin
tapes are significantly less than for other SWIR-
sensitive detectors such as those based on InGaAs
(�1013 Jones), but are comparable to cooled PbS

detectors (Webster, 1999, Rogalski, 2002). The tem-
poral response of the Psub-based OPDs to pulsed
optical excitation using a 50 Ω load yielded a 3 dB
roll-off frequency of 56 MHz at 0 V. The RC time
constant-limited frequency of the OPD is �200 MHz,
indicating that the response is limited by charge tran-
sit times or internal parasitic resistances (Zimmerman
et al., 2010a).
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There are other approaches to achieving long wave-
length absorption such as employing the donor, BDN,
that absorbs to �1500 nm (Dalgleish et al., 2012), or
ester functionalized PTT with absorption to 950 nm
(Yao et al., 2007). However, the bandwidth and dark
currents (and hence noise) of OPDs based on these
thiol-based molecules do not achieve the high per-
formance of OPDs employing porphyrin tapes.

7.2.2.2 High bandwidth OPDs

There have been numerous demonstrations of high
bandwidth OPDs, ranging from several tens of MHz
(Morimune et al., 2006, Tsai et al., 2009, Zimmerman
et al., 2010a, Yang et al., 2013) to 430 MHz for
multilayer OPDs absorbing across the visible spec-
trum (Peumans et al., 2000b, 2003b). As noted in
Section 7.1.2, the bandwidth of a detector is limited
by a combination of the exciton diffusion time, the
charge extraction, or transit time in the depletion
region, charge diffusion across undepleted regions,
and the RC time constant due to detector series resist-
ance and capacitance. The transit times, in turn, can be
influenced by charge trapping at defects in both the
depleted and undepleted regions of the OPD.

The bandwidth of a transit-time-limited device is
determined by the hole mobility in the donor and
the electron mobility in the acceptor. The mobili-
ties, in turn, are affected by the presence of static
disorder, see Section 4.3.2. The effects of disorder
on detector bandwidth have been explored by
comparing the bandwidths of C60 devices compris-
ing either a highly disordered P3HT donor layer,
or with a pentacene donor thermally deposited in
vacuum at various rates (Tsai et al., 2009). The
responses of three, 4 mm2 devices to a pulsed
laser diode at a wavelength of 633 nm are shown
in Fig. 7.43. The frontier energies of both P3HT and
pentacene are nearly equal, thereby ensuring
that differences in bandwidths between devices
are due to morphology determined by the depos-
ition rate rather than energetics that might affect
the PP dissociation rate. The mobilities of the vari-
ous layers, measured from their space charge limit-
ed j–V characteristics were 1.9 � 10�3, 6.0 � 10�5,
2.3 � 10�5, and 2.8 � 10�4 cm2/V s for C60, P3HT,
and pentacene deposited at 0.1 Å/s and at 1 Å/s,
respectively.
The high mobility sample (pentacene, 1 Å/s) has an

eight-fold higher roll-off frequency of �f ¼ 80 MHz
compared to the other, more disordered devices.
Here, �f is measured at the frequency where they
photoresponse drops by 3 dB from its value at low
frequency. This difference is roughly equal to the
corresponding differences in mobilities between the
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donor films. All device responses are limited by the
hole transit time across the donor layers.

A high bandwidth OPD with �f ¼ 430 MHz is
based on alternating D-A multilayer structure that
places interfaces in close proximity to the points of
exciton generation, resulting in τED ! 0 (see the en-
ergy level diagram in the inset, Fig. 7.44). The device
consists of a stack of ultrathin (ranging from 1 to 16
nm), alternating PTCBI acceptor and CuPc donor
layers, sandwiched between an ITO anode and a
BCP exciton blocking layer, and capped by a Ag
cathode. To maintain sharp interfaces, the multilayer
stack was deposited by the UHV process of organic
molecular beam deposition (Section 5.4.2). The
sharp interfaces require an external electric field
to efficiently extract the photogenerated holes and
electrons trapped by the energy barriers to electron
and hole transport formed by the HOMO and
LUMO energy offsets at each heterointerface.

The room temperature j–V characteristics for
devices with different individual layer thicknesses
but with the same total thickness of 32 nm, are
shown in Fig. 7.44. For comparison, data for a
mixed-layer device (dashed line) is also shown. The
differences between the mixed and the multilayer j–V
characteristics suggest different transport mechan-
isms; the multilayers are dominated by tunneling
and the mixed HJ by charge diffusion (Peumans
et al., 2003b). The dark current density at a fixed re-
verse voltage decreases by over an order of

magnitude as the thickness of the individual layers
is reduced from 16 to 0.5 nm.
The j-V characteristics are understood by assuming

that electrons and holes trapped in the acceptor and
donor regions escape via Frenkel–Poole emission (see
Section 4.3.2). This tunnelingmechanism illustrated in
Fig. 7.44 follows

j Fð Þ ¼ AFexp
q

rkBT

ffiffiffiffiffiffiffiffiffiffiffi
qF

πεrε0

s !
; ð7:110Þ

where A is a constant and 1 	 r 	 2 is determined by
the degree of impurity charge compensation (r¼ 2 for
a fully compensated semiconductor). The solid lines
in Fig. 7.44 show fits to this expression using wT in-
ferred from capacitance–voltage data. The dark j–V
characteristics can be accurately fit over 5–6 orders of
magnitude in j using Eq. 7.110. These data suggest
that the PTCBI layers donate their electrons, and
hence compensate all the charged acceptor levels in
the adjacent CuPc layers up to a distance 10 nm from
the heterointerface, thus fully depleting the multilayer
stack.
The external quantum efficiency of a t ¼ 5 Å � 32

alternating layer photodetector as a function of
the applied bias is shown in Fig. 7.45. The absorp-
tion efficiency is also shown (dashed line). The simi-
lar spectral shapes of ηext λð Þ and ηA λð Þ confirm that
charge generation takes place via exciton dissoci-
ation. Under short circuit conditions, the peak
ηext λð Þ ¼ 1%, increasing ηext λð Þ> 70% between wave-
lengths of 540 nm to 700 nm at �10 V. This indicates
efficient exciton dissociation at the D-A interfaces
followed by fast and complete charge separation
and transport.
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In spite of the many energy barriers present in
the multilayer structures, carrier transport is rapid
due to tunneling through the thin barriers. This is
supported by measurements of the temporal re-
sponse of 0.1 mm diameter devices under excitation
with short (�1 ps) optical pulses at λ ¼ 670 nm and
�9 V, shown in Fig. 7.46. The response times de-
crease with increasing number of interfaces, which
is contrary to expectations if charge percolation is
by successive trapping and hopping, as typical for
mixed junctions. Devices incorporating thinner
layers exhibit a faster response due to a reduction
in the exciton diffusion lifetime. The response time
of the bilayer device (t ¼ 160 Å) is limited by the
intrinsic exciton lifetime, which is 1.8 ns in a neat
PTCBI. The highest bandwidth is achieved with the
device with t ¼ 5 Å, which allows for rapid and
efficient tunneling of electrons and holes through-
out the device. This OPD exhibits a full width at
half maximum (FWHM) response of 720 ps, corres-
ponding to �f ¼ 430 MHz. Interestingly, the com-
bination of high quantum efficiency in conjunction
with the high bandwidth makes the performance of
this OPD comparable or even superior to Si p-i-n
photodiodes, although the leakage currents, and
hence the detectivity of the OPD is inferior to
those latter PDs.

7.2.2.3 OPDs based on nanotubes and
quantum dots

A means for extending OPD sensitivity into the NIR
while avoiding rapid recombination in narrow en-
ergy gap organics is to combine long wavelength

absorbing inorganic species in an organic matrix.
Two inorganic materials that have been exploited
for this purpose are semiconducting single-walled
carbon nanotubes (SWNTs) and compound semi-
conducting quantum dots (QDs).
Carbon nanotubes (CNTs) can form very small en-

ergy gap semiconductor or metallic solids, depending
on their diameters and chiralities. Provided that the
metallic SWNTs are removed, light absorbed by the
semiconducting nanotubes can generate low energy
excitons that migrate to a type II HJ formed with an
organic in a composite, or colloid, where they under-
go charge transfer and generation similar to conven-
tional organic D-A HJs.
We characterize the CNT structure by its chirality

vector, Ch, shown in Fig. 7.47a. For a graphene sheet
with unit vectors a1 and a2:

Ch ¼ na1 þma2; ð7:111Þ

where n and m are integers. By wrapping the sheet
into a cylinder about its axial vector, T, nanotubes of
different chiralities are achieved. Examples of
the armchair, chiral, and zigzag structures are shown
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in Fig. 7.47b. The different chiralities result in strik-
ingly different conductive properties. If n ¼ m, the
tube forms an armchair structure that is metallic. If
n � m is a multiple of 3 with n 6¼m and nm 6¼ 0, the
band gap is very small, that is, the tube is quasime-
tallic, although semimetallic CNTs do not exist.
Otherwise the tube is a semiconductor whose energy
gap is varied both by its chirality and diameter.

Since an OPD requires that the composite be semi-
conducting, the metallic CNTs, as well as multiple
walled tubes and bundles need to be removed from
the sourcematerial stock. As discussed in Section 5.3.4,
metallic andother undesired fractions canbe separated
using ultracentrifugation. This is a time consuming
process, yet it has resulted in detectors with sensitiv-
ities deep into the IR.

The first report of a composite detector employing a
SWNT–polycarbonate blend was a photoconductor in
the lateral geometry of Fig. 7.1. This device was sen-
sitive in both the long wavelength IR and in the
visible. It had a long recovery time constant (�100 s)
after removal of the IR excitation, and showed only a
few percent change in conductivity in the dark vs.
under white illumination of 0.7 mW/cm2 (Pradhan
et al., 2008).

This demonstration was followed by a CNT–
polymer/organic semiconductor type II HJ OPD

with the structure shown in Fig. 7.48a. The SWNTs
with diameters ranging from 0.7 to 1.1 nm were puri-
fied via ultracentrifugation, and then wrapped by
immersion in a solution with a semiconducting
polymer, eitherMDMO-PPV or P3HT. Polymer wrap-
ping prevents the CNTs from contacting each other
and forming bundles. The CNT solution was applied
by doctor blade onto an ITO coated glass substrate,
and then capped either with a neat C60 layer or a SnPc:
C60 (1:3) D-A blend that was employed to enhance the
photodiode visible-NIR response. The layer was coat-
ed with a C60 layer, a BCP blocking layer and a Ag
cathode.
The energy level diagram of the MDMO-PPV:

CNT/C60 device in Fig. 7.48b is useful to under-
stand the photogeneration mechanism. Photons ab-
sorbed directly in the CNT form excitons that
subsequently migrate to the HJ with the C60 where
they dissociate. When combined with C60, the CNT
acts as a donor. If the C60 is blended with SnPc,
shorter wavelength photons not absorbed by the
CNT are absorbed by the SnPc, which is also a
donor. Including SnPc fills the hole in the spectrum
from approximately 500 nm to 800 nm where the
SWNTs are only weakly absorbing.
A scanning electron micrograph showing the

morphology of the MDMO-PPV:CNT blend is
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Figure 7.48 (a) Layer scheme of a composite SWNT–polymer/organic HJ OPD. The diagram represents three different devices: in two of the devices, the
semiconducting nanotubes were wrapped in the polymer MDMO-PPV, or P3HT. In one device, the composite was contacted directly by a C60 acceptor
layer, and in another, it contacted a SnPc:C60 blend. (b) Energy level scheme of the MDMO-PPV:CNT/C60 OPD. Scanning electron micrograph images of a
film of (c) nanotube/MDMO-PPV composite and (d) bare nanotubes. The scale bars = 500 nm (Arnold et al., 2009).

Reprinted with permission from Arnold, M. S., Zimmerman, J. D., Renshaw, C. K., Xu, X., Lunt, R. R., Austin, C. M. & Forrest, S. R. 2009. Broad spectral response
using carbon nanotube/organic semiconductor photodetectors. Nano Letters, 9, 3354. Copyright 2009 by the American Chemical Society.
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provided in Fig. 7.48c. The film has an rms surface
roughness of 4 nm, compared to the very irregular
surface of a mat of bare CNTs in Fig. 7.48d, with a
roughness of 20 nm. Hence, the polymer wrapping
has the added effect of planarizing the film to prevent
shorts from the CNT to the cathode.
The performances of several CNT device structures

are shown in Fig. 7.49.Absorption by the population of
semiconducting CNTs having easily identifiable chir-
alities (indexed adjacent to each peak) results in a rich
responsivity spectrumranging from550 nm (due to the
E22 absorption), to >1500 nm by the E11 band. The
responsivity at λ ¼ 1155 nm at �0.7 V is 23 mA/W,
corresponding to ηext ¼ 2.3%. For MDMO-PPV/CNT
layer thicknesses of 14 nm, ηint> 25%between λ¼ 1000
and 1400 nm. The responsivity significantly decreases
at λ> 1450 nmdue to of a lack of absorption since there
are no CNTs with diameters >1.1 nm.
The temporal response of a 0.3 mm diameter

MDMO-PPV:CNT device was measured at 0 V and
λ = 847 nm using a laser pulse width of�1 ns. The rise
time, limited by the RC time constant of the diode
was τRC ¼ 1.84 ns. The OPD response had a time of

τ ¼ 7.16 ns limited by charge drift. This corresponds
to a 3 dB detector bandwidth of 31 MHz.
The j–V characteristics of a P3HT:CNT (1:3) OPD

are shown in Fig. 7.49b, and its resulting specific de-
tectivity is in Fig. 7.49c. A fit to the j–V data (solid line,
Fig. 7.49b) gives an ideality factor of 1.34. Based on
these data, the CNT:P3HT/C60:SnPc photodetector
at 0 V exhibits D� > 1010 Jones from λ < 400 nm to
λ¼ 1450 nm, with a peak of�3� 1011 Jones at 750 nm
due to intense absorption by the SnPc, and 7 � 1010

Jones at 1200 nm and 1300 nm due to the SWNT blend
(Arnold et al., 2009).
An analogous device employing poly(9,9-dichlor-

ofluorene) wrapping to selectively disperse only
CNTs with chiralities (7,5), (7,6), (8,6), (8,7), and
(9,7) had response between 1000 nm and 1350 nm
due to the narrower population of nanotubes (Bindl
et al., 2010). This chiral selectivity all but eliminated
the undesirable metallic CNTs, while permitting op-
timization of the overlap of the optical field with the
device active region. As a result, the external quan-
tum efficiency at 1200 nm reached 12.9%, corres-
ponding to ηint ¼ 91%. However, the reverse dark
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Figure 7.49 (a) Responsivity of a 1:1 MDMO-PPV:CNT (14 nm)/C60 (100 nm) OPD at 0 V (dashed line) and �0.7 V (solid line). The chiralities of CNTs
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Reprinted with permission from Arnold, M. S., Zimmerman, J. D., Renshaw, C. K., Xu, X., Lunt, R. R., Austin, C. M. & Forrest, S. R. 2009. Broad spectral response
using carbon nanotube/organic semiconductor photodetectors. Nano Letters, 9, 3354. Copyright 2009 by the American Chemical Society.
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current was �10 mA/cm2, which is approximately
105 times higher than the P3HT-based device.

Colloids consisting of small bandgap compound
semiconductor QDs are an alternative route to access-
ing the infrared. The exciton energy of a quantum-
confined state within a nanoscale particle (or dot)
depends on the particle diameter. The exciton energy
in a sphere of radius, r0, is found by solving Schro-
dinger’s equation using the following Hamiltonian:

H ¼ � h� 2
2m�e

∇2
e �

h� 2
2m�h

∇2
h �

q2

4πε0εQDjre � rhj þ V re; rhð Þ;

ð7:112Þ
where the boundary potential at the periphery is
given by

V re; rhð Þ ¼ 0 for re; rh < r0
∞ elsewhere

:


ð7:113Þ

Here, re and rh are the positions of the electron andhole,
respectively, within the QD, and εQD is its relative
dielectric constant. The first two terms in Eq. 7.112 are
the kinetic energies of the electron and hole, respective-
ly, the third term is their binding energy, andV re; rhð Þ is
the potential that binds the charges to the QD.

Since QDs are nanocrystalline solids, they are often
facetted, and hence the spherical dot approximation is
not always valid, although it is sufficient to under-
stand the factors determining the QD optical proper-
ties. The lowest lying (1s) Wannier–Mott exciton
for a QD in a dielectric medium can be approximated
by a hydrogenic state. Using time independent per-
turbation theory, the solutions to Eq. 7.112 yield
(Brus, 1984)

E ¼ h� 2π2
2r20m�r

� 1:8q2

4πε0εQDr0
; ð7:114Þ

where 1=m�r ¼ 1=m�e þ 1=m�h is the reduced effective
mass. The first term is the kinetic energy of the
quantum confined 1s state. For higher order (princi-
pal quantum number, n > 1) excited states, this en-
ergy takes the familiar form for a particle in a box, viz.
En ¼ h� 2π2n2=2r20m

�
r . The second term is the Coulomb

potential energy of the electron–hole pair.
An interesting analogy connects QD and doped

donor–acceptor organic systems. Indeed, in Section
6.8 we showed that a fluorescent dopant molecule in
a large energy gap host results in laser performance
analogous to that of QD semiconductor lasers. The
latter devices show weak temperature-dependent
spectral and threshold characteristics due to the
confinement of the luminescent state by the barriers
formed by the wide energy gap semiconductor

surrounding the narrow energy gap QD. The density
of states of the dot is comparatively narrow relative
to the bulk, leading to reduced thermal broadening
of the electron and hole populations, and hence
the reduced temperature dependence of the lasing
threshold. Similarly, the excitons confined on isolated
organic dopant molecules are also relatively immune
from thermal broadening effects due to their spatial
and energetic localization.
Equation 7.114 provides the dependence of E on

particle radius and effective mass. Thus, the energy
increases as r20 and m�r decrease. This dependence
on diameter is shown for several inorganic QDs in
Fig. 7.50. The lowest energy absorption transitions
(1se  1sh corresponding the 1s transitions from
the hole to electron state, respectively) calculated
in Eq. 7.114 are shown in the inset. Dots with a
larger diameter have a lower energy than smaller
dots (the latter are on the right). A composite
incorporating narrow band gap QDs such as PbS,
InSb and PbSe of the appropriate radii should,
therefore result in absorption all the way into the
mid-IR (the so-called mid-wavelength IR, MWIR,
band from 3 to 5 μm).
Considerable advances have been made in achiev-

ing populations of QDs with a narrow distribution of
diameters about a mean, target value. These so-called
monodisperse populations can be achieved by ultracen-
trifugation and sedimentation of a relatively broad
starting population of diameters (see Section 5.3.4).
Alternatively, adding precise amounts of precursors
during synthesis can also produce a monodisperse
diameter population whose diameters are controlled
by depletion of the precursors in solution which ter-
minates dot growth. Micrographs of a synthetically
generated, monodisperse population of PbS nano-
crystals with an absorption peak at 1440 nm are
shown in Fig. 7.51, with a high resolution image of a
single dot showing its crystal structure, along with a
selective area electron diffraction (SAED) pattern of
the nanocrystals in the inset. The nanocrystals are
synthesized by mixing a solution of PbO and oleic
acid with TMS and octadecene in a 2:1 Pb/S ratio.
The reaction runs to completion when all of the TMS
is consumed. The resulting size dispersion is
10–15%, yielding narrow absorption peaks that
can be tuned from λ ¼ 800 nm to 1800 nm. The dot
lattice constant is 5.9 Å oriented along the [100]
direction, which is the same as that observed for
bulk PbS. The colloid in Fig. 7.51 shows that the
dots are separated by the oleic acid ligands, thus
preventing clustering and fusing of neighboring
dots into larger particles with lower energy
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transitions. Hence, the ligands serve two purposes:
to control the growth of the dot population, and to
form a solid colloidal dispersion that isolates indi-
vidual dots.
The precision with which diameters and absorp-

tion spectra can be controlled is illustrated in
Fig. 7.52a for populations of PbSe QDs. The radii
are synthetically tuned from 3.3 nm to 8.1 nm.

Evidence for the monodispersity of the populations
is provided by the narrow spectral peaks corres-
ponding to each diameter, tuned from approximate-
ly 1200 nm to 2100 nm. Interestingly, the spectra also
exhibit higher order (n ¼ 2, 3) transitions at shorter
wavelengths, providing further evidence for mono-
dispersity. The dependence of the lowest transition
energy vs. dot radius in Fig. 7.52b shows a fit

10 nm

Figure 7.51 (a) High resolution transmission electron micrograph of a colloid of PbS nanocrystals. (b) Electron micrograph of a single nanocrystal
showing its crystal structure. Note its spherical shape. Inset: A selected area electron diffraction (SAED) pattern of the nanocrystals showing rings that
correspond to the bulk lattice spacing of PbS (Hines and Scholes, 2003).

Copyright © 2003 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim
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(dashed line) that is based on quantum confinement
following Eq. 7.114.

Rectifying QD photodiode arrays with sensitivity
to λ 	 1900 nm integrated with a CMOS passive
pixel sensor (see Section 8.9.2) and a readout inte-
grated circuit (ROIC) have been demonstrated. The
external quantum efficiencies of the QD OPDs are
shown in Fig. 7.53 (Rauch et al., 2009). The IR-imaging
circuit comprised a 256 � 256 focal plane array
(FPA) with a pixel pitch of 154 μm. The devices were
a monodisperse population of PbS/oleic acid QDs

blended in a P3HT donor and PC61BM acceptor BHJ
active region. The 100–250 nm thick BHJ P3HT:
PC61BM:PbS-QD (1:1:4) absorbing region was applied
by a doctor blade onto the ITO/PEDOT:PSS bottom
anode that made direct contact to the drain of the
transistors in the address array, and was capped by
an Al cathode.
The energy level diagram of the QD OPD is shown

in Fig. 7.53, inset. Both the PbS QDs and PC61BM are
acceptors, and P3HT is the donor. Current leakage
from each of the constituents, and hence at longer
wavelengths (i.e. larger radii dots), the dark current
is prohibitively large for sensitive IR detection. De-
vices employing 4.5 nm diameter dots with a
long wavelength cutoff at approximately 1450 nm
had a dark current of 10 nA/m2 at �1 V. Combined
with a peak external quantum efficiency of 16.5% at
1220 nm, this corresponds to D� ¼ 2.3 � 109 Jones,
which falls short of devices employing porphyrin
tapes or CNTs. An unexpectedly large increase of
ηext with reverse bias is due to photoconductive gain
in the blended active region. The imaging FPA
had f3dB ¼ 2.5 kHz, which was limited by the device
capacitance. This bandwidth can be increased by
reducing the pixel pitch or by modifying the device
thickness and other architectural details.

7.2.2.4 Photodiode applications

Photodiodes have found an enormous range of appli-
cations for sensing, imaging, and communications. In
this context, OPDs are a relatively new entrant into
the photodetector family of devices, and hence the
numbers of sensing applications that have been

(b)

0
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

2 4 6

Band gap of bulk PbSe

8 10
QD Radius (nm)

Lo
w

es
t 

En
er

gy
 T

ra
ns

iti
on

 (e
v)

(a)

800 1200 1600

3.3 nm

3.6 nm

4.6 nm

4.8 nm

6.5 nm

8.1 nm

Wavelength (nm)

2000

A
bs

or
ba

nc
e 

(a
.u

.)

2400

Figure 7.52 (a) Absorption spectra of monodisperse populations of
PbSe quantum dots showing the dot with its isolating ligand structure.
The corresponding dot radius for each spectrum is shown. (b) Lowest
energy absorption transition vs radius of PbSe QDs. The dashed line is a fit
to the data using Eq. 7.114 (Semonin et al., 2012).

P3HT  (D)

PC61BM  (A) PbS-QD  (A)

–3.0

–4.9
–5.3

–6.1

–4.3

η e
xt
 (n

or
m

.)

1,000
0.0

0.2

0.4

0.6

0.8

1.0

1,200

5.2 nm
4.8 nm
4.6 nm
4.4 nm

QD diameter

1,400 1,600

Wavelength (nm)
1,800 2,000

Figure 7.53 Normalized external quantum efficiency vs. wavelength for
P3HT:PC61BM:PbS-QD OPDs for different diameter QD populations. The
curve for the 4.4 nm diameter dots corresponds to a maximum efficiency
of ~15%. Inset: HOMO and LUMO energies (in eV) in the OPD active
regions (Rauch et al., 2009).

7.2 ORGANIC PHOTOCONDUCTORS AND PHOTODIODES: PROPERTIES AND EXAMPLES 615



demonstrated are few by comparison to those em-
ploying inorganic semiconductors. Nevertheless, the
very broad wavelength range accessible to OPDs due
to the variety of functional molecules that are synthet-
ically accessible, make this class of detectors adapt-
able to detection from the UV to the MWIR. But
“competing with silicon” is never a good idea unless
there is a clear advantage to be gained by using a new
technology. As we have already pointed out, organic
electronic devices have features that are difficult and
often impossible to access using their inorganic
counterparts due to their inherent flexibility, stretch-
ability, ultralight weight, narrow absorption spectral
widths (leading to selective OPD transparency and
detection), low temperature processing, and depos-
ition that can lead to integration of devices on virtually
any large area, flat substrate. In addition, one feature
that we have not discussed up to now is the radiation
hardness of organic thin films (Li and Yang, 2008,
Kumar et al., 2011, Paternò et al., 2017, Barbé et al.,
2018). The very small molecular weight atoms com-
prising organic devices make them relatively transpar-
ent to X-ray and gamma radiation. Hence, theymay be
useful for applications in space or in other high-energy
radiation environments. In this regard, X-ray detection
by combining scintillators with large area OPDs has
been demonstrated, although this application domain
remains in its infancy (Arca et al., 2013).
In this section, we consider only a few of the many

sensing applications where OPDs have been em-
ployed. Our examples are chosen based on the unique
materials and/or architectural features that organics
provide. First, we describe OPDs used in full color
imaging. Next, we show that the conformability of
organics enables their application in hemispherical
FPAs (HFPAs) that mimic the form, size, and several
optical features of the human eye. This is followed by
descriptions of position-sensitive detectors used for
measuring both macroscopic and nanoscopic posi-
tions of illumination sources. We conclude with de-
scriptions of an OPD integrated with an OLED to
form an optoelectronic logical switching element
and an organic charge coupled device imager. On
occasion, OPDs have also been suggested for use in
optical communications. We will not consider this
application since there are many alternatives to
OPDs that deliver considerably higher performance.
This application space is adequately served by incum-
bent NIR detector technologies (e.g. based on Si and
InGaAs), leaving only very specialized niches that
may eventually be filled by OPDs.
Producing a full color image using an FPA is analo-

gous to the challenge of providing a full color display

image, and hence the architectures used in both
applications are similar. While there are numerous
optical methods for producing full color images
using dispersive elements such as lenses, gratings
and prisms, here we discuss how images are formed
by the planar integration of devices and filters in a
thin film construction. Figure 7.54a shows a broad
spectral bandwidth OPD array integrated onto a
CMOS pixel sensor/ROIC backplane. Color separ-
ation is provided by placing a red-green-blue
(RGB) color filter mask above the OPDs, thus limiting
the spectral window of each detector. The rectangular
close-packing of the filter indicates that one of the
color triad (green in this example) will have two
pixels per array “unit cell”, while the other two
colors are each detected by only a single pixel. This
inherently limits the imager resolution, requiring four
detectors per full-color image pixel. Note that
a similar duplication of the green pixel is often
found in OLED displays (cf. Fig. 5.58). The filter archi-
tecture is analogous to OLED displays employing

RGB filter arraysOPD +CMOS
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RGB OPD arrays
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Blocking/
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Transparent
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Figure 7.54 Three different two-dimensional (2D) full color imaging
array architectures. (a) An OPD array combined with an RGB filter array.
(b) R, G, and B sensitive, narrow spectral bandwidth OPD pixel arrays
integrated with a CMOS ROIC. (c) Stacked R, G, and B narrow spectral
bandwidth OPD pixel arrays. After Jansen-van Vuuren et al. (2016).

© 2016 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim

616 ORGANIC LIGHT DETECTORS



white emitting pixels placed beneath RGB filter ar-
rays, or blue OLEDs used to pump R and G fluores-
cent down-converting “color changing” layers (see
Section 6.4.2).

A second design is to use narrowly spectrally sen-
sitive OPD arrays, with one OPD that detects in the
blue, another in the green and a third in the red. The
architecture in Fig. 7.54b is analogous to RGB emit-
ting OLED displays employed in mobile applications.
The OPDs are deposited directly onto the CMOS
backplane readout array. Finally, in Fig. 7.54c we
show a stacked architecture, where the light is inci-
dent on vertically disposed and separated R, G and
BOPD arrays (Hokuto et al., 2007, Hokuto et al., 2011).
Each color detecting array is integrated with a trans-
parent ROIC within the stack. Alternatively, a single
ROIC backplane can be located beneath the stacked
OPD arrays, which is then vertically connected using
vias to their corresponding transistor address circuits.
The array has at least three times the resolution of the
laterally disposed pixels in Fig. 7.54a and b. This ad-
vantage must be weighed against the disadvantage of
increased fabrication and interconnection complexity,
as well as the demands placed on the lens system to
achieve a high image-plane depth of field.

An early demonstration of a full color imager was a
one-dimensional scanning array of BHJ OPDs (Yu
et al., 1998, 2000). The broad spectral bandwidth linear
array comprises 102, ITO/150–180 nm thick P3OT:
PC61BM/Al OPDs on glass or flexible Mylar sub-
strates. The array had a resolution of 40 dpi, with a
total length of 64.8 mm. Images were obtained by
sequentially interposing R, G, and B filters between
the array and the object, and then scanning the image.

One-dimensional scanners capture images one line
at a time, which is slow and only produces a blur-free
image of fixed objects. These problems are eliminated
with 2D CMOS FPAs commonly employed in digital
cameras. A stacked, 2D imaging array is shown in
Fig. 7.55a. Transparent ZnO thin film transistors
(TFTs) are used as the address and readout electron-
ics. The 128 � 96 arrays comprised small molecule-
based OPDs with a 100� 100 μm2 pixel size, and with
an image capture rate of 10 frames per second. The
structure of the pixels is detailed in Fig. 7.55b. The
ZnO transistors have a bottom gate, top source and
drain configuration, comprising a SiO (50 nm)/SiN
(100 nm) gate insulator, and a 45 nm thick ZnO chan-
nel. The OPDs are deposited onto the surface of an
isolating, 200 nm thick SiNx interlayer, and are con-
nected to the drain via ITO and a 100 nm thick MoW
signal line. A second, transparent ITO counter elec-
trode caps the device. Light is incident onto the OPD

via the substrate. A photomicrograph of a section of
the ZnO TFT array is shown in Fig. 7.55c.
The detectors themselves consisted of the following

photoactive regions: (i) B—coumarin 6 donor/C60

acceptor, (ii) G—DMQA donor/Py-PTC acceptor,
and (iii) ZnPc+TiOPc donor/Alq3 acceptor. ITO was
used for the B and G counter electrodes, whereas Al
was used for the R-sensitive device. Images of the
three devices are shown in Fig. 7.56, inset, whose
colors are the complement of their absorption spectra.
Thus, the blue element appears yellow, the green is
magenta, and the red is cyan. The external quantum
efficiencies of the three sub-pixels are 7.6% at 10 V
reverse bias for blue, 7.0% at 3 V for green, and 18%
at 15 V for red. Their dark currents ranged from
approximately 10 nA/cm2 for blue to 0.5 μA/cm2 at
15 V for red. These device characteristics are adequate
for producing a full color image, albeit with some
defects (i.e. line-outs) present that presumably can
be eliminated with improved process control.
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Figure 7.55 (a) Schematic of an RGB imaging system where each color
OPD along with its readout circuitry is fabricated on separate substrates
and aligned in a sandwich structure. (b) Cross-section schematic of a blue-
sensitive pixel in the array. (c) Micrograph of a section of the ZnO thin film
transistor array (Hokuto et al., 2011).
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A hybrid combination of a CMOS imager and a
green sensitive OPD array has been demonstrated
by stacking the FPA, filters, and detectors, forming a
hybrid of all three architectures in Fig. 7.54. The
5 Mpx CMOS array employs two Si PDs with
50–60% efficiency spanning the visible spectrum (see

Fig. 7.57a). Blue and red color filters are deposited
onto the pixelated Si PD and backplane surface. The
Si electronics are planarized using chemomechanical
polishing and covered with a semitransparent green-
sensitive OPD. The flat surface is subsequently coated
with sputter-deposited ITO that is connected to the
underlying metal FPA circuit electrode. The OPD
comprised a MoOx:Al (5nm) cathode, DM-2,9-
DMQA donor:SubPc acceptor (1:1, 90 nm) active re-
gion, and a MoOx (10 nm)/ITO anode. A schematic
illustration of the three-color pixel with a pitch of
1.4 μm is shown in Fig. 7.57b (Lim et al., 2015).
The efficiencies of the two filtered Si PDs and the

green OPD are approximately equal across the visible,
as shown in Fig. 7.57a. The specific detectivity at the
operating point of -3V reverse bias is 2� 1012 Jones and
the roll off frequency is�f ¼ 76.7 kHz. A 5MPx image
of a color sample panel obtained using this hybrid Si/
organic PD FPA is shown in Fig. 7.57c. Good color
balance is obtained due to the nearly equal quantum
efficiencies of the three RGB sub-pixels.
Flat FPAs used in cameras do not present an opti-

mal form factor for imaging systems since the focal
planes of spherical lenses are themselves spherical.
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et al., 2011).
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Thus, focusing an image onto a planar FPA requires a
heavy, narrow field of view (FOV), high f number
multi-element lens system to reduce image aberra-
tions and chromatic dispersion. The planar form
factor is a consequence of the limitations of photo-
lithographic processing on inorganic semiconductor
substrates. In contrast, the approximately spherical
retina of the human eye provides a nearly ideal im-
aging system that employs a relatively simple, single
element convex lens. Thus, the eye is compact, light-
weight, has a very wide FOV nearly free of image
distortion, and has a very low f/number.

In Section 5.6.4 we described the steps used in
fabrication of a retina-like, HFPA that exploits the
flexibility and conformability of organic electronics.
The architectural challenges of mounting devices on
the HFPA surface are met using arrays of OPDs on
thermoformable substrates such as PET (Xu et al.,
2008, 2009). The Au anode (10 nm)/CuPc (50 nm)/
C60 (50 nm)/BCP (10 nm)/Ag (20 nm) OPDs were
formed into a 100 � 100 passive matrix array of
(40 μm)2 OPDs on a 1 cm radius hemispherical sur-
face. The external detector quantum efficiency had a
maximum of 12.6% at λ ¼ 640 nm. This was limited
primarily by absorption in the thin Au anode oriented
toward the incident illumination, and was increased
to 20.5% at 605 nm when the Au was replaced by ITO
in a strain-free stamp transfer process (Xu et al., 2009).

A grayscale image produced by the pixel photo-
currents due to placing a square aperture in the focal
plane of a 20 � 20 � (200 μm)2 array is shown in the

inset of Fig. 7.58. Apparently, several of the pixels
lying beyond the aperture boundary (dashed line)
also generate current that blurs the image. These are
known as sneak currents in the passive matrix archi-
tecture arising from photocurrents within an illu-
minated row and column that add to the dark
currents of the unilluminated detectors. This effect
is illustrated in Fig. 7.59. The sneak currents can be
reduced, but not eliminated by floating, rather than
grounding the unaddressed row and column lines.
The photodetector specific detectivity isD� ¼ 1.25�

1011 Jones for the devices with the ITO anode. The
detectivity in the array, and hence its dynamic range,
is determined by shot noise from the sneak currents.
Hence, the shot noise increases as
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Figure 7.58 Photocurrent density vs. input power density of a (200 μm)2 photodetector in a 20� 20 array under various biases. Linear fits at each bias
are shown as solid lines. The dynamic range, determined by the 1 dB compression point and minimum detectable power level, is approximately 20 dB,
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Reprinted from Organic Electronics, 9, Xu, X., Davanco, M., X.Qi & Forrest, S. R., Direct Transfer Patterning on Three Dimensionally Deformed Surfaces at Micrometer
Resolutions and Its Application to Hemispherical Focal Plane Detector Arrays, 1122, Copyright 2008, with permission from Elsevier.

Figure 7.59 A passive matrix diode array showing the illuminated diode
(red) and the selected row and column address lines. The photocurrent is
shown by the black dashed line. Several parasitic sneak current paths are
shown by blue dashed lines.
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number of diodes within a row that are addressed
simultaneously during read out. The detectivity can
be substantially increased if each photodiode is accom-
panied by a transistor address circuit that interrogates
only one detector at a time while eliminating contribu-
tions from unilluminated pixels (see Chapter 8).
Position sensitive detectors (PSDs) are an important

class of sensors that use the lateral photoeffect
(Wallmark, 1957) to detect the location of an incident
light beam. PSDs are commonly used in robotic
vision, machine tool alignment, and guidance sys-
tems. The advantage of thin film PSDs over photo-
detector arrays is their ability to continuously track a
signal with the resolution limited only by the light
beam size, and not by detector size or pixel pitch.
Furthermore, a thin film PSD requires only two out-
puts, whereas arrays require address lines to each
detector. Since PSDs must track a beam over a large
distance, the adaptability of organics to large, flexible
substrates makes them well suited to this application
(Rand et al., 2003, Kabra et al., 2004, Cabanillas–
Gonzalez et al., 2011).
An example PSD comprises a long, transparent ITO

strip deposited on a glass substrate used as both the
anode for the photodetector and a resistive layer (see
Fig. 7.60, upper inset). Light incident via the substrate
generates a photocurrent, Iph, that is collected at
two, separated anodes. The total dark current for the
device, ID, is equally split between the two electrodes
that are connected to an external circuit. The photo-
current contributions I1 and I2 are independently de-
tected (see equivalent circuit, Fig. 7.60, lower inset)
with magnitudes (Rand et al., 2003)

I1 ¼ ID
2
þ Iph

R2

R1 þ R2

� �
ð7:115aÞ

and

I2 ¼ ID
2
þ Iph

R1

R1 þ R2

� �
; ð7:115bÞ

where R1 and R2 are the resistances of the ITO strip
from the position of the incident light beam to the
adjacent electrode. The currents detected at the two
electrodes give the location, xL, of the incident beam

xL ¼ I1 � I2ð ÞL
2 I1 þ I2ð Þ ; ð7:116Þ

where L is the length of the device active region. Ideally,
the ratio of currents should be a linear function of the
light beamposition. Inpractice, however, nonlinearities
are observed that are quantified using: δ ¼ 2σ=�IFS
where σ is the rms deviation from a least squares fit to
the current data, and �IFS is the total swing in current
for a beam scanned across total distance, L. Another
characteristic is the fractional error in measuring the
beam position given by, �l=L, where �l is the differ-
ence between the actual and calculated positions.
The bilayer PSD structure in Fig. 7.60 employed a

3 cm � 1 mm resistive ITO anode strip. The device is
sensitive towavelengths from450nm to 750 nm,with a
peak efficiency of 12% at�2 V reverse bias. The data in
Fig. 7.60 show the response of the PSD to a 180 μm
diameter beam for different reverse biases ranging
from 0 to �2 V. It is found that xL is a linear function
of beampositionwith a spatial resolution of 20μm,and
an error of �l=L ¼ 0:05 at �2 V. All other voltages
show an error less than 1%. The table in Fig. 7.60
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gives δ vs. reverse bias as well as for different optical
powers at �1 V.

The tracking speed is one further criterion that
characterizes the PSD. The capacitance of the PSD is
15.3 nF at �1 V bias, resulting in τ ¼ RC ¼ 9.2 μs for
the ITO strip with a resistance of 600 Ω. Accurate and
stable tracking can be obtained for a beam velocity
(vmax) less than the resolution divided by the response
time. In this case, vmax ¼ 20 μm/9.2 μs ¼ 2.2 m/s.

A 2D PSD can be realized by placing pairs of
contacts orthogonal to each other along the device
periphery. As the device area increases to accommo-
date larger ranges of beam scans, the dark current also
increases, reducing the sensitivity and scan rate.

There are several alternative architectures that can
be implemented to locate the beam position. For ex-
ample, the absorption spectrum can be spatially var-
ied by grading the donor and acceptor thicknesses
between the contacts. The position is determined
from the spectral response at xL (Cabanillas–Gonzalez
et al., 2011). This approach requires the use of a donor
and acceptor with distinct absorption spectra, precise
linear grading of the bilayer along the PSD length, the
use of at least two wavelengths to obtain the relative
absorption in the donor vs. the acceptor layer, and
layers whose thicknesses are not significantly greater
than the exciton diffusion length in each layer. This
latter constraint ensures that excitons generated far
from the D-A junction do not recombine before arriv-
ing at the HJ. While this architecture may be attractive
for limited applications, it is not suited for general
position sensitive detection.

The ability to deposit organics onto virtually
any surface has enabled a high spatial resolution scan-
ning probe PSD (An et al., 2008). The scanning PSD is
located on the vertex of a conventional, Si AFM tip by
forming a 500 nm diameter platform using focused ion
beam (FIB) milling (see Fig. 7.61a). The OPD cathode
comprising Al on a thin Ni adhesion layer was depos-
ited onto the tip surface, making contact to the Si. The
entire surface was coated with perylene, and the tip
face wasmilled to open a 500 nmwindow that defined
the detector active area. This was followed by the
deposition of aC60/α-NPDbilayer active region coated
by a blocking layer and anode metallization. External
contact to the diode is made via the Si tip and the outer
metal coating remote from the tip itself.

The tip is placed in contact with a metallized glass
substrate with an 8 � 20 μm aperture illuminated
from its reverse surface (Fig. 7.61a). A topographic
scan of the aperture surface shown in Fig. 7.61b is
acquired from the AFM as the tip is translated along
the aperture surface. Simultaneously, an optical scan

is obtained by measuring the OPD current vs. pos-
ition (Fig. 7.61c). Line scans with micron-scale reso-
lution of the topography and the photocurrent along
the dashed lines in Fig. 7.61b and c are shown in
Fig. 7.61d and e, respectively (An et al., 2008).
Another application for an OPD is in the bistable

optical latch shown schematically in Fig. 7.62a (Xue
and Forrest, 2002). The green emitting PHOLED has
a 12 nm thick semitransparent Mg–Ag/ITO cathode
that serves as the anode of the eight-period, multilayer
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Figure 7.61 (a) Schematic illustration of a microdetector at the end of a
flattened AFM tip. (b) Topographic scan of an aperture in a Ag film on
glass. Inset: Scanning electron micrograph of the 8 � 20 μm aperture.
(c) Optical image of the aperture using the micro-OPD illuminated from
the reverse side of the glass. (d) Topographic scan and (e) photocurrent
scan of the aperture along the dashed lines in (b) and (c) (An et al., 2008).
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[CuPc/PTCBI]8 OPD on its surface (cf. device in
Fig. 7.44). When the PHOLED is energized, light is
emitted through the substrate into the viewing direc-
tion. Light is also emitted from its top surface, and
absorbed in the adjacent OPD. The resulting photo-
current provides positive feedback via an external
load, R, at the drain of transistor, T1 (Fig. 7.62b). The
circuit latches the transparent PHOLED in the emit-
ting state until a blanking voltage, VG2, is applied to
the gate of T2. Thus there are two possible states of the
circuit. In the LOW state, the PHOLED does not emit
light, so that the current passing through the photo-
detector, is solely its dark current. By choosing an ap-
propriate value of the load resistor, R, then
VT1 <VL

G1 < 0, where VT1 is the threshold voltage of
T1, VG1 ¼ �jIPDj 
 R is the gate voltage of T1, and the
superscript “L” represents the LOW state. Hence, T1
remains off to maintain the LOW state of the
PHOLED. In the HIGH state, the PHOLED emits
green light, generating a photocurrent. When the
photodetector current is sufficiently high at
Vg1 <VT1 < 0 (Vg1 is the gate voltage of T1), T1 is turned
on and the PHOLED continues to emit. Transistor, T2,
therefore, toggles the switch between HIGH and LOW.
Optical bistability is shown in Fig. 7.63, where VS is

varied from 0 to �10 V. The input of the drain and

gate voltages, VD2 and VG2, are shown in the upper
panel. Here VG2 (solid line) is delayed from VD2

(dashed line) by 0.5 ms, and has a pulse width of
1ms. During the pulse window of VG2, T2 is turned
on, setting VG1 to �0.95 V or �2.45 V, thereby switch-
ing the device to LOW, or reset to HIGH, respectively.
The waveforms of the PHOLED bottom emission in-
tensity at different VS are shown in Fig. 7.63. At VS ¼
�8 V, the PHOLED is on during the reset window.
However, the HIGH state is not stable, and the
PHOLED turns off when T2 is switched off. As VS is
increased, the PHOLED remains on for a brief period
after T2 is switched off. The stable HIGH state is
achieved for VS ¼ �10 V, that is, the PHOLED is
turned on at the onset of the reset window. It remains
on until the onset of the set window, at which time it
is turned off and remains off until the next reset pulse.
The reset or set windows can be as narrow as 60 ns to
make the device switch between the two stable states.
The bandwidth of the circuit is�f3dB¼ 25 kHz limited
by the external components (Xue and Forrest, 2002).
This integrated switch has potential applications

in displays, where static image regions can be
set, allowing for low bandwidth circuits that need
to refresh only those pixels whose image content
changes between frames. Also, it can simulate
paper whereby an image can be generated and then
maintained for long periods without need for re-
freshing the data. Finally, given its digital response
to set and reset pulses, the switch is a building block
for photonic logic circuits. Taken alone, the inte-
grated PHOLED/photodetector can be used in
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linear circuit applications such as in automatic dis-
play brightness control and sensing.

One last example application is an organic charge
coupled device, or OCCD. Charge coupled devices
transport charge packets near a semiconductor-
insulator interface by sequentially passing them along
between closely spaced electrodes in a voltage-
controlled “bucket brigade” fashion. Since their
introduction (Amelio et al., 1970, Boyle and Smith,
1970), CCDs have been successfully applied to high
sensitivity optical imaging as a result of their favorable
signal-to-noise ratio, high quantum efficiency, linear-
ity, and speed (Janesick et al., 1987, Tiffenberg et al.,
2017). In Section 4.5.5, we showed that charge trans-
port canoccur across distances of several centimeters in
organic thin film heterostructures using energetic bar-
riers to isolate electron and hole polarons (Burlingame
et al., 2018). This striking phenomenon has led to the
demonstration of an OCCD where electron packets
delivered from an array of OPDs are transferred
using a linear, three-phase shift register. Reaching the
end of the register, the packets are read out, providing
information about the intensity and spatial distribution
of the incident light. In contrast to the operation of
conventional CCDs that attract minority carriers to
depletion regions at the semiconductor-insulator inter-
face, the electrodes of the n-type organic semiconduct-
or shift register are negatively biased to block charge
transport via repulsive potential barriers along its
length (Coburn et al., 2019).

A four-pixel OCCD is shown schematically in
Fig. 7.64a. The materials used in the OPD array and
electron-transporting channel are identical to those
shown in Fig. 4.77. Thirteen metal electrodes are
photolithographically patterned on a glass substrate
and coated with Al2O3 – 11 electrodes separated by
50 μmdefine the shift register, and one each forms the
guard and shutter electrodes. Four photodetectors
with DTDCPB:C70 HJ active regions are deposited
on the anode, each connected to the nearest shift
register electrode by a 20 nm thick C60 electron-
transporting channel. Inside the shift register, the
channel runs in a vertical stripe that extends past the
guard electrode and terminates under the Ag cathode.
The three shift register potential phases are denoted
Φ1–Φ3. The electrode nearest the guard electrode is
Φ1, followed by Φ2, Φ3, Φ1, etc. A photograph of the
device is shown in Fig 7.64b.

Photocurrent is collected between the anode and
cathode in response to illumination of the photo-
diodes. This current is cut off by applying < �8 V at
any one of the shutter, guard, or Φ1 electrodes since
they bisect the channels connecting the OPDs to the
cathode. Charge transport is effected by first biasing

Φ2, Φ3, and shutter electrodes to �10 V, and Vguard ¼
�8.75 V. This expels charge from the channel above
the biased electrodes, leaving background charge
packets confined above Φ1. The shift register is
clocked using a phased sequence of three potentials,
advancing the charge packets toward the cathode
following the scheme in Fig. 7.65a. Because Vguard >

�10 V, electrons diffuse towards the cathode when
expelled from above the adjacent Φ1 electrode, pre-
venting them from flowing back into the shift register.
After expelling background charge, Vshutter swings to
�9.6V, which blocks the background (dark) charge
from leaking into the shift register. Then one HJ is
illuminated, generating charges and raising the po-
tential of electrons in the channel. This increases the
rate of electrons leaking from the illuminated HJ over
the shutter. Following exposure, Vshutter is switched
back to �12 V and the shift register is emptied by a
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Figure 7.64 (a) Top and cross-section schematic views of the OCCD,
and the measurement circuit. The guard, shutter, and Φ3 have a single
contact pad each, whileΦ1 andΦ2 electrodes have multiple pads that are
connected externally. (b) Photograph of two, 1.8 cm long OCCDs located
side by side. The contact pads and traces, alignment marks, and
encapsulation cover slide attached to the substrate using UV cured epoxy
are visible (Coburn et al., 2019).
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series of eight clock cycles. Figure 7.65b shows the
measured current in the dark and with illumination
focused onto one pixel per measurement, resulting in
a distinct current pulse observed at a time delay cor-
responding to the position of the illuminated pixel.
Using majority carrier electrons to store informa-

tion contrasts with the operation of inorganic CCDs
that transfer minority carriers. Using majority carriers
precludes using attractive potentials (positive elec-
trode bias, in the case of electrons) to confine charge
packets because no depletion region would form.
Also, the response of the OCCD is quite slow com-
pared to inorganic CCDs, primarily due to its depend-
ence on charge diffusion blocked by the shift register
potentials. The speed of response can be significantly
increased, however, by applying an electric field
along the transport direction. This is shown via a
calculation of the time required for 99.99% charge
transfer between adjacent electrodes, tCT, using the
drift-diffusion equation as a function of electric field,
with results in Fig. 7.66. The readout time for a N�N
matrix of pixels (N >> 1) is tR0 � tCT(3 � N)2/ Namp,
whereNamp is the number of readout amplifiers. In the
diffusion limit, a 500 � 500 sensor with Namp ¼ 4
requires 6–7 μm diameter pixels to achieve tRO < 1 s,
while 10 μm pixels and Namp ¼ 500 (1 per column)
yields tRO < 20 ms. Introducing drift transport signifi-
cantly decreases tRO. Drift can be increased by frin-
ging fields as shown in Fig. 7.66, inset.

Despite the inherently lower charge mobility in or-
ganic compared to inorganic semiconductors, OCCDs
may find uses in space applications, where their light
weight (Cardinaletti et al., 2018, Schreurs et al., 2018)
and comparatively low sensitivity to cosmic radiation
(Kumar et al., 2010, Paternò et al., 2017) can be benefi-
cial. They can function as an element in ultralight
optical imaging systems when used with thin film
Fresnel lenses (O’Neill et al., 2003), or as lightweight
memory devices. Additionally, stacked, semitranspar-
ent OCCDs with individual pixel triads absorbing in
the red, green and blue spectral regions can produce
color images.

7.3 Organic solar cells

Whenever there is significant opportunity to provide
a social benefit that may also be financially reward-
ing, there are many contenders to capture the new
market. The solar energy field is a singular example
where benefits to the commercial sector as well as to
the social welfare of humanity, abound. This has led
to considerable competition attention and investment
in next generation solar cells that deliver advantages
beyond today’s dominant source of solar power gen-
eration: crystalline and polycrystalline Si photovolta-
ics. It is important, therefore, to clearly establish the
benefits afforded by new approaches such as OPVs
for generating low cost and environmentally friendly
electricity from solar energy. In the following, we
attempt to lay out important considerations for new
solar harvesting technologies that will clarify the
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advantages, and potential application spaces that are
available to OPV technology.

(i) Cost: The cost of the solar cell is wrapped up in
all of its performance parameters, from efficiency to
operational lifetime, to the bill of materials and manu-
facturing yield. Silicon solar provides a module
cost of < $0.50/Wp, (here Wp is the peak wattage
output of the module). Added to this are soft costs
(e.g. costs of financing, taxation, installation, etc.),
inverters, support equipment, and so on. A disadvantage
of Si, however, is in the transportation, installation,
and support of heavy, fragile, glass-like panels. In
contrast, OPVs can be fabricated on lightweight and
flexible substrates that reduce the requirement for
costly and heavy support structures. The cells can be
applied to windows, rooftops, curved automobile
surfaces, etc. in the form of tapes, panels, or adhesive
appliqués. Furthermore, roll-to-roll (R2R) fabrication
of high efficiency single and multijunction cells on
flexible substrates has a realistic opportunity to dra-
matically reduce cost, as OPVs are produced “by the
kilometer” rather than traditional semiconductors
fabricated in small batches of wafers.

(ii) Efficiency: Silicon module power conversion
efficiencies (PCE) exceed 20%, with even higher effi-
ciencies (nearly 29%) achieved for GaAs-based cells
(Green et al., 2017). A sampling of efficiencies of sev-
eral solar cell technologies is provided in Table 7.5.
Among these examples, organic solar cells apparently
have the lowest efficiencies. However, there are many
other criteria beyond efficiency that must be met be-
fore a technology gains popular acceptance, including
cost, reliability, environmental friendliness, and large-
scale manufacturability. For example, comparison of

the costs of Si and GaAs technologies is an illustration
of how efficiency is only one important parameter to
consider. Multijunction, group III–V semiconductor
cells have PCE � 46% under intense solar concentra-
tion, but are prohibitively expensive for terrestrial
commoditization. In many applications, efficiencies
at or around 15% may be adequate, provided that
other factors such as lower cost support equipment,
longer lifetime, etc. compensate for the lower effi-
ciency. OPV efficiencies are now poised to exceed
17% with the introduction of NFAs. Yet this is still
significantly below the �25% thermodynamic effi-
ciency limit for OPV single junction cells (Giebink
et al., 2011), with even higher efficiencies projected
for multijunction cells. Hence, it is reasonable to as-
sume that with continued development of OPV ma-
terials and device architectures, efficiencies will
eventually exceed 20%.
(iii) Reliability: Solar cell standards demand

20–25 year module lifetimes. Both Si and GaAs
technologies meet this requirement. As noted
above, reliability also ultimately factors into the
total module cost of ownership, where a longer
operational lifetime implies a longer period be-
tween panel disposal and replacement. Reduced
manufacturing costs or higher efficiencies may re-
duce this requirement to some extent, but reliabil-
ity must be high to achieve market acceptance.
OPVs have been making substantial progress in
this domain as well. Operational stability under
accepted operating environmental conditions is
still in its early stages, but lifetimes of some high
efficiency cells are now well in excess of 20 years.
Considerable strides are being made to understand

Table 7.5 Example solar cell efficiencies

Cell type Configuration Max. PCEa Ref.b

Inorganic, thermodynamic limit Single junction 31% (Shockley and Queisser, 1961)

OPV, thermodynamic limit Single junction 22–27% (Giebink et al., 2011)

Multijunction III–V cell Concentrated 46% (Green et al., 2017)

GaAs cell Single junction 28.8% (Green et al., 2017)

Crystalline Si cell Si single junction 26.3% (Green et al., 2017)

Crystalline Si cell Module 24.0% (Green et al., 2017)

CIGS Thin film 24.4% (Green et al., 2017)

Perovskite Thin film 19.7% (Green et al., 2017)

Organic cell Single junction 15.7% (Yuan et al., 2019)

Organic cell Multijunctionc 15.4% (Li et al., 2018)

a Measured under AM1.5G spectrum at 1 kW/m2, except for the concentrated multijunction III–V cell measured at 508 suns intensity.
b Green et al. (2017) is a summary compilation of results. References to specific data quoted can be found in the compilation.
c Although higher efficiencies have been reported, multijunction cells are notoriously difficult to measure accurately. This is the highest known reliable value
to date.
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and reduce failure mechanisms. Based on experi-
ence in the now ubiquitous OLED display indus-
try, the concerns for OPV lifetime are dissipating,
yet considerable work remains for this technology
to achieve widespread acceptance.
(iv) Environmental friendliness: The complete ab-

sence, or at least minimization of toxic materials
used in both manufacturing and in the completed
panels is essential. The ubiquitous deployment of
solar panels magnifies even a small level of toxicity
into a major environmental hazard. Here OPV excels
beyond all other incumbents. The active materials are
similar to dyes used in clothing, ink jet printers, dis-
plays (LCD and OLED), paints, and so on. In short,
they are already widespread, and many materials are
environmentally benign. The most problematic com-
ponents are the inorganic materials used such as in-
dium tin oxide. Heavy metals (e.g. Pb, Se, and Cd)
and toxic and reactive chemicals (e.g. halide salts) are
also largely absent in OPVs, and the synthetic pro-
cesses are similar to those used in preparing dyes.
Even less solvent-intensive methods are used in the
production of fullerenes. These processes and their
products tend to be low cost and importantly, a very
low energy investment is required in the production
of both the constituent materials as well as in the
fabrication of the cells themselves. That is, the energy
required for OPV production is rapidly returned early
in their operational life.
(v) New capabilities. One factor in choosing a new

technological paradigm is the features that it offers
that cannot be easily replicated by existing solu-
tions. In this regard, OPV technology has demon-
strated its ability for efficient energy production
even if the cells are transparent, or semitransparent
in the visible. This is a result of the ability to tailor
OPV materials sets that absorb primarily in the NIR
between wavelengths of 650 nm to 1100 nm, thus
capturing a significant amount of the solar power
that is invisible to the human eye. This makes OPVs
particularly attractive for coatings on windows or
on building facades (so-called building integrated
photovoltaics and building applied photovoltaics, or
BIPV and BAPV, respectively). This feature distin-
guishes OPVs from conventional Si, GaAs, and
other thin film inorganic technologies and provides
unique opportunities for their early and rapid adop-
tion by large, unserved markets when combined
with other attributes of high efficiency and reliabil-
ity, and low-cost manufacture.
(vi) Leveraging existing industries and capabilities:

Starting up an entirely new manufacturing process
with new materials where there is no significant
existing technical base is prohibitively expensive. The

Si solar industry took advantage of, and leveraged the
integrated circuit knowledge base and industrial cap-
abilities for producing rawmaterials before it gained a
sufficiently strong foothold to become self-supporting
and sustainable on its own. Likewise, OPVs are build-
ing on the enormous economic base and manufactur-
ing industry of OLED displays and lighting. The
semiconductor equipment infrastructure industry for
OLEDs alone is � $US 20 bn/year. Much of this same
equipment and expertise can be readily transferred to
the OPV industry. Similarly, the OLED display panel
industry represents a > $US 20 bn market, with >2 bn
OLED smartphone displays, more than a million TV
sets, and a high number of electronic tablets that use
large display panels in the hands of consumers today.
Hence, the infrastructure and knowhow for manufac-
turing OPV panels is in place, and growing daily.
Major OLED manufacturers are currently developing
OPVs, recognizing the synergies that exist for rapid
scaling into a major industry.
(vii) Synergies with other industries, and workforce

development: The lessons learned in fabricating OPVs
(e.g. by R2R production) can be rapidly translated
into the R2R manufacture of low cost OLED lighting,
and indeed can also be translated into the manufac-
ture of inorganic semiconductor appliances. The work
force skill and expertise developed in exploring
OPV technology has rapidly adapted to solve prob-
lems in these other industries. The intellectual curios-
ity and imaginative versatility one gains in studying
organic electronics can lead to unanticipated ad-
vances in organic as well as inorganic semiconductor
device research and technology.
In the remainder of this section, we explore many

potential advantages of OPVs by describing their
underlying physics and technology. Indeed, while
OLEDs are the only clear example of an organic elec-
tronic technology making a large commercial impact,
OPVs stand poised to be the second example owing to
their inherent adaptability to large area, low cost,
flexible devices that offer competitive performance.

7.3.1 Solar cell basics

A solar cell converts solar irradiance into electrical
energy. In its simplest terms, a solar cell is a photo-
diode that is operated in the fourth quadrant of its j–V
characteristics, that is, it is operated in the photovol-
taic mode. It is only in this quadrant that power can be
produced. A solar cell must be optimized to capture
the maximum solar irradiation with minimum loss,
whereas a photodiode is tuned to have low noise and
high sensitivity within a narrow spectral band. As
such, the materials, the details of the active region,
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the methods used for coupling broad solar radiation
vs. a narrower wavelength band into the solar cell,
and the contacts must be optimized for power rather
than current generation.

Solar cell, or photovoltaic cell, operation can be
understood from its j–V characteristics in Fig. 7.67.
The open circuit voltage (VOC) and short circuit current
density (jSC) are defined by the intercepts of the j–V
characteristicswith theV and j axes, respectively.Here,
jSC ¼ jT � jD, where jT is the total current and jD is the
dark current. Typically, jSC ≫ jD such that it is simply
equal to the photocurrent, jph at V ¼ 0. In the
fourth quadrant, the power density generated is P ¼
�jphV < 0. In the first and third quadrants, P > 0 and
hence power is dissipated. By convention, in solar cells
thepower generated is taken as positive. Themaximum
power generated by the cell (called themaximum power
point, or MPP) is defined by the largest area rectangle
(shaded area) whose corner opposite the origin inter-
sectswith the j–V curve. Using our sign convention, the
maximum power density generated is given by

PM ¼ jMVM; ð7:117Þ
where jM and VM are the corresponding current and
voltage at the MPP. It is convenient to define the cell
figure of merit, the fill factor, FF, as the ratio of the
areas of the rectangles defined by jSC and VOC to that
at PM, viz.

FF ¼ jMVM

jSCVOC
; ð7:118Þ

which, according to Eq. 7.55 for an organic HJ and the
Shockley ideal diode equation (Eq. 4.282) for inorgan-
ic junctions, is always less than unity. Then the power
conversion efficiency (PCE or ηP) is the ratio of the
electrical power generated by the cell to the optical
power density incident from the sun, Popt. Thus,

ηP ¼
jMVM

Popt
¼ FF jSCVOCð Þ

Popt
: ð7:119Þ

Clearly, we seek designs that have the highest fill
factor, that is, that conform most closely to a diode
whose ideality factor, n � 1. This requires a minimum
series resistance and amaximum shunt resistance that
approaches the thermal resistance of the junction (see
Section 7.1.2).
The short circuit current density depends on the

efficiency of the solar cell and its overlap with the
solar spectrum:

jSC ¼ q
ð
ηext λð Þϕsun λð Þdλ; ð7:120Þ

where ϕsun(λ) is the solar spectral flux density. The
reference solar spectrum standards are set by the
American Section of the International Association
of Testing Materials (ASTM). The flux at the Earth’s
surface is a function of the spectral properties of the
intervening atmosphere, or the air mass (AM) that
acts as a filter to solar radiation. Referring to
Fig. 7.68, the irradiance arriving at the top of the
atmosphere from a solar black body source with a
temperature of approximately 5800 K is known as
the AM0 reference spectrum, ASTM-490-00, with an
intensity of 1.353 kW/m2. This spectrum is primarily
used by the aerospace community for determining
satellite solar panel efficiencies. The AM1 spectrum
corresponds to light impinging normal to the surface
at the zenith (z ¼ 0°, i.e. at normal incidence). This
spectrum is observed within the Earth’s equatorial
regions and has an intensity of 1 kW/m2. The most
commonly used spectral standard is that found in
the temperate regions, where the intensity is 9638
W/m2, but for convenience is often simply taken as
1 kW/m2. The spectrum is different from that at the
equator, since light travels through a deeper blanket
of atmosphere. The reference spectrum (ASTM G-
173-03) is known as the global AM1.5, or AM1.5G
spectrum. This reference is an average of collection
of the solar irradiance from a network of observation
points across the United States. It assumes incidence

AM0
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AM1.5

48°

Atmosphere

Figure 7.68 Solar irradiance on the Earth and the corresponding air
mass designations.
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Figure 7.67 Current–voltage characteristics of a solar cell in the fourth
quadrant. Variables are defined in text.
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on a tilted surface at 37°, and a zenith at z ¼ 48°
facing due south.
Different illumination conditions, along with the

corresponding spectral irradiance intensities are
shown in Fig. 7.69. The AM1.5G spectrum shows the
strong effects of atmospheric absorption, particularly
by H2O across the IR. The measurement of solar cell
efficiency begins with this understanding of reference
spectra. However, the process of standardized quan-
tification of cell efficiency is made more complicated
due to the absence of such spectra in the laboratory
where the solar cell is evaluated; a topic that is
covered in Section 7.3.3.
An approximate relation between solar intensity

and the air mass at sea level with the sun at the zenith
is given by

I ¼ 1:1·I0 0:7½ �AM0:678
: ð7:121Þ

Here, I0 ¼ 1.353 kW/m2 corresponds to the AM0
intensity at the top of the Earth’s atmosphere, and
1.1 assumes that there is an additional 10% power
due to diffuse scattering.
Another quantity in Eq. 7.119 that determines the

power conversion efficiency is VOC. From Eq. 7.55,
setting j ¼ 0, we obtain

VOC ¼ nSkBT
q

log
jph
j0
þ kPPd

kPPd;eq

� �
� nSkBT

q
log

jSC
j0
þ 1

� �
:

ð7:122Þ
In the expression to the right, we take jph ¼ jSC at
Va ¼ 0 for convenience, and that ionization of PPs is
small, such that kPPd ¼ kPPd;eq. This is rarely, if ever the

case for OPVs, and hence this latter expression can
lead to errors. In any case, VOC increases logarithmic-
ally with the photocurrent, and with decreasing dark
saturation current.
Plots of the fourth quadrant j–V characteristics for

several different shunt and series resistances and
their implication on the maximum power generated
by a solar cell (PM) are shown in Fig. 7.70a and b.
In describing solar cell characteristics, the fourth
quadrant is often “flipped” into the first quadrant,
plotting both jph and V as positive quantities. The
generated power has a maximum at PM, falling off as
Va deviates from this point. The power curves, there-
fore, are the locus of areas of the rectangles within
each point of the j–V characteristic. A decreasing
Rshunt decreases the curvature at the MPP, which
depresses both jM and VM. Similarly, an increasing
series resistance decreases the forward-biased slope,
which results in a decreased VM. The fill factor is
strongly influenced by both the series and shunt
resistances.
Now, from Chapter 4, and using Eq. 7.56 for j0, VOC

for a symmetric junction is

qVOC ¼ �EHL � nSkBTln
kreckPPr

kPPd þ kPPr

� �
qa0N2

S

jph

� 	
:

ð7:123Þ
In Section 4.7.2, we showed that the PP dissociation
rate is determined by Onsager–Braun ionization
at small electric fields (Braun, 1984). Then, kPPd !
3

4πa30
krecexp �EB=kBTð Þ, where EB is the PP binding

energy and a0 is its radius (approximately equal to
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the molecular separation distance at the HJ). In the
limit of very high illumination intensity or low tem-
perature, this expression leads to a maximum open
circuit voltage of

qVmax
OC ! �EHL � EB ð7:124Þ

(cf. Eq. 4.308). Hence, an essential challenge for op-
timizing OPV efficiency is to reduce EB. We will
show that NFAs are effective in reducing this loss
channel compared with conventional fullerene-
based OPVs.

Equation 7.123 shows that VOC is dependent on
several factors. Notably, there is a competition be-
tween PP recombination vs. dissociation, expressed
by the recombination efficiency of

ηPPr ¼
kPPr

kPPr þ kPPd
: ð7:125Þ

When the dissociation rate is increased relative
to recombination (i.e. kPPd > kPPr), the losses are
decreased, leading to an increase in VOC. The

trade-off is illustrated in Fig. 7.71 where the j–V
characteristics are plotted for an ideal HJ diode for
varying ratios of kPPd to kPPr (Renshaw et al., 2012).
Interestingly, the decrease in FF and jSC with de-
creasing kPPd/kPPr is even larger than the decrease in
VOC. This is due to curvature in the j–V character-
istics as a result of field-induced PP ionization and
current losses from recombination. Hence, not only
is it essential to reduce kPPr, but also to increase a0
to achieve high efficiency. We will show in the
following sections that these factors are controlled
by molecular design as well as the morphologies of
the donor and acceptor phases within mixed and
BHJ active regions.
The maximum power is found by multiplying the

current in Eq. 7.55 by Va, and then setting the first
derivative to zero. Once PM is found, then from
Eq. 7.117, it can be shown that

VM ¼ VOC � nSkBT
q

log
qVM

nSkBT
� χ VMð Þ

� �
; ð7:126Þ

where χ VMð Þ ¼ kPPd VMð Þ
kPPd;eq

and we assume for conveni-

ence that the change in χ is small and nearly constant
with Va. Now, setting β ¼ jSC þ jMð Þ=jSC, then at the
maximum power

βM ¼ χ VMð Þ þ log βM
jSC þ jD

jD

� �� 	�1
: ð7:127Þ

Here, we have replaced the saturation current, j0, with
jD, which includes all parasitic sources that contribute
to the dark current. The FF in the absence of series
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Figure 7.71 Calculated j–V characteristics in the fourth quadrant for
an archetype planar HJ photodiode in reverse bias (Va< 0) under AM1.5G
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resistance, and for Rshunt ! ∞, can now be expressed
in terms of βM as

FF Rshunt;Rserð Þ ¼ FF ∞; 0ð Þ

¼ χ VMð Þ � βMð Þlog βM jSC þ jDð Þ=jD½ �
log jSC þ jDð Þ=jD½ � :

ð7:128Þ
Hence, the fill factor depends on both the dark and
the short circuit currents (and hence the incident
power). An increase in power results in an increase
in jSC, which in turn decreases βM. Ultimately,
this increases FF. An increasing dark current, jD,
has the opposite effect; its presence results in a de-
crease in FF, as implied by the results in Fig. 7.71
where j0 ∝ 1� kPPd;eq=kPPr

� �
for a large PP

recombination rate.
A realistic model of cell performance must include

the dependence of FF on the parasitic cell resistances.
For this, we define the power loss penalty (fPLP), which
is the fractional decrease in power from its value in
the absence of series resistance, and an infinite shunt
resistance. For a finite shunt resistance Rshunt, and
Rser ! 0, then,

fPLP ¼ V2
M

Rshunt

�
jMVM ¼ VM

jMRshunt
� VOC

jSCRshunt
: ð7:129Þ

Similarly, for a nonzero Rser and Rshunt ! ∞,

fPLP ¼ j2MRser

jMVM
¼ jMRser

VM
� jSCRser

VOC
: ð7:130Þ

Combining the results of Eqs. 7.129 and 7.130 we have

FF Rshunt;Rserð Þ ¼ FF ∞; 0ð Þ 1� fPLPð Þ

¼ FF ∞; 0ð Þ 1� VOC

jSCRshunt
� jSCRser

VOC

� �
:

ð7:131Þ
Figure 7.72 shows a plot of FF as a function of jSC for a
solar cell with several values of Rser and Rshunt. The
increase of FF with increasing current, and its
decrease in the presence of parasitic resistances is ap-
parent. Note that this plot extends beyond one sun
intensity, showing the FF for concentrated illumin-
ation. The concentration factor of a solar cell is equal to

CF ¼ Pinc

1 kW�m�2 : ð7:132Þ

7.3.2 Thermodynamic limits to OPV efficiency

Before embarking on an exploration of means for
achieving high performance OPVs, we first calculate
the fundamental limits to their efficiency. The
Shockley-Queisser (SQ) thermodynamic efficiency limit
(Shockley and Queisser, 1961) was derived for inor-
ganic solar cells using the principle of detailed bal-
ance (Shockley and van Roosbroeck, 1954), which
requires that the absorbed and emitted radiation
fluxes be equal for a cell in thermal equilibrium.
The SQ treatment is based on the premise that pho-
ton interactions with the cell occur via the generation
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Figure 7.72 Fill factor vs. short circuit current density for several values of series and shunt resistances, Rser and Rshunt. The cell has the following
properties: jSC¼ 1 nA/cm2, nS¼ 1, active area¼ 1 cm2. Rshunt¼∞ except for the dashed curve. The concentration ratio is defined as the intensity of the
light relative to 1 sun (1 kW/m2). After Bube and Fahrenbruch (1981).
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and recombination of free electron–hole pairs. This is a
good assumption for inorganic semiconductor solar
cells because photon absorption leads to the direct gen-
eration of free carriers. As a result, the chemical poten-
tial, μph, of emitted photons is the same as that of the
electron and hole quasi-Fermi level splitting, which for
an ideal cell is equal to the voltage difference between
its contacts. That is, μph ¼ Va, and the emitted light
intensity is increased by exp qμph=kBT

� �
relative to

equilibrium (Luque et al., 2002, Luque and Marti,
2003, Würfel and Würfel, 2009).

The situation is fundamentally different in organic
semiconductors, where the primary excitations are
tightly bound Frenkel and charge transfer excitons
with binding energies ranging from 0.3 to 1.2 eV.
Thus, photons interact only with the bound exciton
population, and hence the photon chemical potential
is that of the exciton population, not that of the free
electrons and holes. The efficiency limit of an exci-
tonic solar cell consequently depends on both the
optical energy gap and the exciton and PP (or CT)
binding energies, which is in stark contrast to the SQ
limit for inorganic cells, which applies to the special
case where these binding energies can be neglected.

Charge generation in organic semiconductors via
exciton and PP dissociation leads to the diode equa-
tions in materials containing, or are free of traps in
Sections 4.7.2 and 7.2. It is a multistep process that

begins by photon absorption that generates Frenkel
excitons within either the donor or acceptor layer. On
reaching the D-A HJ, the exciton dissociates into a
charge transfer state whose Gibb’s free energy is less
than that of the excitonic precursor by �GCT (see
Fig. 7.73). This state also leads to increased radiative
and/or non-radiative recombination. The last step in
the charge generation process is the liberation of theCT
state binding energy, EB, to generate free charges.
The thermodynamically limited efficiency can be

obtained using the detailed balanced approach of
Shockley and Queisser, although this generally re-
quires the implicit and artificial inclusion of
losses arising from formation of, and radiation by
the intermediate CT state (Kirchartz et al., 2009).
Here, we present a treatment by Giebink et al. (2011)
based on the Second Law of Thermodynamics where
the inclusion of the free energy loss, �GCT, is an
explicit element of the model. We make the following
assumptions. (i) The cell consists of only a single
junction. Stacked, multijunction cells can exceed the
limits calculated here, as we will show in subsequent
sections. Nevertheless, single elements within such
stacked structures are still limited by these results.
(ii) Each photon can only generate a single exciton.
Multiexciton generation processes such as singlet fis-
sion are not included. (iii) Every incident photon with
energy greater than the optical energy gap, Eopt, of
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Figure 7.73 The photogeneration of free charge in an excitonic solar cell in the radiative limit. The incident solar photon flux ( _Ns) is fully absorbed by the
cell, forming bound excitons. Radiative exciton recombination produces the luminescent photon flux ( _Nr) emitted from the cell. Alternatively, excitons
dissociate at the D-A heterointerface with a loss in free energy of �GCT, to form polaron pairs with binding energy, EB. Subsequent formation of free
carriers requires heat input ( _Qdiss) to overcome EB, subtracting from the heat produced in the photovoltaic process, _Qpv. The current from the free electrons
(e�) and holes (h+) is given by j. In an ideal OPV, recombination only occurs from PP states since all excitons reach the HJ (Giebink et al., 2011).

Reprinted figure with permission from Giebink, N. C., Wiederrecht, G. P., Wasielewski, M. R. & Forrest, S. R., Phys. Rev. B, 83, 195326, 2011. Copyright 2011 by the
American Physical Society.
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either the donor or acceptor is absorbed (ηA¼ 1). (iv) A
photogenerated exciton ultimately arrives at the HJ
with unity efficiency, that is, ηED ¼ 1. (v) All photo-
generated free charges, n, p, are collected at their cor-
responding contacts (ηCC ¼ 1). Finally, (vi) the solar
radiation at the Earth’s surface is that of a perfect black
body with a surface temperature of Ts¼ 5778 K. Thus,
effects due to atmospheric absorption that define the
AM1.5G spectrum in Fig. 7.69 are ignored.
The exciton dissociation process must be accom-

panied by a net decrease in Gibb’s free energy,
whose change is given by (Lewis and Randall, 1961,
Zemansky and Dittman, 1981, Giebink et al., 2011)

dG ¼ μdN ¼ dE� TdSþ PdV< 0: ð7:133Þ
Here, N is the particle number, E is the internal en-
ergy, S is the entropy, P is the pressure, and V is the
volume. Since the particle flux is equal to the cell
current, I ¼ jA, and for a constant volume, the
Gibb’s free energy flux is (Luque and Marti, 2003)

� _Gdiss ¼ μeh � μPPð ÞI ¼ Eeh � EPPð ÞI=q� Ta�_Sdiss;

ð7:134Þ
where Ta is the cell temperature, and the subscripts PP
and eh refer to the bound polaron pair and free elec-
tron/hole pairs, respectively. Since the entropy change
is equal to the heat supplied to the reaction,
Ta�_Sdiss ¼ _Qdiss, and since EB ¼ Eeh � EPP, we have

q μPP � μehð Þ ¼ �EB þ q _Qdiss=I> 0: ð7:135Þ

Note that the difference between the exciton binding
energy, EX, and that of the PP is the free energy
decrease, �GCT. That is,

EPP ¼ EX þ�GCT; ð7:136Þ

where �GCT < 0.
According to Eq. 7.135, photocurrent is generated if

the entropy increase upon dissociation (i.e. heat input,
_Qdiss in Fig. 7.73) fully compensates for EPP. This pro-
cess, therefore, results in cooling of the OPV. Hence,
when _Qdiss > I=qð ÞEB, the heat flux is sufficient to
drive exciton dissociation, and the exciton chemical
potential can, in principle, equal the cell voltage
which simply recovers the SQ result (Shockley and
Queisser, 1961, Luque and Marti, 2003). However,
when _Qdiss < I=qð ÞEB, the heat input is insufficient
and μPP must exceed Va by the amount required to
compensate for this deficiency.
The total luminescent photon flux radiated from the

cell, assuming that it is a black body, is determined by
integrating the flux at each energy:

Φ μ;Eopt;T; fω
� � ¼ 2fω

h3c2

ð∞
Eopt

E2

exp E� qμð Þ=kBTa½ � � 1
dE

¼ 2fω
h3c2

ð∞
Eopt

ϕ E;Tað ÞdE; ð7:137Þ

where E ¼ hc/λ is the photon energy and fω is the
étendue of the source. The lower integration limit,
Eopt, is the minimum exciton absorption energy of
the cell (i.e. its optical energy gap, see below), and
ϕ(E) is the photon flux between E and E + dE. The
possible increase of μ relative toVa as discussed above
increases the radiative recombination rate compared
to an inorganic solar cell, and leads to a maximum
efficiency that is lower than that given by the SQ limit.
Physically, the increase in exciton chemical potential
indicates that the exciton density must increase rela-
tive to that of free electrons and holes to compensate
for the large exciton binding energy and small intern-
al electric field, and thereby maintain a total dissoci-
ation flux that is capable of supplying the cell
photocurrent.
The étendue is the geometrical extent of the source

(sun) as seen from the system (i.e. the solar cell). That
is, fω is the product of the area of the solar cell and the
solid angle subtended by the source at the solar cell at
the Earth’s surface. The angular acceptance of the cell
is π. If the half angle subtended by the sun is θsun, then,

fω ¼ πsin2θsun ¼ πsin2 0:267°ð Þ ¼ 5:52 � 10�5:

ð7:138Þ
The entropy generated by charge generation is given
by (Luque and Marti, 1997, 2003, Luque et al., 2002)

Ta
_SPV ¼ _QPV ¼ �IVa þ _Es � Ta

_Ss
� �� _Er � Ta

_Sr
� �

¼
ð∞

Eopt

q μs � Vað Þϕs Eð Þ½

�q μPP � Vað Þϕr Eð Þ þ _ωs � _ωrð Þ�dE;
ð7:139Þ

where the subscripts s and r correspond to thermo-
dynamic fluxes of radiation from the sun and cell,
respectively, and _QPV is the heat from the excess
energy used to generate an exciton with energy, Eopt

(see Fig. 7.73). In Eq. 7.139, _ω is the spectral energy
flux. Also, we take μs ¼ E(1–Ta/Ts) as the chemical
potential equivalent of the sun at Ts (Luque andMarti,
2003).
The first line of Eq. 7.139 shows that the entropy

generation is equal to the difference between the
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Helmholtz free energy flux of incoming solar radi-
ation and that of the outgoing luminescent radiation,
less the work done by the cell (Luque and Marti,
1997). Since only radiative recombination occurs in
an ideal cell, that is, I ¼ q _Ns � _Nr

� �
, then from

Eqs. 7.135, 7.137, and 7.139 we obtain

EB

ð∞
Eopt

ϕs � ϕrð ÞdE ¼
ð∞

Eopt

q μs � Vað ÞϕsdE

�
ð∞

Eopt

q μPP � Vað ÞϕrdE

þ
ð∞

Eopt

_ωs � _ωrð ÞdE;

ð7:140Þ

where ϕs(E), ϕr(E), _ωr, and _ωs are evaluated by assum-
ing that the only radiative species is the PP state, since
all excitons reach the HJ where these states are
formed. Equation 7.140 allows for an implicit solution
of μPP ¼ Va (Giebink et al., 2011).

The PP or CT state can also absorb photons, as
required by detailed balance, and as observed experi-
mentally (see Section 4.7.2) (Vandewal et al., 2009,
2010). Since the PP is an extended interface state,
both its oscillator strength and density are consider-
ably smaller than that of the bulk exciton. Ideally, the
bulk absorbance of the cell, α(E), is unity above the
exciton energy gap. However, in OPVs, α(E) is signifi-
cantly lower in the region between EPP and the ex-
citon binding energy, EX. From these assumptions,
the current for the HJ cell is

jSC ¼ q
ð∞
EPP

α Eð Þ ϕs Eð Þ � ϕr Eð Þð ÞdE; ð7:141Þ

where

α Eð Þ ¼
0 for E<EPP

αPP for EPP <E<EX

1 for E>EX

;

8<
: ð7:142Þ

and the domain of the CT absorption and emission
region is EPP � EX ¼ �GCT (cf. Eq. 7.136). The ratio
between absorption by the exciton and the PP state
is typically αPP ¼ 10�3 (Vandewal et al., 2009, 2010).
Equations 7.141 and 7.142 imply that the larger
energy gap of bulk materials dominates in absorption
(at E > EX), whereas the smaller binding energy of
the pairs dominates the emission (at EX > E > EPP).
Consequently, the radiative recombination rate is

increased, since it occurs via low energy bound
pair states. This formulation of the absorption coeffi-
cient has also been approximated by a Gaussian dis-
tribution for α(E), which follows the approximately
Gaussian tail of CT emission in polymer solar cells
(Kirchartz et al., 2009).
Once a solution for μPP = Va is found from

Eqs. 7.140–7.142, then using the j–V characteristics for
an ideal excitonic HJ (e.g. Eq. 7.57 with nS = 1, Rser¼ 0)
and Ts ¼ 5778 K, the extracted power density is

Ppv ¼ Vaj Vað Þ: ð7:143Þ

Now the solar power density, or solar irradiance, is
given by Planck’s black body law:

Psun ¼ 2fω
h3c2

ð∞
0

ϕ E;Tsð ÞEdE ¼ 2fω
h3c2

ð∞
0

E2

exp E=kBTsð Þ � 1
EdE:

ð7:144Þ
Then it follows that

ηP Vað Þ ¼ Vaj Vað Þ
Psun

; ð7:145Þ

which has a maximum at

d
dVa

Vaj Vað Þð Þ ¼ 0: ð7:146Þ

The energy loss that ultimately determines the cell
efficiency limit is a function of the saturation current
(j0 in Eq. 7.56), which is an exponential function of the
energy level offset at the D-A HJ, and the PP dissoci-
ation and recombination rates (found in ηPPd) that are
implicit in the foregoing analysis.
Figure 7.74 shows the cell efficiency vs. the organic

absorber optical energy gap for several values of the
free energy loss for charge transfer, ��GCT, calcu-
lated using Eqs. 7.141 and 7.142 assuming Ts ¼ 5778
K and Ta ¼ 300 K. The calculations assume that the
integrated solar intensity at the Earth’s surface is
equal to 1 kW/cm2. The SQ limit is shown for
��GCT ! 0, although such a minimal free energy
difference, in practice, produces negligible power
since there is no driving force for excitons to form
bound PPs. As ��GCT increases, the theoretical effi-
ciency peak monotonically decreases and shifts to-
ward higher optical gap energies.
The peak efficiency depends on the CT state absorb-

ance, αPP. Equation 7.141 shows that the SQ limit of
ηP = 31% is recovered when either αPP ! 0 or αPP ! 1.
However, αPP > 0 with its maximum value limited by
the low oscillator strength of the PP state. In the
physically relevant range of 10�4 < αPP < 10-2, the
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efficiency decreases for increasing αPP. Although the
efficiency limits are based on values chosen for αPP as
obtained from experiment, the conclusion is general:
any heterojunction OPV cell where exciton dissociation
results in a lower energy state with incomplete coupling
to the radiation field, necessarily operates with an efficiency
below the SQ limit (Street, 2008).
A practical lower limit of ��GCT � 0.2 eV is

required for efficient charge transfer, leading to
photocurrent generation (Rand et al., 2007). However,
we will find in the following sections that ��GCT

between 0.4 eV and 0.8 eV are common. Taking
��GCT ¼ 0.3 to 0.5 eV, as typical of high efficiency
OPVs (Rand et al., 2007, Veldman et al., 2009), a max-
imum single junction solar cell efficiency of ηP ¼
27–22% at energy gaps of 1.35 eV and 1.5 eV, respect-
ively, is obtained from Fig. 7.71.
The inset of Fig. 7.71 shows that the decrease in effi-

ciency is entirely due to a decrease in VOC, and is not
affected by jSC due to our assumptions that all photons
absorbed ultimately result in PP formation. Since the
small PP binding energy does not limit dissociation,
then Va ¼ μPP. In this case, the maximum open circuit
voltage is qVmax

OC ¼�EHL� EB ¼ EPP which, as we have
shown in our derivation of the excitonic HJ diode equa-
tions, occurs in the high intensity limit (e.g. under op-
tical concentration), or as Ta ! 0 (Rand et al., 2007,
Giebink et al., 2010b, Vandewal et al., 2010).
It should now be apparent that PP absorption

and radiative emission introduce fundamental
limitations to the efficiency of OPVs. Materials
with a high external radiative quantum efficiency

(and hence a low recombination efficiency) will
produce a higher efficiency solar cell, independent
of whether that cell is based on organic semicon-
ductors where charge generation is mediated by
an intermediate PP state, or in inorganic semicon-
ductors that generate charge directly from band-
to-band transitions (Miller et al., 2012).
Including the effects of non-radiative processes that

often dominate recombination in practical organic
solar cells suppresses VOC from the limiting case trea-
ted above. Decreasing the electronic interaction be-
tween the D and A molecules across the HJ reduces
both the oscillator strength of the bound pair (i.e. its
coupling to the radiation field via αPP) and the orbital
overlap that facilitates non-radiative decay, thus in-
creasing VOC. This has been observed in experiments
where the degree of π–π intermolecular orbital overlap
between donor and acceptormolecules is varied (Perez
et al., 2009, Zimmerman et al., 2012), suggesting this is
a useful design strategy for increasing cell efficiency.
From the foregoing discussion and that of Miller

et al. (2012), the dependence of ηext on the observed
(vs. the theoretical maximum) open circuit voltage
can be analytically determined. Equation 7.122
shows that the open circuit voltage is dependent on
the logarithm of the ratio of jSC to j0 (or jD). For a cell
with external quantum efficiency ηext, a CT state elec-
troluminescence quantum efficiency of ηCT due to
electrical injection of charges (which is proportional
to the number of radiative CT states), and an ambient
(at Ta) black body flux of ϕBB, we can write (Rau, 2007)

jSC ¼ q
ð∞
0

ηext Eð Þϕs E;Tsð ÞdE ð7:147Þ

and the dark current is

j0 ¼ q
ηCT

ð∞
0

ηCT Eð ÞϕBB E;Tað ÞdE: ð7:148Þ

When ηCT ¼ 1, all the recombination is radiative (the
radiative limit), and j0 ¼ jrad0 . This results in a minimum
j0 at a maximum voltage (sometimes referred to as the
SQ voltage) Vmax

OC ¼ Vrad
OC, where

Vrad
OC ¼

kBT
q

ln
jSC
jrad0
þ kPPd

kPPd;eq

 !

¼ kBT
q

ln

ð∞
0

ηext Eð Þϕs E;Tsð ÞdE

ð∞
0

ηext Eð ÞϕBB E;Tað ÞdE
þ kPPd

kPPd;eq

0
BBBBBB@

1
CCCCCCA
:

ð7:149Þ
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Figure 7.74 Maximum efficiency for an ideal single junction OPV cell as
a function of exciton optical energy gap and several values of the free
energy for charge transfer at the HJ, -�GCT. Increased recombination from
the lower energy bound pair states leads to reduced efficiency due to the
decrease in VOC, as shown in the inset for a cell with EX¼ 1.8 eV (Giebink
et al., 2011).
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Now, in the absence of a PP state, αPP ¼ 1 at E > EG,
and is zero elsewhere. This condition yields the dark
current in the SQ limit from Eq. 7.148 by setting
ηEL ¼ 1:

jSQ0 ¼ q
ð∞

Eopt

ηext Eð ÞϕBB E;Tað ÞdE; ð7:150Þ

where ηext ¼ 1 for E > EX, and ηext ¼ 0 otherwise. The
maximum or SQ-limited voltage is, therefore,

Vmax
OC ¼

kBT
q

ln
jSC
jSQ0
þ kPPd

kPPd;eq

 !

¼ kBT
q

ln

ð∞
0

ηext Eð Þϕs E;Tsð ÞdE

ð∞
EG

ηext Eð ÞϕBB E;Tað ÞdE
þ kPPd

kPPd;eq

0
BBBBBBB@

1
CCCCCCCA
:

ð7:151Þ
To account for the formation of the PP at the organic
HJ, wemust include the effects of PP absorption using
the expression for α(E) in Eq. 7.142. This absorption
incurs a loss compared to the S-Q voltage of

�VPP
OC ¼ Vmax

OC � Vrad
OC : ð7:152Þ

Finally, in a practical diode, we must consider that
CT state radiation is not 100% efficient, that is, where
ηCT < 1. Then, there is an additional voltage loss of

�Vnr
OC ¼ Vrad

OC � VOC ¼ �m kBT
q

� �
logðηCTÞ ð7:153aÞ

or

�Vnr
OC ¼ �m

kBT
q

� �
log

ηEL

γχem

� �
ð7:153bÞ

where m is a parameter that accounts for non-
idealities such as charge that recombines in regions
remote from the HJ including interfaces and contacts,
ηEL is the measured external radiative quantum effi-
ciency, γ is the charge balance factor and χem is the ratio
of emissive CT states to the number of injected elec-
tron-hole pairs (e.g. in a conventional OLED where
there is significant exchange energy splitting between
3CT and 1CT, χem = ¼, see Chapter 6.2.1). In Eq. 7.153b,
we write the internal CT electroluminescence effi-
ciency, ηCT, in terms of the measurable quantity, ηEL,
taking into account effects of charge balance (which
can be strongly dependent on voltage and current)
and emissive CT exciton fraction following Eq. 6.1.

Combining the above results, the open circuit
voltage is

qVOC ¼ Emin
X � Eloss; ð7:154Þ

where the minimum exciton energy is Emin
X and (Liu

et al., 2016a)

Eloss ¼ Emin
X � qVmax

OC

� �þ qVmax
OC � qVrad

OC

� �
þ qVrad

OC � qVOC

� �
¼ Emin

X � qVmax
OC

� �þ q�VPP
OC þ q�Vnr

OC:

ð7:155Þ

In an ideal diode, Eloss is the sum of the free energy
losses for both the D and A materials, �GCT, which is
the second term in the expression on the right hand
side of Eq. 7.155 (cf. Eq. 7.136). Including the effects of
non-radiative recombination and other non-idealities
gives the third term. Then, the efficiency limit in
Fig. 7.74 is found by replacing �GCT with Eloss.
The fundamental differences and similarities be-

tween inorganic and organic semiconductor junctions
are accounted for by all three terms on the right in
Eq. 7.155. (i) In the first term, the band gap energy of
an inorganic is replaced by the excitonic absorption in
organics. (ii) Although below band gap absorption
in inorganics must be considered in calculating its
thermodynamic limit, the spread in energies of PP
states can be very large, making the second term more
significant in organic comparedwith inorganic HJs. (iii)
For both systems, a high external radiative quantum
efficiency results in a reduced energy loss. Unfortunate-
ly, the radiative efficiency tends to be very low (<10�3)
formaterials used inOPVs. This introduces losses in the
third term that are considerably greater than in inor-
ganics. However, this constraint provides guidance in
the design ofmolecules withmuch higher ηEL for use in
high efficiency OPV active regions.
Accurate determination of Emin

X , which is equivalent
to Eopt, can be complicated by the existence of strong
aggregate or CT absorption below the exciton energy.
We showed in Section 3.5.3 that the energy gap can be
assigned to the energy at the crossing point between
the zero phonon energies of the absorption and emis-
sion spectra (the so-called 0–0 crossing point energy,
E00). An method often used to determine Eopt particu-
larly in cases where the emission spectrum is unavail-
able or weak, is to linearly extrapolate along the low
energy tail of the exciton absorption from its peak to
its intercept with the energy axis, as shown in Fig. 7.75
for the NFA molecule, TT-FIC. The molecule features
a rigid conjugated backbone that promotes π-stack-
ing, which gives rise to intense aggregate absorption
at wavelengths > 950 nm. Obtaining Eopt from the
intercept of the tail with the abcissa can underesti-
mate its value. In contrast, extrapolating from the
exciton peak as shown in Fig. 7.75 (dashed line)
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gives a value closer to EG, but at smaller energies than
the 0–0 crossing. The difference between E0-0 and Eopt

estimated by extrapolation is �70 meV. In spite of
possible inaccuracies, the extrapolation method is
straightforward and has the advantage of avoiding
errors incurred by using the weak, but extended ag-
greagate tail.
We now calculate the short circuit current using

the AM1.5G reference spectrum, EREF(λ) in Fig. 7.69
to find ηP for a more realistic (i.e. non-ideal)
OPV. The jSC is obtained by integrating the OPV
responsivity given by R λð Þ ¼ qηext λð Þ λ=hc½ �, and
EREF(λ). As in the calculations above, we assume
that ηext is constant across the visible spectrum up
to EX, the low energy onset of the absorbing mater-
ial. It is likely that in a high performance bulk or
mixed HJ cell, that ηED, ηCC � 1. With these assump-
tions along with Eq. 7.154, we can estimate the
power conversion efficiency using several device
characteristics that are within reasonable reach
using current technology. An example efficiency cal-
culation shown in Fig. 7.76, assuming benchmark
values of ηext ¼ 90% (vs. ηext ¼ 100% in Fig. 7.74)
and FF ¼ 0.75. For fullerene-based OPVs, Eloss is
between 0.5–0.7 eV, whereas for NFAs (see
Section 7.4.3), Eloss typically lies between 0.4–0.6 eV.
The ripples in the curves in Fig. 7.76 arise from using
a reference AM1.5G spectrum in contrast to the

smooth black body radiation function employed for
Fig. 7.74. As an example, we assume that Emin

X ¼
1:4 eV (corresponding to λ � 900 nm) and Eloss ¼
0.5 eV. Then we obtain a power conversion efficiency
of 19.9% for a single junction cell, which falls some-
what short of 22% for �GCT ¼ Eloss ¼ 0:5 eV in Fig,
7.74. In both cases, however, the peak efficiency is
achieved for an optical gap of approximately 1.4 eV,
revealing a practical guideline in the design of light
absorbing materials for use in OPVs.
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Using this same approach, we can calculate
the realistically achievable efficiencies of series-
connected multijunction cells, assuming that the
cell comprises materials with completely non-
overlapping absorption spectra. Current continuity
requires that each subcell generate the same photo-
current, which determines the absorption band that
can be occupied by each subcell, from 350 nm up
to the optical gap of the lowest energy-absorbing
subcell. For simplicity, we assume that the individ-
ual subcells equally divide the absorption spectrum.
Results of these calculations are shown in Fig. 7.77,
where once again we use ηext ¼ 90%, FF ¼ 0.75 and
Eloss is the same for each cell in the stack. We also
assume that there are no optical or electrical losses
introduced by the CRZs. That is, the total cell VOC is
the sum of VOC of the individual subcells, see
Eq. 7.49. The efficiencies in the stacked cells are con-
siderably higher than for the single junction cells,
even when single junction cells operate at the
thermodynamic limit. The tandem cell (again taking
Eloss ¼ 0.5 eV) gives ηP ¼ 27% and the triple junction

device yields ηP ¼ 29%. While the efficiency
increases slowly from EG ¼ Emin

X < 1:4 eV to
Emin
X ¼ 1:1 eV, there is little advantage gained by

including materials with longer wavelengths in the
reddest absorbing subcell.
The improvement between one, two, and three sub-

cells suggests that the efficiency can be further in-
creased by simply increasing the depth of the stack.
Figure 7.78 shows a plot of ηP vs. Eloss for cells com-
prising as many as six series-stacked subcells. While
there is a monotonic increase in efficiency with the
number of cells, the increase becomes negligible for
greater than five subcells. The reduced benefit of add-
ing more cells arises from the diminished current
contributed by each successive cell that absorbs an
ever-smaller slice of the solar spectrum.
Note that these calculations only provide guidance

to expectations for multijunction cell efficiencies. In
fact, the actual efficiencies will be even lower than
shown in Figs. 7.76–7.78 since ηext is not expected to
be a step function with abrupt cutoffs at high and low
energies, and each subcell will undoubtedly have
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different Eloss, FF, and maximum ηext. Also, no as-
sumptions have been made about the match of the
optical field with the absorption spectrum of a par-
ticular subcell; it is only assumed that these factors
combine to result in ηext¼ 90% across each absorption
band. Nevertheless, these calculations provide in-
sights into the factors that govern, and ultimately
limit practical OPV efficiencies.

7.3.3 Measuring solar cell efficiency

Accurate quantification of solar cell performance is
essential for making valid comparisons of results
from different laboratories, and for qualification of
devices for commercial production and use. The fun-
damental challenge of measuring efficiencies of cells
based on technologies that employ new, unproven
materials sets and device architectures is that the
laboratory devices are often small (1–10 mm2 is typ-
ical) and unstable. Complicating matters further is
that the measurement of solar cell power conversion
efficiency is considerably more involved than simply
measuring the external quantum efficiency of a photo-
detector. The elements required for measuring ηP are
as follows:

(i) Calibrated reference detector. The reference should
cover at least the same spectral range as the test
device. Reference detector calibrations should be
traceable to a qualified standards laboratory
such as the US National Institute of Standards
and Technology (NIST).

(ii) Solar reference spectrum. The standard for AM1.5G
illumination is currently ASTM G-173-03.

(iii) Solar simulator lampwith an appropriate optical filter.
Xenon lamps are most frequently employed due
to their long operational lifetime, and coverage of
the visible and NIR spectra that approximately
corresponds to the solar spectrum. The output of
the simulator should be adjusted using the ap-
propriate optical filter (e.g. AM1.5G) tomatch the
reference spectrum as closely as possible. The
output illumination should be uniform across
the entire test and reference cell areas, and its
intensity should reach, at a minimum, 1 sun
(1 kW/m2). Higher power is desirable for full
characterization of the cell performance.

(iv) Test cell. This is the device to be characterized. Its
area should be as large as possible. However, the
highest efficiency laboratory “hero” results typ-
ically use small cells to avoid loss due to para-
sitic resistances. Such small cells can lead to
inaccuracies in determining the device active
area, whose uncertainty is a function of the
square of the cell linear dimensions.

(v) Optical mask. This is used to shade the cell per-
iphery from the incident light to avoid collection
of charge beyond the presumed active area, as
defined by the region of overlap between anode
and cathode contacts (Kim et al., 2008,
Burlingame et al., 2018).

(vi) Monochromator. To assure accuracy, the cell effi-
ciency should be measured by two different
methods: (1) using a solar simulator to measure
jSC, FF, and VOC under prescribed measurement
conditions, and (2) by measuring ηext vs. λ. The
integral of the quantum efficiency spectrum con-
volved with the reference spectrum is then used to
calculate jSC. The integralmethod is generallymore
accurate than that obtained with a solar simulator,
andhence shouldalwaysbe employedas a checkof
the other measurement. For this purpose, and for
quantifying the simulated spectra and the response
of the reference detector, a monochromator is
required.

Ultimately the complexity of measuring ηP arises
from inaccuracies in determining the differences be-
tween the lamp (i.e. solar simulator) and the solar
spectra, and the effects that those differences have
on determining jSC. The FF and VOC are easily and
accurately extracted from the j-V characteristics in the
4th quadrant. Since VOC is only logarithmically
dependent on jSC (Eq. 7.122), and since it is straight-
forward to set the incident power accurately with a
calibrated detector, the open circuit voltage can be
obtained to within 1%.
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Figure 7.78 Power conversion efficiency vs. energy loss for series-
connected multijunction cells with a long wavelength cutoff energy of
EG ¼ 1.1 eV (Che, 2018).

Reprinted with permission.
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Methods for accurately measuring the spectrally
dependent photocurrent have been described previ-
ously (Seaman, 1982, Emery and Osterwald, 1986,
Osterwald, 1986, Shrotriya et al., 2006). Here we out-
line the measurement process, particularly with refer-
ence to difficulties encountered with small diameter
OPVs. If followed carefully, this procedure should
yield the power conversion efficiency to within a few
percent (relative).Toassure thehighest confidence in the
outcome, an independent laboratory should also dupli-
cate the measurements. Several precision measurement
laboratories such as the National Renewable Energy
Laboratory in (Golden, CO, USA), Fraunhofer Institute
for Solar Energy Systems (Fraunhofer ISE, Freiburg,
Germany), and the Tokyo Laboratory Japan Electrical
Safety & Environment Technology Laboratories (JET)
are three such examples.

The devices should be measured under standard re-
porting conditions (SRC) which are Pinc ¼ 1 kW/m2,
AM1.5G reference spectrum, and a cell temperature
of 25°C. The importance of calibrating the detector

and source lamp spectral responses can be understood
from the sample data in Fig. 7.79 for the test and refer-
ence cells, the Xe source lamp with an AM1.5G filter,
and the reference spectrum. The test cell comprises the
structure: glass/ITO/MoO3 (10 nm)/DTDCPB:C70

(1:1, 80 nm) HJ/BPhen:C60 (8 nm)/BPhen (5 nm)/Ag
(100 nm) (Griffith et al., 2015). The reference is a KG5-
filtered Si photodiode whose calibration is traceable to
a NIST standard. The relative, or normalized, spectral
responsivities of the OPV and the Si reference detector
are ST(λ) and SREF(λ), respectively in Fig. 7.79a. This is
not an optimal situation since SREF(λ) does not fully
overlap ST(λ) at long wavelengths, leading to a signifi-
cant difference in photocurrent generated by the two
diodes at 800 nm > λ > 600 nm, shown on the right in
Fig. 7.79a. Nevertheless, the responses are sufficiently
similar to compensate for their mismatch, as shown
below. Similarly, the normalized irradiance spectra of
the solar simulator source (ESIM(λ)) and the reference
(EREF(λ)) are shown in Fig. 7.79b. Again, there are areas
of the spectra where the overlap is poor, particularly at
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λ < 450 nm. The fractional error in the measured
photocurrent using these two spectra is

ferror ¼ jTSIM
jTREF

; ð7:156Þ

where jTSIM and jTREF are the short circuit currents
for the test device illuminated by the simulated and
reference spectra, respectively. The currents are ex-
pressed by integrals over the two spectra:

jTSIM ¼
ðλ2
λ1

ESIM λð ÞST λð Þdλ ð7:157aÞ

and

jTREF ¼
ðλ2
λ1

EREF λð ÞST λð Þdλ; ð7:157bÞ

where the limits of integration, λ1 and λ2, should
extend across the entire range of response of the
detector under test.
The products EREF,SIM(λ)ST(λ) of the spectra in

Fig. 7.79 are presented in Fig. 7.80a, along with the
difference in the two spectra in Fig. 7.80b. The differ-
ences are indeed quite large, even though the reference

and simulated spectra in Fig. 7.80 overlap reasonably
well. The currents obtained using Eq. 7.157 are jTSIM ¼
16:3 mA= cm2, whereas jTREF ¼ 14:6 mA= cm2. This is
nearly a 12% overestimation of the short circuit cur-
rent using the simulated spectrum, which would lead
to a similar overestimation of ηP. The discrepancy
arises primarily from the differences between the
OPV response and that of the Si detector with a filter
that cuts off at a shorter wavelength. However, there
are many detectors to choose from.
Sample spectra for Si detectors with different filter

types are provided in Fig. 7.81. The most complete
overlap with the OPV spectrum in Fig. 7.79 is
achieved with a KG3 or perhaps KG2 filtered Si
detector.
By replacing ST(λ) with SREF(λ) in Eq. 7.157, analo-

gous expressions exist for the reference cell current
under simulated and reference illumination

�
jREF
SIM and

jREF
REF, respectively

�
. Substituting these expressions into

Eq. 7.156, we obtain a measurement error of

ferror ¼

ðλ2
λ1

ESIM λð ÞST λð Þdλ

ðλ2
λ1

EREF λð ÞST λð Þdλ

ðλ2
λ1

EREF λð ÞSREF λð Þdλ

ðλ2
λ1

ESIM λð ÞSREF λð Þdλ

jREF
SIM

jREF
REF

� �
:

ð7:158Þ
The differential responses and spectra can be com-
pensated to obtain an accurate match of the reference
and source spectra by calculating the spectral mis-
match correction factor, M, given by

M ¼ jTSIM
jTREF

jREF
REF

jREF
SIM
¼

ðλ2
λ1

ESIM λð ÞST λð Þdλ

ðλ2
λ1

EREF λð ÞST λð Þdλ

ðλ2
λ1

EREF λð ÞSREF λð Þdλ

ðλ2
λ1

ESIM λð ÞSREF λð Þdλ
;

ð7:159Þ
such that ferror ¼M jREF

SIM=jREF
REF

� �
. Note that this correc-

tion factor has several interesting properties. For
example, if the simulated and reference spectra are
identical, M ¼ 1 and no correction is required. Simi-
larly, if the responsivities of the test and reference
detectors are equal, M ¼ 1 and once again, no correc-
tion is required. Thus, for accurate measurements, M
should be as close to unity as possible, and preferably
the difference should be < 10%. This is achieved by
making the simulator and solar reference spectra, or
the reference and test detector responsivity spectra as
similar as possible.
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Using Eqs. 7.157–7.159 in Eq. 7.156, we obtain the
calibrated short circuit current of the test cell for the
reference spectrum:

jTREF ¼
jREF
REF·j

T
SIM

M·jREF
SIM

: ð7:160Þ

Measurement of jTREF begins by calibrating the
integrated power of the simulator to the total solar
irradiance, EREF, under SRC. This is done by setting
jREF
SIM ¼ jREF

REF. Furthermore, the simulator spectrum,
ESIM(λ), must be obtained using the monochromator
system. Now, the effective irradiance of the solar simu-
lator is only that fraction of total power that overlaps
the response of the reference detector, and is given by

Eeff
SIM ¼M·jREF

SIM=CN; ð7:161Þ

where CN is the calibration number, which is the ratio
of the short circuit current of the reference to the total
irradiance, ETOT. By setting the simulator intensity to
Eeff
SIM ¼ EREF, then jREF

REF ¼ CN·EREF and

jREF
SIM

jREF
REF
¼ Eeff

SIM

M·EREF
: ð7:162Þ

Returning to our device in Fig. 7.78, the first ratio
on the right in Eq. 7.159 taken from data in
Fig. 7.79 is 16.3/14.6 ¼ 1.116. Balancing the
power such that Eeff

SIM ¼ EREF yields an adjustment
of 12.2 mA/cm2 for the reference current using the
simulated spectrum, and 11.4 mA/cm2 for the ref-
erence spectrum. By making the lamp intensity the
same as EREF, however, the second ratio on the
right hand side of Eq. 7.159 is equal to unity and
is ignored. In this example, therefore, we have
M ¼ 1.116, which is larger than desired for an
accurate measurement.

The test device is mounted directly beneath a mask
of known area that is smaller than that of the solar cell
to underfill the device area. Then under short circuit
conditions, we obtain jTSIM. The mask should then be
removed. The fourth quadrant j–V characteristics
measured at EREF then yield VOC and FF. Using these
measured values and Eq. 7.160, we obtain the cali-
brated test cell response.
A cross-check of the efficiency can be obtained by

measuring the absolute detector responsivity, ST(λ),
using illumination from a monochromator that is var-
ied from λ1 to λ2, and calculating jTREF from Eq. 7.157b.
This measurement should be done while the device is
flooded by simulator illumination of �1 sun intensity
to avoid errors due to recombination at low light
levels, or resistive losses at higher intensities. Also,
the monochromator output intensity should be cali-
brated at each wavelength using the reference detect-
or. Finally, as in the case of the j–V measurement, the
monochromatic optical beam should underfill the de-
vice area to ensure that all incident photons are de-
tected. If the measurements are accurate, the short
circuit current calculated from Eq. 7.157b should
agree with that of Eq. 7.160 to within 5%.
Underfilling the device active area by using a mask

or a focused light source is crucial for obtaining ac-
curate results, especially with small diameter OPVs
whose peripheral area is a substantial fraction of the
total device area. In some OPV structures, light sensi-
tivity extends beyond the area defined by the con-
tacts, which leads to errors in precisely determining
device active area when calculating jSC. A striking
example of peripheral charge generation is shown in
Fig. 7.82 for a planar-mixed small molecule OPV
whose structure is shown schematically in the inset.
The donor for this experiment is DTDCBP that was
used in the devices in Figs. 7.78 and 7.79. Illumination
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from an optical fiber placed in close proximity to the
glass substrate is projected into the active region of
the OPV. The current is measured as the fiber is
slowly scanned across the diode diameter defined by
the Ag cathode, and well beyond its periphery to a
distance, L. Excitons generated in the mixed layer
dissociate into holes that are immediately collected
in the underlying ITO anode, but electrons must
enter the 10 nm thick neat fullerene (C60) layer
where they are trapped between the BCP electron
blocking layer and the donor. The photocurrent
collection is efficient, even when the optical beam is
located 1 cm from the Ag cathode (Burlingame et al.,
2018). This is an extreme case of edge current collec-
tion that depends on the unconventional choice of
donors and details of the architecture employed. If
one attempted to measure the efficiency of the device
with overfilled illumination that extended well be-
yond the Ag cathode, the current would be far greater
than anticipated. This would lead to a substantial
overestimation of efficiency, since practical solar
cells are large area devices where peripheral currents,
even as large as in this example, do not significantly
contribute to the total cell current.
The cell layout (i.e. the contact arrangement) also

can affect the magnitude of the peripheral currents in
small area devices. For example, the j–V characteris-
tics from ITO/PEDOT:PSS (65 nm)/P3HT:PC61BM
(1:1, 150 nm)/LiF (1 nm)/Al (100 nm) BHJ OPVs
with two different electrode arrangements are illus-
trated in Fig. 7.83 (Kim et al., 2008). Both devices have

overlapping cathode/anode contact areas of (2 mm)2,
but in one device the Al cathode is an isolated island
on the large area active layer and ITO anode, whereas
in the second OPV the cathode and anode form an
overlapping crossbar pattern. A large optical beam
overfills the contacted areas with AM1.5G, 1 sun illu-
mination. The short circuit currents obtained from
these otherwise identical devices are significantly dif-
ferent; the island layout gives jSC ¼ 5.5 mA/cm2,
whereas the crossbar gives 7 mA/cm2 (Fig. 7.83a).
The difference is attributed to excess edge currents
in the latter device, illustrated in Fig. 7.83b. The con-
ducting PEDOT:PSS layer overlaps the ITO stripe,
providing a route for the collection of photogenerated
holes along the orthogonal Al stripe, thus providing a
larger effective area than the overlap of the two
stripes. Edge collection is considerably reduced
when the cathode is only an island, and can be further
reduced or even eliminated if the PEDOT:PSS layer is
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Burlingame, Q., Coburn, C., Che, X., Panda, A., Qu, Y. & Forrest, S. R. 2018.
Centimetre-scale electron diffusion in photoactive organic heterostructures.
Nature, 10.1038/nature25148
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omitted. In either case, this points to the large errors
that can be incurred when the illumination overfills
the contact area of an OPV.

Themost effective means to reduce edge effects is to
increase the device area. However, this comes at the
price of reduced efficiency due to increased series
resistance of the ITO anode. Hence, the areas of cells
developed to demonstrate the highest efficiencies are
typically minimized to eliminate extrinsic resistances
that decrease the FF, and hence both VM and IM
(Green, 2017). The effect of contact size for single
and multijunction cells was systematically compared
using devices with generic structures shown schemat-
ically in Fig. 7.9. Specifically, single, tandem, triple
and four junction OPV cells based on the donors,
DTDCTB and DBP, were combined with C60 and C70

acceptors. A DBP:C70 planar-mixed HJ was employed
as a blue-green absorbing subcell (SC-1 in Fig. 7.9)
while DTDCTB:C60 PM-HJ primarily absorbs in the
NIR (SC-2). The stacked subcells are interconnected
with a CRZ comprising a BPhen:C60 mixed layer (1:1,
5 nm)/Ag (0.1 nm)/MoO3 (5 nm) (see Section 7.5.2).
Four-junction cells comprised (from the cathode): Ag
(100 nm)/BPhen (7 nm)/SC-1/CRZ/SC-2/CRZ/SC-
1/CRZ/SC-2/MoO3 (10 nm)/ITO. For triple, tandem
and single junction cells, the subcells and CRZs clo-
sest to the anode were eliminated according to the
number of stages (e.g. a tandem had active regions
of SC-1/CRZ/SC-2) (Xiao et al., 2015).

The FF and ηP vs. cell area are shown in Fig. 7.84a
and b, respectively, for single, double, triple, and
quadruple junction cells. The jSC and VOC are un-
affected by device area over the limited range ex-
plored, consistent with the effects of increased series
resistance inferred from Fig. 7.70. The performance
characteristics of each cell type as area, A! 0 are
provided in Table 7.6. Among various devices, single
junction cells exhibit the largest drop in ηP of 17% as
area increases from 1 mm2 to 1 cm2, whereas tandem,
triple and four junction cells suffer reductions of 8.5%,
6%, and 4%, respectively. The reduced loss in effi-
ciency for multijunction cells is primarily due to
their increased VOC and reduced jSC with each add-
itional sub-element. That is, the incremental power
loss due to series resistance, �Ploss ¼ I2Rser, decreases
with the square of the cell current.

The specific series resistance (RserA) of the OPV is
given by

RserA ¼ R□LA
W

þ
X
N

ρOtO þ rintð Þ; ð7:163Þ

where the sum is over each element in the stacked
device consisting of N ¼1, 2, 3, or 4 sub-elements, R□

is the sheet resistance of the ITO anode, L and W are
the length and width of the ITO contact, ρO is the
resistivity of the organic layer, tO is its thickness,
and rint is the specific interface resistance within the
cell stack. The first term on the right is due to the ITO
anode resistance, while the terms in the summation
are due to the organic layer and interface resistances.
This expression is simplified by assuming that the
total internal junction resistance, rjn, of each subcell
is the same. Then,

RserA ¼ R□LA
W

þNrjn: ð7:164Þ
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Table 7.6 Performance of 1 mm2 single, tandem, triple, and quadruple
junction OPV cells (Xiao et al., 2015)

No. junctions jSC (mA/cm2) VOC (V) FF ηP (%)

Single 11.3 0.92 0.59 6.1

Tandem 7.5 1.70 0.58 7.4

Triple 5.3 2.59 0.58 8.0

Quadruple 4.7 3.34 0.57 8.9
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As shown in the inset of Fig. 7.84a, RserA increases
linearly with device area, as expected. The slopes of
the lines give an average junction resistance �rjn ¼
2:1 Ω cm2. For the 1 mm2 single junction cell,
R□A ¼ 0:015 Ω cm2, which is small compared with
rjn. However, for the 1 cm2 single junction cell, R□A
increases to 18 Ω cm2, which now dominates. Multi-
junction cells show similar trends. However, since the
total resistance of the organic layers is higher for multi-
junction than for single junction OPVs due to the in-
creased number of layers and interfaces, scaling of
resistance with area is not as pronounced as for single
junctionOPVs, andhence the ITO sheet resistanceplays
a relatively small role in the latter cells compared to
contributions from rjn. For large area cells, the sheet
resistance dominates, leading to a significant drop in ηP.
The results of this analysis for the normalized fill

factor of FF ∞;RserAð Þ=FF ∞; 0ð Þ vs. jSC and VOC for
1 cm2 cells are shown in Fig. 7.85. Consistent with
our previous discussion, FF is maximized as jSC is
reduced and VOC is increased in multijunction cells.
Measurement of ηP for multijunction cells is con-

siderably more challenging than for single junction
cells since the subcells cannot be independently con-
tacted, and therefore Eq. 7.159 can no longer be used
to calculate the spectral mismatch factor. The total
current in a series-connected cell is limited by the
subcell that passes the lowest current. Therefore, the
current at a given wavelength generated by meas-
uring the quantum efficiency of one subcell is inher-
ently ambiguous due to current simultaneously
generated by the other subcells in the stack. To
reduce the error in jTREF, therefore, a reference detect-
or whose efficiency spectrum most closely matches

that of the test device, that is, jREF
SIM � jTSIM, can be

employed along with a simulator whose spectrum
approximates that of the reference AM1.5G spec-
trum. This, however, provides no more than a
loose approximation of efficiency that does not sub-
stitute for a precise measurement.
Inaccuracies can be reduced by measuring the cell

efficiency out-of-doors on a clear day, making sure to
measure the solar spectrum and intensity under
which the cell is being tested. However accurate this
test may be, it is not a practical, solution since the
solar irradiance depends on many factors including
latitude, atmospheric conditions, time of day, etc.
Hence, such a measurement does not conform to a
standard by which other cells, measured elsewhere
and at different times can be compared. A standard-
ized laboratory method formultijunction cell efficiency
measurements has been implemented at NREL using
the so-called one sun multisource solar simulator
(OSMSS) shown in Fig. 7.86a (Moriarty et al., 2012).
This apparatus consists of nine spectral channels
whose intensities can be independently varied to create
a 1 sun intensity spectrum that reasonably approxi-
mates that of the reference spectrum. The procedure
for finding this spectrum for a particular test subcell is
accomplished by independently exciting each subcell
via optical biasing. This requires the illumination of
subcells not being tested by wavelengths not absorbed
by the subject subcells. Optical biasing thus avoids the
other devices in the stack from limiting the total cur-
rent. Then, as before, the current of the ith cell in the
stack is

jTSIM;i ¼
ðλ2
λ1

ESIM λð ÞSi
T λð Þdλ: ð7:165Þ

The ratio, Rij, of currents between any combination of
two subcells i, j, is then adjusted to

Rij ¼

ðλ2
λ1

EREF λð ÞSi
T λð Þdλ

ðλ2
λ1

EREF λð ÞSj
T λð Þdλ

ðλ2
λ1

ESIM λð ÞSj
T λð Þdλ

ðλ2
λ1

ESIM λð ÞSi
T λð Þdλ

¼ 1:

ð7:166Þ
Once the spectrum is constructed by iteratively set-
ting Rij ¼ 1 for all i, j (usually at an intensity within
each band of�0.5 sun for that band), the full intensity
is set to 1 sun using a reference detector. The power
conversion efficiency is then obtained by dividing jTSIM
by the mismatch factor which is the same for the
N subcells by following the procedure that sets all
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(Xiao et al., 2015).
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Rij ¼ 1. The complex OSMSS system can be replaced
by a single, intense light source with a series of filters
that are switched in and out to measure the currents
of the individual subcell pairs.

An example spectrum constructed in this manner
for a triple junction GaInP/GaAs/GaInAs cell is
shown in comparison to an AM1.5G reference spec-
trum in Fig. 7.86b. The spectral agreement is sufficient
that the photocurrents generated in each subcell were
within 1% of their value under the reference.

As we will find in subsequent sections, multijunc-
tion OPVs can deliver superior performance to sin-
gle junction cells. As such, it is not practical to send
all experimental cells to standards laboratories
whose measurements are more suitable for qualify-
ing solar cells for commercial use. Indeed, sending
model cells to such laboratories is both time con-
suming and often unnecessary. Nor can every la-
boratory afford a complex system such as the

OSMSS, nor have the expertise to operate it proper-
ly. For these reasons, one requires a method that
provides a reliable efficiency measurement that is
simple, inexpensive and accurate. The light biasing
setup illustrated in Fig. 7.87a provides a means for
such an efficiency measurement.
The measurement procedure is as follows for the

example tandem cell whose individual subcell spectra
are shown in Fig. 7.87b. The device should comprise
subcells whose individual spectra have at least one
region that does not overlap the spectra of other
subcells in the stack. Then, a high intensity monochro-
matic light source operating in the transmission
window of the subcell under test is used to selectively
“turn on” the other cells such they deliver a current
close to jSC under 1 sun illumination. Then a weak,
chopped light source is passed through a mono-
chromator to excite the subcell under test to obtain
its current at each wavelength, and hence its
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Figure 7.86 (a) Schematic of the one sun multisource solar simulator (OSMSS). (b) The spectrum constructed for a GaInP/GaAs/GaAs triple junction cell
using the OSMSS vs. the reference AM1.5G ASTM G173 direct spectrum (Moriarty et al., 2012).
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efficiency spectrum, ηext(λ). To avoid current gener-
ated from the bias light source due to residual absorp-
tion by the subcell under test, the monochromatic
light must be synchronously detected at the frequency
of the chopper. This procedure is reproduced to cap-
ture ηext(λ) for each cell in the stack. The placement of
a red and blue bias light for the example tandem
spectrum is shown in Fig. 7.87b.
The overlap of the spectra of the long and short

wavelength cells allows the short wavelength bias
illumination at 530 nm to effectively “turn on” both
cells, while also enabling a measurement of ηext(λ) of
the long wavelength cell. In contrast, the short wave-
length subcell does not absorb the long wavelength
bias beam at 780 nm. Thus, the efficiency measured
for the short wavelength cell must be corrected for
very low intensity excitation, since in some OPVs the
subcell efficiency varies with intensity, decreasing as

Pinc ! 1 sun. This correction is easily obtained by
fabricating single junction subcells that are similar to
those used in the stacked OPV and measuring ηext(-
Pinc) for each at 1 sun, AM1.5G simulated
illumination.
A further complication common to OPVs is that

the charge extraction efficiency increases with re-
verse bias. The j–V characteristics for a strongly
optically biased and a current-limiting subcell in a
tandem are illustrated in Fig. 7.88 (dotted line).
These conditions show that the current-limiting
subcell is reverse biased at �V0 (dashed line), yield-
ing a higher jph than its own jSC. Hence, the
measured ηext(λ) must be corrected to account for
the overestimation by �jph. This is accomplished by
forward biasing the tandem by +V0 during the effi-
ciency measurement. The amount of forward bias to
apply to arrive at �jph ¼ 0 is once again obtained
from the response of discrete cells engineered to
closely resemble the subcells in the multijunction
device (Gilot et al., 2010a, 2010b).
Once the light bias measurements are obtained,

and suitable corrections for voltage and intensity-
dependent efficiency have been applied, the total
quantum efficiency of the tandem is obtained from
the sum of the external efficiencies of the constitu-
ent subcells. Then, integrating over the reference
spectrum, jTREF is obtained without requiring a
measurement of the spectral mismatch factor. Con-
sequently, this provides ηP once VOC and FF are
measured under SRC. While it is increasingly com-
plicated to obtain accurate efficiencies of devices
with more than two subcells, the approach is gen-
eral and can in principle be extended to
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Figure 7.88 Current–voltage characteristics of a tandem OPV, and
the current-limiting, and the optically biased subcells. Under short
circuit conditions, V0 ¼ �V0 such that the total tandem cell bias is
V ¼ 0 V. Adapted from Gilot et al. (2010b).
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multijunction cells with any number of stacked
elements (Di Carlo Rasi et al., 2017).

7.4 Architectures, morphologies, and
materials for OPVs

Three critical factors that determine the efficiency of
an organic solar cell are the device layering scheme,
or architecture, the morphologies of the layers with
particular focus on the optically active and exciton
blocking regions, and the materials used in all of the
layers. Having laid the general groundwork for
understanding the operation, quantification of per-
formance, and limits to the efficiency of OPVs, we
are prepared to look at specific methods to attain
high efficiency and long lifetime by optimizing the
several cell attributes.

We begin this section with a brief history of OPVs
that have led to current devices with operational
lifetimes >20 years and efficiencies >16%. The ad-
vances in OPVs can be divided into six periods, each
marked by discoveries in architecture, layer morph-
ology, and materials. These innovations, or stepping
stones in OPV development, are the demonstration
of (i) Schottky barrier solar cells (Chamberlain,
1983), (ii) bilayer junction solar cells (Tang, 1986),
(iii) multijunction cells (Hiramoto et al., 1990) with
subcells separated by optically lossless CRZs
(Yakimov and Forrest, 2002), (iv) the BHJ OPV by
both solution (Halls et al., 1995, Yu et al., 1995) and
vacuum processing (Xue et al., 2005), (v) fullerene
acceptors in both solution (Yu et al., 1995) and vac-
uum deposited (Peumans and Forrest, 2001) OPVs,
and (vi) high efficiency, non-fullerene-based OPVs
(Cnops et al., 2014). While these are largely techno-
logical advances, OPVs are second only to OLEDs
in igniting the revolution in our understanding of
the physics and chemistry of organic electronic
materials.

The earliest OPVs comprised only a single organic
semiconductor sandwiched between two metal
electrodes with different work functions that create
an internal field. One of the contacts is non-Ohmic,
thereby creating a rectifying Schottky barrier diode.
Excitons that drift to the blocking electrode undergo
dissociation, and the generated free charges are col-
lected (Chamberlain, 1983). The highest efficiencies
were achieved using the metal-free phthalocyanine,
H2Pc, or merocyanine dyes as the active layer due to
their stability and relatively broad spectral coverage
(Morel et al., 1978, Chamberlain and Clooney, 1979).
The disadvantage of this architecture is the thin
photoactive region that is confined near to the

dissociating electrode, the lack of a large Schottky
energy barrier limiting the open circuit voltage while
introducing large background currents, and the nar-
row spectral range spanned by only a single chromo-
phore. Hence, these devices exhibited power
conversion efficiencies <0.1% and fill factors of
�0.25 were not uncommon (FF ¼ 0.25 corresponds
to a linear dependence of j vs. V in the fourth quad-
rant, where jMVM ¼ 1

2 jSC
� �

1
2VOC
� �

).
Most, if not all of the deficiencies of the metal–

organic OPV were eliminated by the introduction of
the bilayer OPV comprising a PTCBI acceptor and
CuPc donor layers (Tang, 1986). The device shown
in Fig. 7.36 employs a type II HJ to efficiently dissoci-
ate excitons. This device represents a transformative
advance in organic solar harvesting devices. The OPV
showed a VOC ¼ 0.45 V, jSC ¼ 2.3 mA/cm2, and FF ¼
0.65 under AM2 (75 mW/cm2) illumination, produ-
cing ηP ¼ 0.95%. Even more remarkable than the
relatively high efficiency was the close to ideal diode
rectifying characteristic of the diode with very low
leakage current; characteristics that are essential to
reaching high performance. Lastly, the materials
employed are stable if kept in an oxygen- and
moisture-free environment.
The next significant advance was the demonstra-

tion of a multijunction cell that delivers increased
power at low current and high voltage, in contrast
to a single junction cell that sources low voltage at
high current. The challenge to successful multijunc-
tion cell operation is to create a zone for efficient
charge recombination between the front and back
cells (see Section 7.1.2). The first attempt used a thin
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Figure 7.89 Measured j–V characteristics under 78 mW/cm2

illumination for (a) single junction, (b) tandem OPVs with a 2 nm thick Au
charge recombination layer, and (c) a tandem cell without the Au layer.
Inset: Cell structure. Adapted from Hiramoto et al. (1990).
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(�2 nm) Au sheet between the subcells, as shown in
Fig. 7.89 (Hiramoto et al., 1990). Both the front and
back cells used Me-PTC as the acceptor, and the
donor in both cells was H2Pc. While the Au recom-
bination layer increased the cell voltage, it unfortu-
nately formed a rectifying contact with the H2Pc layer
in the front cell. Furthermore, the Au layer was suffi-
ciently thick to be optically absorbing. For these
reasons, the voltage was increased by approximately
80% from the single junction cell, but the current was
reduced by nearly a factor of three. Hence, ηP was
lower than for the single junction cell.
Problems with the device in Fig. 7.89 were re-

solved by depositing an ultrathin layer (0.5 nm) of
Ag in place of the thicker Au. The thin Ag is discon-
tinuous, only forming sub-nanometer clusters while
still being completely transparent (Yakimov and
Forrest, 2002). The nanoclusters provided efficient
charge recombination sites with no barrier formation
with the organic films. The introduction of the elec-
trically lossless Ag nanoparticle CRZ led to the
stacking of up to five identical PTCBI/CuPc planar
subcells whose VOC increased linearly up to three
subcells (Fig. 7.90a). Furthermore, ηP of the stacked
cells increased superlinearly between a single junc-
tion and tandem cell, and the devices remained effi-
cient even under intense illumination of 10 suns
(1 W/cm2). This indicated that the CRZs are also
optically lossless. Figure 7.90b shows that increasing
the number of cells beyond two leads to a decrease in
efficiency since the front-most cells absorb much of
the light required in the back cells, thus limiting the
maximum attainable jSC. While the fabrication of
multijunction cells is more challenging than for sin-
gle junction OPVs, the introduction of loss-free CRZs
provided motivation to combine multiple subcells,
each absorbing in different spectral region to reduce
thermalization losses, increase voltage, and ultim-
ately increase power conversion efficiency.
The devices described thus far comprise a planar

HJ structure. However, as already shown, the ex-
citon diffusion length is typically considerably smal-
ler than the optical absorption length, leading to a
low ηED in Eq. 7.48. This efficiency bottleneck was
eliminated by the introduction of the BHJ and mixed
HJ architectures, where excitons dissociate through-
out the active region volume (Halls et al., 1995, Yu
et al., 1995, Xue et al., 2005). This eliminates exciton
diffusion, resulting in ηED ¼ 1, although optimiza-
tion of layer morphology is essential in preventing a
reduction in the charge collection efficiency due to
disorder within the absorbing region. A discussion
of these morphologies is found in Section 7.4.2.

The introduction of the BHJ was contemporaneous
with a second important advance: the use of fuller-
enes (specifically PC61BM) as an acceptor molecule in
a photodiode operating in the photovoltaic mode (Yu
et al., 1995). Rapid donor–acceptor charge transfer,
along with the high spatial symmetry of the spherical
or nearly spherical fullerenes led to a remarkable
improvement in the charge transfer efficiency and
electron conductivity (and thus an increase in ηCC)
compared to previously employed perylene-based ac-
ceptors. Following the introduction of solution pro-
cessable PC61BM, the first solar cells based on vapor-
deposited C60 were employed in a so-called double
heterostructure OPV with an efficiency of 3.6%
(Peumans and Forrest, 2001). Using planar-mixed ac-
tive regions, fullerene-based OPV efficiencies in-
creased to 5% (Xue et al., 2005).
Significant improvements in device performance

have been accompanied by innovations in materials
and device architectures (i.e. the planar HJ, BHJ, and
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the double HJ that included an exciton blocking
layer; Xue et al., 2005). In this context, introducing
new acceptors, starting with the perylenes, then the
fullerenes, and most recently the NFAs have led to
concomitant increases in OPV efficiencies. In fact,
any material can be used as an acceptor provided
that it forms a type II HJ with the selected donor with
sufficiently large energy offsets (�0.5 eV) to drive
exciton dissociation. A suitable acceptor must also
have high electron mobility and a LUMO energy that
approximately matches the cathode metal work
function. We have seen in Chapter 4 that materials
with high electron mobilities are uncommon, which
is one reason that the fullerenes dominated OPV
designs for over a decade.

The importance of the development of new ac-
ceptors is illustrated in the OPV efficiency timeline
in Fig. 7.91. We have seen in foregoing sections that
the diode efficiency depends on the product of the
absorption, electron diffusion, charge transfer, and
charge collection efficiencies. All of these factors
depend on a combination of materials properties
(i.e. absorption coefficient and HOMO–LUMO en-
ergy offsets at the D-A interface), as well as layer
morphology. Indeed, exciton diffusion and charge
mobility intimately depend on the film structure at
the nanometer scale. The fullerenes improved the
coverage of the solar spectrum due to their broad
absorption compared to the perylenes, and their
spherical or near-spherical symmetries allow close
packing, which in turn increases the exciton diffu-
sion length and mobility.

Because of these attributes, the fullerenes supported
an extended run of efficiency increases, although the
rate of improvement slowed in the late 2010s, primarily
due to the large energy loss from the large fullerene
exciton binding energy. Also, while spectrally broad,
fullerene absorption does not extend into the NIR. The
acceptor palette expandedwhen a high efficiency non-
fullerene cell based on halogenated subphthalocya-
nines was demonstrated. Recent innovations in NFAs

have resulted in single junction cell efficiencies exceed-
ing 16% (Yuan et al., 2019).
An early high efficiency cell containing only non-

fullerene-based materials is shown in Fig. 7.92. This
device employed the low ionization energy α-6T
donor forming a planar HJ with a bilayer of the
NFAs, SubNc, and SubPc. The trilayer cell provides
a site for the absorption of high energy photons in the
18 nm thick SubPc, and lower energy photons in
the 12 nm thick SubNc layer. Exciton transport from
SubNc to SubPc is via Förster resonant energy trans-
fer, and subsequently drift to the dissociating inter-
face with the α-6T.
The use of these three materials provides broad

spectral coverage shown in Fig. 7.93a, extending
from <400 nm due to the α-6T, to 750 nm, which is
the long-wavelength cutoff of SubNc. The j–V charac-
teristics of several different combinations of accept-
ors, including C60, SubPc, SubNc, and SubPc/SubNc
are shown in Fig. 7.93b. The larger spectral coverage
of the NFAs results in a substantial increase in jSC.
Importantly, the VOC increases from 0.42 V for C60 to
1.09 V for SubPc. The voltage increase is due to the
larger HOMO–LUMO offset energies between the
subphthalocyanines and α-6T, and to the lower
exciton binding energies of the NFAs. The highest
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Figure 7.91 Rapid increases in cell efficiency have been paced by the introduction of new acceptor molecules grouped into three major categories:
perylenes, fullerenes, and NFAs.
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efficiency achieved is with the SubPc/SubNc device,
with VOC ¼ 0.96 V, jSC ¼ 14.55 mA/cm2, FF ¼ 0.61,
resulting in ηP ¼ 8.4% (Cnops et al., 2014). Since this
demonstration, advancements in developing NFAs
with absorption deeper into the NIR and with smaller
binding energies have continued apace. A more thor-
ough discussion of NFAs and solar cell architectures
developed to exploit their properties is found in
Section 7.4.4.

7.4.1 Architectural elements of high
performance OPVs

The basic architectural elements of conventional sin-
gle junction cells include, starting from the substrate,
a transparent anode contact, anode buffer, optically
absorbing region, an exciton blocking/electron trans-
porting cathode buffer, and the cathode contact. Mul-
tijunction cells also include a CRZ between subcells.
Inverted and transparent cells contain similar elem-
ents but sometimes stacked in reverse order. In this
section we discuss each of the elements in the order in
which they are stacked in a conventional OPV struc-
ture, starting from the substrate.

7.4.1.1 Anode buffers

The anode buffer reduces injection barriers to holes
exiting the donor, allowing for low resistance transport
to the highwork function anode (typically ITO) contact.
There are two principal architectures that accomplish
this purpose: the high LUMO energy, or large work
function electron injecting buffer in Fig. 7.94a, or the
lowHOMO energy, large energy gap (and hence trans-
parent) hole transporting buffer in Fig. 7.94b. These are
Type 1 and Type 2 buffers, respectively. Note that
interface dipoles can exist between the donor, anode,
and the anode buffer. These substantially alter the sim-
ple pictures in Fig. 7.94, and indeed their presence can
ultimately determine the efficiency of charge injection
altogether (Kanai et al., 2010). The origins and effects of
interface dipoles have been discussed in Section 4.6.
Type 1 buffers inject electrons that recombine with

photogenerated holes in the donor. Commonly, the
anode is the p-type ITO. The energy level alignments
with the buffer depend on processing conditions that
can change the stoichiometry, and hence the work
function and ionization potential of the anode.
ITO typically has a valence band maximum energy
of �4.7 eV and an energy gap of 3.75 eV (Méndez-
Pinzón et al., 2010). A wide energy gap organic ma-
terial that satisfies the Type 1 criterion is HAT-CN
with an ionization energy of �9.44 eV, energy gap of
4.24 eV, and a Fermi energy located only 0.26 eV
below the LUMO (Oh et al., 2017). The LUMO energy,
therefore, is positioned �0.5 eV below that of ITO,
allowing for barrier-free injection of electrons from
the buffer LUMO into ITO.
In contrast, Type 2 buffers have an ionization

energy comparable to that of the donor and the
anode contact, allowing for efficient hole conduction.
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Figure 7.94 (a) Type 1 electron injecting and (b) Type 2 hole conducting
anode buffers that connects the anode contact with the donor in the
active region. Interface dipoles that may exist depending on materials
combinations used, are omitted.

400
0.0

0.5

1.0

500

Wavelength (nm)

Voltage (V)

C
ur

re
nt

 D
en

si
ty

 (m
A

 c
m

–2
)

–1.0

–15

–10

–5

0

–0.5 0.0 0.5 1.0

(a)

(b)

A
bs

or
pt

io
n 

(n
or

m
.)

600 700

α–6T/C60

α–6T/SubPc
α–6T/SubNc
α–6T/SubNc/SubPc

α–6T SubPc SubNc

Figure 7.93 (a) Normalized absorption spectra of the materials
employed in the device in Fig. 7.92. (b) Measured j–V characteristics of
several devices using fullerene and non-fullerene acceptors under
simulated, 1 sun intensity solar illumination (Cnops et al., 2014).

650 ORGANIC LIGHT DETECTORS



An example of a Type 2 buffer is PEDOT:PSS (Zhang
et al., 2007). Like ITO, the energy levels and their
alignments are dependent on the precise mixtures,
and preparation of this material. Using photoelectron
spectroscopic probes, the ionization energy of p-type
PEDOT:PSS is 4.9 eV, and the energy gap is �1.6 eV
which places its HOMO level at only �0.2 eV below
that of the valence band maximum of ITO (Ratcliff
et al., 2012). Its narrow energy gap makes this mater-
ial weakly absorbing in the visible. Thus only very
thin layers can be employed in efficient OPVs.

Transparent metal oxides (TCOs, or MOx) have been
extensively exploited as anode buffers (Han et al.,
2009, Kanai et al., 2010, Dasgupta et al., 2013, White
et al., 2016, Guo et al., 2017). This class of materials
has a broad range of energy gaps and Fermi energies,
yet they generally serve as reasonably efficient hole
buffers. The most often used oxide is MoO3, which
has a deep conduction band minimum of close to
7 eV, thus forming a Type 1 buffer. Numerous models
have been advanced to explain its apparent ability to
transport holes, which is opposite to the electron con-
ducting mechanism in Fig. 7.94a. The models impute
the presence of very large interface dipoles, or trans-
port through mid-energy gap states due to oxygen
vacancies that give rise to a defect-induced hole trans-
port band (Kanai et al., 2010, Dasgupta et al., 2013).
However, these scenarios are unlikely since the hole
conductivity within an impurity band with a limited

density of states would presumably be far less than
the electron conductivity in the conduction band, as
both would serve the same purpose of transporting
charge from the donor to the anode.
The ability of TCOs to conduct holes to the anode is

explained by the differences in HOMO energies be-
tween several molecular solids such as α-NPD, 2T-
NATA, and CBP and the work function, ϕΜ, of a
range of TCOs. As shown in Fig. 7.95, the energy
difference fits on a universal curve when plotted
against ϕM � IEorg. Here, IEorg is the ionization energy
of the organic overlayer measured by ultraviolet
photoelectron spectroscopy (see Appendix C). The off-
set energy between the Fermi energy of themetal oxide
and the donor HOMO, �EH, increases linearly for
ϕM � IEorg < 0, until ϕM � IEorg ¼ 0, at which point the
HOMO energy is pinned at �EH � 0:3 eV. Increasing
ϕΜ further does not result in a change in the HOMO
energy relative to the metal oxide. This trend indicates
that details of the organic, and the electronic structure
or the reconstruction of the MOx surface, has little if
anything to do with the energy level alignments.
The apparently universal relationship results from

filling of oxygen vacancies in the transitionmetal oxide
via charge exchange with the organic layer on its sur-
face. The electronic structure of transition metal oxides
is primarily determined by filling their d-band orbitals,
as illustrated in Fig. 7.96a. The metal oxides can be
broadly separated into four classes. Class 1 oxides
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Figure 7.95 HOMO offset energy,�EH, vs. the difference in metal oxide work function, ϕΜ , and organic ionization energy, IEorg, for a variety of metal
oxides and organic semiconductors. The Fermi energy, EF , is shown at �EH ¼ 0. Inset: Definition of the variables used in the plot (Greiner et al., 2012).

Reprinted by permission from Springer Nature, Nature Materials, 11, 76, Universal energy-level alignment of molecules on metal oxides, Greiner, M. T., Helander,
M. G., Tang, W.-M., Wang, Z.-B., Qiu, J. & Lu, Z.-H., Copyright 2012.
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(e.g. V2O5, MoO3, WO3, TiO2, Ta2O5) are d0 insulators
in their native state since they have empty conduction
levels. Since these materials generally are non-
stoichiometric compounds due to a high density of
oxygen vacancies, the d-bands are only partially occu-
pied. The vacancies form defect states below the Fermi
energy, giving themn-type character (Class 1a). Class 2
metal oxides have partially filled d-bands with a low
density of electrons at energies higher than d0, giving
themmetallic character. Examples of Class 2 materials
areWO2, TiO, MoO2, and Cr2O3. Class 3 oxides have a
large number of electrons in these energy bands, filling
them to even higher energies (examples includeCo3O4,
CoO, NiO, CuO). Finally, oxides whose bands are
completely filled (known as the d10 oxides) form
Class 4 semiconductors (Ag2O, Cu2O).
The relative positions of the MOx Fermi energies to

those of the organics are illustrated in Fig. 7.96b. In
spite of the variety of electronic structures, energy
gaps and compositions of the oxides, the Fermi ener-
gies all lie within a narrow range from approximately

4.5 eV for CoO to 7 eV for MoO3. Many of the oxides
are suitable as Type 1 (e.g. MoO3, WO3, etc.) or Type 2
(Cu2O, NiO, etc.) buffers, depending on the organic
used as the donor.
Thedependence of�EH onϕM � IEorg and the source

of the Fermi level pinning in Fig. 7.95 are explained as
follows: As the HOMO energy of the organic moves
closer to the vacuum level, Eorg

vac, than EF of the MOx,
there is electron transfer from themolecular layer to the
oxide. The number of cation molecules, M+, formed is
given by Fermi statistics, viz. (Greiner et al., 2012)

Mþ½ � ¼ M0
� �

1þ gexp Eform=kBT
� � ; ð7:167Þ

where Mþ½ � is the concentration of ionized molecules,
M0
� �

is the total concentration of molecules, g is the
degeneracy factor which is equal to the total number
of equivalent charge states of the molecule, and Eform

is the formation energy of the charged molecular
state. Once the Fermi energy equals, or exceeds the
HOMO energy, charge transfer no longer occurs, and

En
er

gy
 (e

V
)

(b)

(a)

Oxides

Decreasing work function Decreasing IE

IE
ϕ

Organics

12

M
oO

3

C
rO

3
V

2O
5

C
o 3

O
4

C
oO

C
BP

2T
-N

A
TA

α
–N

PD

C
r 2

O
3

Ta
2O

5

C
u 2

O

C
uO

Ti
O

2

M
oO

2

W
O

3

N
iO

10

8

6

4

2

0

En
er

gy
Defect
state

Class 1 Class 1a Class 2 Class 3 Class 4

O
 2

p
d–

ba
nd

s

EF
EF

EF
EF

Figure 7.96 (a) Schematic illustration of the energy band structure of transition metal oxides with different d-band occupancies. Also shown are the O 2p
orbitals. (b) Energy gaps and Fermi energies of metal oxides whose energies are plotted in Fig. 7.95, along with the organics used to form the
heterojunctions (Greiner et al., 2012).

652 ORGANIC LIGHT DETECTORS



the number of ionized molecules becomes saturated.
Increasing the Fermi energy further, therefore, does
not lead to a concomitant increase in Mþ½ �.

From this analysis, the HOMO energy relative to EF

is given by

�EH ¼ IEorg � αϕþ�þ q2ρd
2ε0

X∞
i¼0

1

1þ gexp Ei
form=kBT

� �;
ð7:168Þ

where α is a constant dependent on the degree
of screening of the surface potential by the molecular
layer, � is the interface dipole energy, ρ is the
area density of molecules in each layer, and d is
the distance between the molecular plane and the sub-
strate. The sum is over the layers from theMOx surface
into the bulk, each with different formation energies,
Ei
form, due to the decreasing relaxation energy of the

molecules located at increasing distances from the
interface. That is, the formation energy for a molecular
ion, M+, in layer i is Ei

form ¼ IEorg � ϕM � iErelax, where
Erelax is the energy relaxation between each layer.

The fit to the data by Eq. 7.168 gives evidence
for charge transfer. This universal dependence also
rules out the possibility that the energy level off-
sets for MOx-based anode buffers depends on de-
tails of surface chemistry, conduction via defect
states, etc. Indeed, the phenomenon is neither pro-
cess nor surface-chemistry dependent, making the
metal oxides ideal candidates for anode buffers.

7.4.1.2 Active regions: cascade and ternary
blend OPVs

In Section 7.1.2 we introduced the generic structures of
the planar HJ, the BHJ, the planar-mixed device, and
the so-called “controlled”HJ comprising a nearly ideal
morphology comprising finger-like protrusions of the
donor into the acceptor region with diameters on the
scale of the exciton diffusion length, and finger lengths
comparable to the optical absorption length. Beyond
these basic structures, many alternatives have been
demonstrated that are designed to increase ηext, VOC,
and FF to overcome the characteristically lowmobility
and exciton diffusion lengths of organic thin films.

There are two variants of these structures known as
cascade and ternary blend OPVs. We have already
introduced an acceptor cascade OPV in Fig. 7.92, util-
izing a three layer, planar, thin film active region
comprising a donor layer along with two acceptor
layers whose energy gaps increase with distance
from the D-A HJ (Cnops et al., 2014). The second
variation of the cascade is one that blends either two
donors and one acceptormolecule, or vice versa, into a

single bulk or mixed HJ structure. These architectures
will be separately discussed, since their operating prin-
ciples differ in a few important respects, although in
both cases their purpose is to extend the coverage of the
solar spectrum by increasing the number of absorbing
molecular species within the active region.
Often, properties of a specific donor material that

favorably impact one performance metric, negatively
impact another. For example, molecular geometries
that frustrate intermolecular electronic interactions at
the D-A junction can result in an increased open cir-
cuit voltage (cf. Section 4.7.2). In contrast, exciton
diffusion and charge transport are generally en-
hanced by strong interactions within the layers
(Servet et al., 1994, Coropceanu et al., 2007). The com-
petition between conflicting requirements can be
resolved by combining several donor or acceptor ma-
terials, each optimized for a different function, within
the active region. The cascade structure in Fig. 7.97a
offers this multifunctional design strategy by parti-
tioning the donor region into a multilayer stack of
complementary materials, D1, D2, and D3, with suc-
cessively larger energy gaps according to their dis-
tance to the D-A HJ. The progression in energy gaps
allows for directed transfer of excitons generated in
large energy gap layers to the lower energy gap
layers, until the excited state ultimately arrives in D1

where it can diffuse to the HJ. Here, D3 is designed to
prevent exciton diffusion to the anode while sup-
pressing dark current and absorbing the highest
energy photons. D1 absorbs the longest wavelength
light while also facilitating exciton transfer to the D-A
interface. Also, D1 should maximize VOC by choosing
a material with the largest possible HOMO–LUMO
offset energy that permits efficient exciton dissoci-
ation. The intermediate donor, D2 is used to complete
the coverage of the solar spectrum. In the design in
Fig. 7.97a, the HOMO energies of all donors are
aligned such that holes generated at the HJ are trans-
ported to the anode without encountering a signifi-
cant energy barrier that would decrease ηCC.
The energy gap ordering of D3 > D2 > D1 for the

series Dpt, tetracene (Ttn), and rubrene (Rbn) is shown
in Fig. 7.97b. Due to the spectral overlap between the
emission and absorption spectra of molecules in adja-
cent layers, excitations in Dpt Förster transfer to Ttn,
and likewise, Ttn excitations transfer to Rbn. A sum-
mary of the device performances for several devices
employing these donors contacting a 40 nm thick C60

acceptor in a planar junction OPV are provided in
Table 7.7. The VOC of the cascade device is 0.74 V,
which is noticeably lower than that of the single
donor Rbn OPV. This is attributed to singlet fission
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that lowers the photovoltage, and perhaps leads to
inefficient energy transfer between the various layers
in the cascade (Schlenker et al., 2011). Nonetheless, the
cascade device performance (including FF and jSC,

and consequently, ηP) is improved compared to any
of the single donor combinations studied.
A marked improvement in donor cascade devices

was achieved using the triple donor stack comprising
Dpt (10 nm)/Rbn (10 nm)/DBP (10 nm) along with a
C60 (35 nm) acceptor followed by a C60:Bphen (1:1,
8nm)/Bphen (5 nm) exciton blocking and electron fil-
tering buffer layer (see Section 7.4.1). The optical gaps
of Dpt (D1), Rbn (D2), and DBP (D3) are 2.5eV, 2.2 eV,
and 2.0 eV, respectively, whereas theHOMOenergy of
each donor is at 5.4 eV referenced to vacuum.
Hence, this triad of materials satisfies the architectural
requirements of a cascade in that the energy gaps allow
for transfer from D1 ! D2 ! D3, whereas the HOMO
energy alignment creates a path for efficient hole ex-
traction to the anode (Griffith and Forrest, 2014).
The absorption and emission spectra of the various

donor constituents used in conjunction with their
exciton diffusion lengths of LD ¼ 30 nm, 35 nm, 20 nm,
and 28 nm for Dpt, Rbn, DBP, and C60, respectively,
provide a quantitative determination of the contribu-
tion to the total short circuit current of the cascade

Table 7.7 Comparison of performance of cascades and single donor
devices using materials in Fig. 7.94 (Schlenker et al., 2011)

Donora jSC
b

(mA/cm2)
VOC (V) FF ηP (%)

Dpt (10 nm) 1.1 0.65 0.41 0.30

Ttn (45 nm) 2.9 0.54 0.54 0.83

Rbn (20 nm)c 2.4 0.92 0.43 0.92

Dpt (10 nm)/Ttn (35 nm) 1.4 0.79 0.37 0.41

Dpt (5 nm)/Ttn
(20 nm)/Rbn (20 nm)

2.6 0.74 0.50 0.95

a All devices employed a 40 nm C60 acceptor, 10 nm BCP blocking layer,
and an Al cathode.

b Measurements made under 1 sun intensity, AM1.5G simulated
illumination.

c Data from Perez et al. (2009).
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device from each layer. This analysis assumes that ab-
sorption in each layer is followed by diffusion to the
interface with the next layer. The exciton is then trans-
ferred via FRET to the following layer, and the process
continues until exciton dissociation occurs at the DBP/
C60 HJ. Calculated estimates of the jSC contributions
from each layer are summarized in Table 7.8. In single
donor devices, the preponderance of the short circuit
current is generated in the C60 layer due to its long
diffusion length and its broad spectral absorption.
However, in the cascades (with the exception of the
Dpt/Rbn double cascade), photocurrent generation is
more balanced. Indeed, the triple cascade device shows
that the current is primarily generated in the donors,
although only a small fraction is due to transfer from
Dpt to Rbn, and Rbn to DBP, which is attributed to the
low absorption coefficients of Dpt and Rbn.

Although the currents contributed by D1 and D2 are
not substantial, the power conversion efficiency of the
triple cascade (7.1%) is markedly higher than any of
the single donor devices, where the largest efficiency
of 4.3% is obtained for the DBP/C60 bilayer OPV (see
Table 7.9). Exciton blocking by large energy gap Dpt
and Rbn layers is likely responsible for this significant
improvement in ηP, which from Table 7.9 appears to
arise primarily from an increase in jSC. That is,
excitons generated in DBP are prevented from diffus-
ing to the anode where they are quenched.

These early demonstrations indicate that cascades
can significantly improve OPV efficiency if the vari-
ous layers are selected for high absorption coeffi-
cients, with limited overlap of absorption between
layers. Several materials with approximately equal
HOMO energies that might prove useful in donor
cascades are provided in Fig. 7.98. Using these and
many other materials available, there appears to be no
limit to the number of donors or acceptors that can be
employed in an efficient cascade as long as the design
criteria of descending energy gaps and nearly equal
transport level energies are met.

The NFA cascade in Fig. 7.92 provides an example
of how to balance contributions from each of the
layers. In Fig. 7.93, the absorption from the donor
(α-6T) and the two acceptors (SubNc, acceptor A1,
and SubPc, acceptor A2) have only a limited spectral
overlap. Contrary to the donor cascades, the acceptor
LUMO energies must be approximately matched.
There is a LUMO barrier of 0. 23 eV between SubPc
and SubNc, which may result in a small loss in elec-
tron collection efficiency at the cathode (Endres et al.,
2016). Nevertheless, this materials combination
results in a broad spectral response, extending
from 350 nm to nearly 750 nm with an average of
ηext � 60%. As a result, the efficiency of the double
acceptor cascade is ηP ¼ 8.4%, whereas the D/A1

device has ηP ¼ 6.0%, and D/A2 gives 4.7% (Cnops
et al., 2014).
Thus far we have considered cascades where ex-

citons are funneled to a single, dissociating D-A
HJ. The lack of differences in HOMO energies in
the donor cascades prevents dissociation within the
donor region itself. Intermediate charge generation is
possible using an energy staircase at both the HOMO
and LUMO energies, as shown in Fig. 7.99. This re-
sults in multiple exciton dissociation sites within the
active region that eliminate the need for energy

Table 7.9 Performance of 3, 2, and 1 donor cascade OPVs (Griffith and
Forrest, 2014)

Donor VOC (V) jSC
a (mA/cm2) FF ηP (%)

Dpt/Rbn/DBP 0.94 10.6 0.71 7.1

Rbn/DBP 0.94 9.3 0.68 6.0

Dpt/Rbn 0.90 3.9 0.52 1.9

DBP 0.92 6.7 0.69 4.3

Rbn 0.89 3.8 0.47 1.6

Dpt 0.80 2.7 0.39 0.8

a Values measured 1 sun AM 1.5G simulated illumination.

Table 7.8 Short-circuit current density contributions to the total cascade OPV current calculated for each organic active layer (Griffith and Forrest, 2014)

Donor jSC (Dpt)
a jSC (Rbn) jSC (DBP) jSC (C60) Total jSC

Dpt/Rbn/DBP 0.13 (1.8%) 0.11 (1.5%) 3.88 (51.0%) 3.48 (45.7%) 7.61

Rbn/DBP — 0.12 (1.7%) 3.63 (50.7%) 3.41 (47.6%) 7.16

Dpt/Rbn 0.15 (3.8%) 0.20 (5.0%) — 3.57 (91.2%) 3.92

DBP — — 2.01 (33.9%) 3.92 (66.1%) 5.93

Rbn — 0.20 (6.1%) — 3.14 (93.9%) 3.34

Dpt 0.21 (8.4%) — — 2.28 (91.6%) 2.49

a Relative percentage contributions of a given material to jSC are in parentheses. All values in mA/cm2.
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transfer along the entire cascade to the HJ (Hong et al.,
2009, Heidel et al., 2011, Barito et al., 2014). The use of
multiple HJs eliminates the trade-off between a short
diffusion length and the longer optical absorption
length, that often limits the efficiency in bilayer planar
HJ cells.
The photodetection process in themultijunction cas-

cade is shown in Fig. 7.99. There are two sites for
exciton dissociation, one at the donor/intermediate
layer (Int), and one at the Int/acceptor (Acc) HJ. Both
HJs must have sufficiently large HOMO–LUMO en-
ergy offsets to induce charge transfer in the forward
direction. In fact, the two junctions serve as two photo-
current generators in series. The interlayer serves as
both the acceptor for the left-most junction as well as

the donor to the right-most junction. This shared pur-
pose also affects the total device voltage.
The benefit of this design is that the multiple layers

provide charge generation sites within a diffusion
length of the photon absorption site. Also, the layer
compositions can be chosen to give broad spectral
coverage. Beyond having complementary absorption
spectra, efficient multistep devices must satisfy two
further design criteria that are not easily met. As
noted, the HOMO–LUMO offsets at each HJ must be
sufficiently large to promote efficient exciton dissoci-
ation. Also, current continuity requires that the elec-
tron and hole mobilities of Int be approximately equal
to avoid electron or hole pile-up at the junction.
Charge pile-up creates an internal voltage that bends
the energy levels opposite to that in Fig. 7.99, which
eventually stops the current flow, to significantly re-
duce efficiency.
The j–V characteristics of a multistep α-NPD/

SubPc/C60 cascade device shown in Fig. 7.100 exhibit
the benefits and challenges of the architecture. The
open circuit voltage is approximately equal to that of
a SubPc/C60 OPV, but considerably lower than the α-
NPD/SubPc device. The multistep cascade features
an inflection in the characteristics near VOC that
substantially decreases FF from 0.62 for the bilayer
lacking the donor, to 0.49 for the multistep OPV
(Barito et al., 2013). The inflection is characteristic of
two energy barriers that can be modeled by the
back-to-back diode circuit shown in the inset. The
intermediate SubPc layer has a significantly higher
hole than electron mobility. This leads to pile-up of
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electrons at the C60/Int interface, and holes at the
donor/Int interface that, in turn, reduces the junction
potential, thereby reversing the internal electric field.
The reduction in current produces the inflection. This
problem has been observed to a greater or lesser extent
in other such cascade devices (Heidel et al., 2011, Barito
et al., 2014). The inflection is expected to be more pro-
nounced with increasing light intensity, and hence in-
creased charge accumulation at the junctions. Thus, the
OPV can switch from a conventional single diode-like
characteristic at low light intensity with the two junc-
tions serving as current generators, to a device at high
intensity with two opposing junctions that effectively
shut off the current flow.

The characteristics in Fig. 7.100 reflect the existence
of internal energy barriers within the cascade that can
only be reduced by a careful choice of materials. This
choice, however, may ultimately result in comprom-
ises in other materials properties that are required to
achieve high performance. Consequently, multistep
cascade devices have not offered improved perform-
ance over BHJ, mixed HJ or exciton cascade devices.

Planar junction architectures of three or more com-
ponents can be replaced by ternary blend BHJs of
those same components to simplify the active region

structure. The blended cells can consist of two donors
and an acceptor (i.e. D1D2A), or two acceptors with a
single donor (DA1A2) (Ameri et al., 2013, Fu et al.,
2018). The blends are generally cast from solution,
although they can also be realized by co-deposition
by VTE (Rand et al., 2005b, Yang et al., 2008). The
exciton generation and charge transport processes
are analogous to those found for exciton and multi-
junction cascades, although the complete intermixing
of three components can lead to parallel processes in
contrast to serial transport experienced using cas-
cades of individual layers to a single dissociating
junction. Unlike cascades, the blended ternary BHJ
performance critically depends on morphology. The
ability to extract charge through complex networks
comprising three or more constituents amplifies mor-
phological challenges already confronted in binary
BHJs, and in small molecule mixed regions.
The possible routes to photogeneration in D1D2A

ternary cells are illustrated in Fig. 7.101. The three
constituents are represented by their individual
frontier energy diagrams, although they are homo-
geneously intermixed in the actual structures.
Figure 7.101a shows parallel charge transfer, where
excitons are generated in both D1 and D2 (as well as
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in A, but not shown). Electrons generated by dis-
sociation at the D1/D2 HJ diffuse through D2 and
onward to the acceptor. Similarly, holes generated
between D1 and D2 transfer to D1 for conduction to
the anode, and electrons diffuse through A to the
cathode. Of course, dissociation also occurs at the
D2/A interface, given that these are homogeneous
blends of all three constituents. Direct charge trans-
fer occurs when there is weak or no overlap between
the emission spectrum of D1 and the absorption of
D2, thus reducing the probability for FRET. The
blend operates on the same principle as the multi-
junction cascade in Fig. 7.99.
Energy transfer (Fig. 7.101b) is another potential

route to charge generation that is active when there is
significant overlap between the emission spectrum of
D1 (the “sensitizer”) and the absorption spectrumofD2

(Honda et al., 2011, Huang et al., 2013). This mechan-
ism is identical to that for the energy cascade in
Fig. 7.97, except that the active region morphology is
a blend as opposed to discrete layers. The wide energy
gap material transfers photogenerated excitons to the
lower energy gap donor, where they subsequently
dissociate at the HJ between D2 and A. Also, direct
exciton generation is possible in D2 itself.
The mechanism in Fig. 7.101c models the ternary

blend cell as two parallel, rectifying junctions

comprising D1A and D2A. Both junctions independ-
ently generate excitons by absorption of light. The
excitons transport though the donors where they dis-
sociate into free charges at both D-A junctions. Sub-
sequently, the holes are transported to the anode
within the donors in which they originated. This sys-
tem does not undergo significant energy transfer be-
tween donors as in Fig. 7.101b, nor do the donors
share conductive pathways for charges generated on
the other components in the blend.
The so-called “alloy” model in Fig. 7.101d is quali-

tatively different than the other three mechanisms.
In this picture, a new material, or molecular alloy is
formed by mixing of several materials in a common
active region. The alloy thus formed has emergent
properties that are not characteristic of the original
materials of which it is comprised.
Parallel charge generation has been proposed for the

D1D2A ternary mixture of P3HT, PCPDTBT and
PC61BM, whose energy levels are shown in Fig. 7.102a
(Koppe et al., 2010). Since in the blend, all materials
contact each other, several transfer paths (D1 ! D2 !
A, D1!A, andD2!A) are possible. Also, the diagram
suggests that FRET from D1 to D2 is not active in this
materials combination due to their poor spectral overlap.

Photoinduced absorption (PA) was used to study par-
allel charge transport in the device. The method uses a

e

h

h

e

A
cc

ep
to

r

D
on

or
 2

D
on

or
 1

(a) (b)

En
er

gy

En
er

gy

(c)

e

h h

e e

h

A
cc

ep
to

r

D
on

or

Se
ns

iti
ze

r

e

h h

e

A
cc

ep
to

r

D
on

or
 2

D
on

or
 1

En
er

gy

(d)

e

A
cc

ep
to

r

D
on

or
 2

D
on

or
 1

En
er

gy

A
llo

y

h

Figure 7.101 Possible photocurrent generation routes of D1D2A ternary blend BHJs. (a) Parallel charge generation, (b) FRET transfer from a sensitizer (D1)
to a donor (D2), (c) parallel exciton dissociation, and (d) dissociation at A in a “molecular alloy” formed by mixing D1 and D2 with A.

658 ORGANIC LIGHT DETECTORS



pump to excite the film at one wavelength, and a
probe to measure the resulting change in transmission
(�T/T). The PA spectra are shown in Fig. 7.102b and c
for two different excitation energies. The PCPDTBT
film absorbs at 1.59 eV, where P3HT is transparent.
Exciting the films at 2.33 eV where both films absorb
(Fig. 7.102b) generates a radical cation, PCPDTBT+,
leading to an absorption peak at 0.96 eV. The larger
peak for the P3HT:PCPDCTBT (1:1) indicates that
photogenerated electrons efficiently transport from

P3HT to PCPDCTBT, as noted by the bold line be-
tween their LUMOs in Fig. 7.102a. In Fig. 7.102c, exci-
tation at 2.33 eV of the P3HT:PC61BM (1:1) junction
results in hole polaron absorption in P3HT at 1.25
eV. This signal disappears when pumped at 1.59 eV
where P3HT is nearly transparent. In contrast, pump-
ing the PCPDTBT:PC61BM (1:1) film at 1.59 eV gives
rise to a secondary hole polaron peak in P3HT at
�0.95 eV, suggesting that holes are transported dir-
ectly from PC61BM to PCPDTBT. The strong P3HT
polaron absorption band found in the double donor
structure of P3HT:PCPDTBT:PC61BM is due to effi-
cient hole transport from the low to the high energy
gap donors. These data provide evidence that the
primary routes for charge generation are due to ex-
citon dissociation at both the D1A and D2A interfaces,
and then conduction of both electrons and holes
through the entire D-A network to the electrodes.
Lack of evidence for energy transfer strengthens
these conclusions (Koppe et al., 2010).
The photoluminescence lifetime of D1D2A blends

was analyzed to confirm that FRET leads to the en-
ergy transfer from D1 to D2 according to Fig. 7.101b
for a D1 ¼ P3HT, D2 ¼ SQ, and A = PC61BM blended
ternary OPV. In Section 3.8.1 we found that energy
transfer is a process that competes with the natural
fluorescent decay of the molecule. That is, the radia-
tive decay time is

τtot ¼ τETτF

τET þ τF :
ð7:169Þ

Here, τET is the FRET transfer time and τF is the natural
fluorescence decay time. It was found that τtot de-
creased from 223 ps for 0% SQ in P3HT, to 52.4 ps
for 1 wt% SQ, to 9.9 ps for 5 wt% SQ. This was one of
several pieces of data suggesting that FRET was the
most active process for this particular materials sys-
tem (Huang et al., 2013).
The ternary open circuit voltage, VOCT, for the paral-

lel circuit model of Fig. 7.101c is analyzed using the j–V
characteristics in Fig. 7.103.Here,we separately plot the
characteristics for the two, independent parallel “sub-
cells,” D1A and D2A, that coexist in the blend. From
Kirchoff’s Law, the open circuit voltage of D1D2A cor-
responds to the point where the j1 = �j2, such that the
total short current is jSCT¼ 0. TheVOCT of thenetwork is
calculated using this condition, along with V1 = V2 in
Eq. 7.122. The solution is complicatedunlessweassume
that the ideality factors for the two junctions are ap-
proximately equal, that is nST ¼ nS1 � nS2. Then, in the
approximation that kPPd(V) ¼ kPPd,eq:

VOCT ¼ nSTkBT
q

log
jSCT

j0T
þ 1

� �
; ð7:170Þ
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where the saturation currents are given by j0T = j01 +
j02, and we assume that jSC ≫ j0 for both subcells.
It is apparent from Fig. 7.103 and Eq. 7.170 that

VOCT must always lie between the upper and lower
limits set by VOC1 and VOC2. This conclusion is con-
sistent with voltage measurements of ternary devices,
and is independent of which model in Fig. 7.101 is
active. An additional implication of Kirchhoff ’s law
is that the less efficient junction limits the current from
the more efficient junction to ensure that voltages
from both junctions are equal at the diode terminals.
A ternary cell based on vapor co-deposited D1D2A

HJ (D1 ¼ CuPc, D2 ¼ SnPc, A = C60) formed a parallel
junction similar to that in Fig. 7.101c (Rand et al.,
2005b). The parallel network results from incomplete
wetting of the CuPc by a thin (5 nm) layer of SnPc,
over-coated by the thick (40 nm) C60 acceptor. In sub-
sequent work, OVPD of the layers in a ITO/SnPc (x
nm)/CuPc (40 nm)/BCP (10 nm)/Ag OPV resulted in
formation of a more controlled network of D1, D2, and
A (Yang et al., 2008). The solar coverage provided by
this ternary combination is significantly expanded by
the addition of even a thin SnPc layer due to its strong
absorption into the NIR, as shown by the ηext spectra
shown in Fig. 7.104. At a SnPc thickness of x ¼ 0 nm
(corresponding toD1A), the absorption extends only to
750 nm. However, a peak emerges at 900 nm with
the addition of SnPc, providing spectral coverage
from 300 nm to 1000 nm for the ternary OPV.
The inset in Fig. 7.104 shows an illustration of the

morphology achieved during growth. The SnPc forms

crystalline clusters that segregate into separate junc-
tions with the C60. Gaps between the islands allow for
parallel, direct contact between the acceptor and the
second donor, CuPc. The j–V characteristics of this
device are shown in Fig. 7.105 along with a binary
CuPc/C60 OPV for comparison. The jSC is increased
by approximately 40% in the ternary compared to the
binary cell due to the additional NIR absorption of the
SnPc. Furthermore, the existence of a parallel conduc-
tion network is inferred sinceVOC¼ 0.44 V is the same
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Figure 7.104 External quantum efficiency spectra for CuPc (15 nm)/
SnPc (x nm indicated)/C60 ternary OPVs grown by organic vapor phase
deposition. Inset: Illustration of the junction showing the discontinuous
SnPc (black) and CuPc (light blue) donor regions (Yang et al., 2008).
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as that for the binary device. The VOC of an analogous
NPD/CuPc/C60 device was also 0.44 V, whereas VOC

of the NPD/C60 binary was 0.87 V. This suggests that
the VOC is “pinned” to the lowest voltage in the par-
allel network, although we have seen that this is not
always the case. In the junction in Fig. 7.104, the
HOMO energies of both SnPc and CuPc are similar,
resulting in a similar �EHL, and hence VOC should be
independent of any a particular network model. The
conclusion to be drawn is that in this device, VOC is
determined not by the junction energies, but rather is
due to rapid charge recombination at the interface.

A solution-based system that shows parallel diode-
like behavior consists of a blend of DTffBT (D1),
DTPyT (D2,), and PC61BM as the acceptor. The paral-
lel BHJ (PBHJ) results are compared with those of
separate diodes comprising only D1A and D2A “sub-
cells” in Fig. 7.106. The absorption spectrum of the
PBHJ OPV is the sum of the absorption from the

two constituent subcells. Likewise, the external quan-
tum efficiency spectra in Fig. 7.106a are also a super-
position of D1A and D2A at wavelengths where the
spectra from both subcells overlap. At long wave-
lengths where only DTPyT absorbs, the efficiency is
larger than for the DTPyT:PC61BM OPV. It is specu-
lated that this is a result of reduced resistance of the
hole current due to the presence of additional parallel
conductive paths afforded by DTffBT in the ternary
blend (Yang et al., 2012a). Increased charge collection
due to improved conduction should also result in
lower series resistance. Figure 7.106b does indeed
show a higher slope in the forward biased character-
istics compared with the individual subcell character-
istics that support this hypothesis. Direct absorption
into the CT state between the two donors (at energy�
1.6 eV) may also contribute to the long wavelength
quantum efficiency.
It is observed that the VOC ¼ 0. 87 V of the PBHJ is

close to, but less than the VOC ¼ 0.89 V of the larger
energy gap donor, DTffBT (EG ¼ 1.7 eV), while it is
considerably larger than VOC ¼ 0.83 V for the smaller
band gap DTPyT (EG ¼ 1.5 eV).
The alloy model in Fig. 7.101d qualitatively differs

from the other models. It suggests the ternary blend
forms a molecular alloy between the donors in a
D1D2A, or the acceptors in DA1A2 blend. In fact,
molecular alloys have been proposed over several
decades to describe electronic, optical and physical
properties of mixtures that are not found in their
individual molecular components (Bellows and
Prasad, 1977, Engler et al., 1977, Rai and George,
1992, Sturz et al., 2004, Mogeritsch et al., 2009,
Murata et al., 2010, Dou et al., 2019). Before one pro-
poses the existence of such a material, however, the
concept of an alloy must be clearly defined in the
context of organic materials, and what makes such a
substance distinct from a simple blend of multiple
components commonly found in almost all organic
photonic devices.
An alloy is a mixture of two atoms or compounds

(most often metals such as brass or stainless steel,
or compound semiconductors such as GaAlAs or
InGaAsP) that share chemical bonds to form a new
material whose electronic or physical properties differ
from those of the pure substances of which it is com-
prised. Furthermore, once an alloy is formed, its ther-
mal properties (e.g. the melting temperature of a
eutectic) may change substantially from the pure sol-
ids of which it is comprised, making recovery of the
initial components problematic. In contrast, the con-
stituents in a blend of a small molecule donor and
acceptor may be separated by raising the temperature
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at or near the sublimation point of the lowest tem-
perature constituent. However, a tightly bound
charge transfer salt such as TTF:TCNQ may not be
so easily separated once the compound solid is
formed. Although the individual constituents in this
case might not separate on heating, the spectrum
of the complex is, nevertheless, only a superposition
of the spectra of the cationic and anionic species in
the solid.
But what about molecular blends in ternary cells,

or even in doped emission layers of OLEDs? Again,
one would expect that an alloy formed from a blend
would possess emergent properties not found in any
of the individual constituents. It is not a simple
matter to envision how an alloy would emerge
from a mixture of van der Waals bonded materials.
Cross-linking between molecules, electronic orbital
coordination via hydrogen bonding, etc. may result
in the formation of a molecular alloy, or it may sim-
ply form a different molecule (e.g. bond linkage be-
tween molecules A and B results in a new compound
C, corresponding to an oligomer or even a polymer,
but not an alloy).
The formation of a molecular alloy for the DA1A2

ternary BHJ comprising P3HT/ICBA/PC61BM blend
has been proposed based on the photocurrent spectra
of the CT and exciton states as functions of ICBA
fraction in PC61BM shown in Fig. 7.107a (Street et al.,
2013). The long wavelength CT photocurrent spec-
trum (which is proportional to the absorption spec-
trum) monotonically shifts to larger energies with
ICBA fraction. Yet the exciton-induced photocurrent
spectra between 1.6 eV and 1.8 eV are a simple linear
superposition of the spectra of the two constituent
acceptors. This indicates that the exciton energies are
unperturbed from those of the individual molecules,
even when those molecules are blended. It was ar-
gued that changes in the exciton spectrum of an alloy
would be small due to their localized nature.
On the other hand, CT states extend across the D-

A HJ, and hence are more strongly perturbed when
combined into an alloy. The CT energies and VOC

for the P3HT/ICBA/PC61BM OPVs measured at
two different relative values of photocurrent (PC
¼ 0.01 and 0.1, indicated by the horizontal dashed
lines in Fig. 7.107a) are plotted in Fig. 7.107b. The
CT energy, which in the ideal case is equal to �EHL,
increases with ICBA fraction. Since VOC is also a
linear function of �EHL (cf. Eq. 7.123), the open
circuit voltage of the alloy, VOCA, should follow
Vegard’s law:

VOCA ¼ ð1� xÞVOC1 þ xVOC2 � bxð1� xÞ; ð7:171Þ

where b ¼ 0.18 is the bowing parameter and x is the
ratio of ICBA to PC61BM. The line is a fit to VOCA and
CT spectral peak positions vs. x, indicating that these
two parameters have the same dependence on x. It is
notable that the range spanned by the alloy voltage is
VOC1 < VOCA < VOC2, which is similar to that of all the
other ternary BHJs discussed, independent of the
transport model invoked.
While the trends in Fig. 7.107 may imply the exist-

ence of an alloy, they fall short of providing conclu-
sive evidence. Indeed, the nearly linear interpolation
of VOCA in Eq. 7.171 (albeit with a small amount of
quadratic bowing) suggests that the photocurrent due
to CT states is also a linear superposition of the two
independent CT states for DA1 and DA2, much like
that found for the exciton spectra. Furthermore, the
CT spectra are insufficiently distinct from the exci-
tonic tails to accurately fit their energies. Hence,
more convincing evidence should be provided by
observation of the transient and photoluminescence
spectra of the CT state whose features cannot be

(a)

CT Ex
Fraction
ICBA
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

0.95

0.85

0.75

0.65

0.55

0.451

1.05

1.1

1.15

1.2

1.25

1.3

1.35

1.4

1.45

1.5

10.80.60.40.20

1

(b)

1000

100

10

1

0.1

0.01

0.001

0.0001

0.8 1 1.2 1.4 1.6
Energy (eV)

Fraction ICBA

PC = 0.01

PC = 0.1

VOC

En
er

gy
 (e

V
)

Ph
ot

oc
ur

re
nt

 (a
.u

.)

O
pe

n 
C

irc
ui

t 
V

ol
ta

ge
, V

O
C
 (V

)

1.8 2 2.2

Figure 7.107 (a) Photocurrent spectrum of the DA1A2 ternary OPV as a
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explained by a linear superposition of independent
CT states.

The most direct evidence for electronic interactions
could come from the CT state electroluminescence
spectra arising from forward current injection into
the active regions of the two binary junctions com-
pared to that of the ternary. These spectra are shown
in Fig. 7.108a for the same P3HT:ICBA:PC61BM sys-
tem for several different ICBA:PC61BM blend ratios.
There is a monotonic shift of the EL peak from that of
ICBA at 980 nm, to PC61BM at 1100 nm as the PC61BM
fraction is increased from 0 to 1. The peaks at λ <

850 nm are excitonic features from the three constitu-
ents. The peak positions of the CT spectra are easily
resolved compared to the absorption data in

Fig. 7.107a. The EL features are fit to a series of Gaus-
sians, where only the relative intensities of the two CT
states were varied linearly with concentration, that is,
all the peak widths and positions remain fixed in each
of the blends. An example deconvolution of the spec-
trum of a P3HT:ICBA:PC61BM (1:0.5:0.5) blend into
its separate component peaks is shown in Fig. 7.108b.
A plot of the ratio of ICBA to the combined CT peak

intensities vs. PC61BM fraction is shown in Fig. 7.109a.
All blends fit a linear function with a unity slope. This
provides clear evidence that the CT feature is a simple
linear superposition of the individual CT states of
P3HT:ICBA and P3HT:PC61BM HJs. Indeed, this lin-
ear superposition of Gaussian peaks also accurately
replicates the bowing observed in the CT state energy
and VOC of the ternary blends, as shown in
Fig. 7.109b. Note that the CT radiative lifetime of
0.95 ns is the same for all the blends, as well as for
the individual P3HT:ICBA and P3HT:PC61BM junc-
tions. The HOMO energies of the blends were also
unaffected by the blend ratio. Photoelectron spectros-
copy measurements indicate that the HOMO energies
of the blends are pinned to that of ICBA which is
slightly higher than for PC61BM, thus forming a hole
trap (Huang et al., 2019).
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From these data, no new, “alloy” state is found in
this particular system. The question remains whether
or not alloys are formed in other materials systems.
More broadly, there remains little or no conclusive
evidence for the existence of an alloy whose optoelec-
tronic properties are not adequately described by a
simple blend comprising multiple, independent con-
stituent molecules.
Extensive reviews of device performance and ma-

terials used in DA1A2 and D1D2A ternary BHJs can be
found in the literature (Ameri et al., 2013, Fu et al.,
2018). Here, we highlight three example high per-
formance ternary OPVs.
A DA1A2 cell comprising a combination of the

donor, PBDB-T with the acceptors IT-M, (A1) and
the bis-adduct of PC71BM (A2) in the ratio of PBDB-
T:IT-M:bis-PC71BM (1:1:0.2) is shown in Fig. 7.110.
The blend was annealed for 10 min at 100°C prior to
the deposition of the PFN-Br exciton blocking layer.
A summary of the performances of the ternary as
well as the separate binary D-A combination BHJ
OPVs is provided in Table 7.10. The ternary device
achieves both a higher FF and jSC than either binary
device, leading to a maximum power conversion
efficiency of 12.2%, compared to 10.8% for the DA1

and 6.25% for the DA2 OPVs. Consistent with previ-
ous discussions, the open circuit voltage of the tern-
ary device is 0.952 V, lying between VOC1 ¼ 0.937 V
and VOC2¼ 1.02 V. The higher FF suggests improved
electron conductivity in the network comprising two
acceptors, and hence reduced series resistance. This
is supported by the energy level diagram of the
materials in Fig. 7.110 where the optical LUMO en-
ergies of bis-PC71BM and IT-M are nearly aligned to
promote barrier-free electron transport to the cath-
ode, consistent with the parallel dissociation model
of Fig. 7.101c. The reduced open circuit voltage of the
ternary compared to DA2 is compensated by the
increased FF and jSC.
An example D1D2A OPV comprises the spirobi-

fluorene (SF) symmetrically disposed between two
1,3-benzothiazole (BT) units capped with (3-ethyl-
hexyl-4-oxothiazolidine-2-yl)dimalononitrile (RCN)
in the acceptor, SFBRCN, combined with the donors
PTB7-Th (D1) and PBDB-T (D2) (see Fig. 7.111). One of
the donors (PBDB-T) also serves as the donor in the
DA1A2 device in Fig. 7.110. Similar to the device in
Fig. 7.92, donors and acceptors can be interchanged
since their function is determinedby their energy levels
relative to the other materials employed in the HJ. The
performance of the device along with its separately
characterized D and A components are summarized
in Table 7.11.

An alternative to the blended and layered multi-
junction active region is an amalgamation of the two,
whereby two independently fabricated D-A junctions
are placed in a series stack. After, attachment, their
interface is blended to avoid the use of a CRZ that is
otherwise required to interconnect subcells in a tan-
dem architecture. In Fig. 7.112 we show the comple-
mentary absorption of the two different HJ OPVs
comprising PTB7-Th:PC71BM (BHJ1) and PDPP3T:
PC71BM (BHJ2) employed in the stacked “bi-ternary”
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Table 7.10 Performance characteristics of a ternary DA1A2 OPV and its
binary components (Zhao et al., 2017b)

D:A1:A2 ratio VOC (V) jSC
a

(mA/cm2)
FF ηP (max)

(%)
ηP (ave)

b

(%)

1:1:0 0.937 16.7 0.69 10.80 10.45

1:1:0.2 0.952 17.4 0.74 12.20 11.75

1:0:1 1.02 10.6 0.58 6.25 5.86

a Cell area ¼ 4 mm2, measured under 1 sun, AM1.5G simulated
illumination.
b Sample size ¼ 100 diodes.
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OPV (Huang et al., 2017). The marginal overlap of the
absorption spectra between 700–800 nm makes this a
nearly ideal combination for efficient coverage of the
solar spectrum up to a wavelength of 900 nm.
The two BHJs are combined by physical bonding

through the process illustrated in Fig. 7.113. Each ac-
tive layer is cast from solution onto separate sub-
strates. The 200 nm thick BHJ1 is deposited onto a
ZnOx buffer on the surface of the ITO anode from a
solution containing 1,8-diiodooctane. The second sub-
strate comprises the 50 nm thick PDPP3T:PC71BM
BHJ2 active region using a polyurethane-coated poly-
carbonate (PUA/PC) substrate. When the two BHJs
are brought into contact and pressure is applied to
the PUA/PC stamp at 75°C for 2 min, the active
regions bond. The stamp is peeled away, and metha-
nol is used to remove residual solvent in BHJ1. The
device is completed by vacuum deposition of the
cathode.

Time of flight secondary ion mass spectroscopy (TOF-
SIMS)was used to determine the degree of intermixing
of the two BHJs at the interface. In TOF-SIMS, the film
is slowly removed by sputtering while tracking the
relative F, N, and Znmass spectral intensities to obtain
a depth profile of the relative concentrations of PTB7-
Th, PDPP3T, and ZnOx, respectively. The spectra in
Fig. 7.114a show a 25 nm thick intermixed zone (corres-
ponding to a sputtering time of 100 s). Immediately
following contact, the BHJs form a sharp interface
(upper left, Fig. 7.114b). Soaking the structure inmetha-
nol results in dissolution of the as-deposited layers,
forcing some intermixing of the two donor polymers
at the junction. When the methanol is removed by
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Figure 7.111 Molecular structural formulae of materials used in the D1D2A
OPV. Inset: Energy level diagram of the active region (Xu et al., 2017).

Table 7.11 Performance characteristics of a ternary D1D2A OPV and its
binary components (Xu et al., 2017)

D1:D2:A ratio VOC
(V)

jSC
a

(mA/cm2)
FF ηP (max)

(%)
ηP (ave)

b

(%)

0:1:1 0.97 13.7 0.71 9.39 9.17

0.7:1:1 0.93 17.9 0.74 12.27 11.89

1:0:1 0.91 17.1 0.65 10.10 9.87

a Cell area ¼ 4 mm2 measured under 1 sun, AM1.5G simulated
illumination.
b Sample size ¼ 20 diodes.
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drying, it leaves a continuous, hole conducting path
along the blended polymer interface. Due to the nearly
spherical symmetry of PC71BM, the acceptor regions
interconnect by close molecular packing that forms
PC71BM nanocrystals (Huang et al., 2017). A similar
vacuum deposited architecture has also been reported
(Li et al., 2019).
The characteristics of the bi-ternary (BHJ1/2) device

and its constituent BHJ1 and BHJ2 subcells are pro-
vided in Table 7.12. As in the other multilayer cascade
and ternary architectures, VOC of the three-component
cell is between the limits set by BHJ1 and BHJ2.
In this section, we have seen that there are several

ways to combine three or more molecular constitu-
ents into an OPV to increase coverage of the solar
spectrum. These active region architectures can either
consist of a series of layers, or can form a blend in a
ternary (or perhaps higher order) BHJ. Several models
have been advanced to describe the photogeneration
process in ternary blend cells. The distinction between

Figure 7.113 Fabrication of the stamp-bonded bi-ternary OPV. From left: BHJ1 is fabricated on an ITO-coated glass substrate. This is coated by a ZnOx
anode buffer and the PTB7-Th:PC71BM active region. The PDPP3T:PC71BM BHJ2 active region is deposited onto a PUA/PC elastomeric stamp that is peeled
off once the two subcells are bonded by pressure welding. In the third step, methanol is used to soak the junction to remove the residual solvent used in the
BHJ1 solution. Finally, the MoO3 electron buffer and Ag cathode are deposited in vacuum (Huang et al., 2017).

© 2017 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7.114 (a) TOF-SIMS signal intensity vs. sputtering time for the
methanol-treated bi-ternary cell in Fig. 7.113. The data show significant
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Table 7.12 Performance characteristics of a bi-ternary (BHJ1/2) OPV
and its binary components (Huang et al., 2017)

Cella VOC (V) jSC
b

(mA/cm2)
FF ηP (max)

(%)
ηP (ave)

c

(%)

BHJ1 0.81 18.5 0.70 10.5 10.3

BHJ2 0.69 7.4 0.71 3.6 3.5

BHJ1/2 0.77 23.8 0.67 12.3 11.9

a Active region thicknesses: BHJ1 ¼ 200 nm, BHJ2 ¼ 50 nm with the
same respective thickness for BHJ1/2.
b Cell area ¼ 3.14 mm2, measurement under 1 sun, AM1.5G simulated
illumination.
c Sample size ¼ 20 diodes.
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these models is sometimes unclear, since multiple pro-
cessesmay be active in such complex blends.Neverthe-
less, a common feature of the blended junctions is that
their open circuit voltages lie within the range bounded
by the of the constituent junctions, although the short
circuit current can be significantly greater due to the
improved coverage of the solar spectrum by three or
more constituents vs. conventional binary OPVs.

While the requirements placed on thematerials used
in such devices are stringent (e.g. alignment of HOMO
and/or LUMO levels, overlap of emission and absorp-
tion spectra for efficient energy transfer, etc.), the
increased efficiency combined with the relative simpli-
city of the structures has resulted in considerable inter-
est in on both cascade and ternary blend OPVs.

7.4.1.3 Exciton blocking layers

A significant improvement in cell performance
was realized by introduction of the exciton blocking
layer (EBL), also known as the cathode buffer layer, inter-
posed between the active region and the cathode
(Peumans et al., 2000a, Peumans and Forrest, 2001).
The electron-conducting, transparent EBL serves mul-
tiple purposes:

(i) The layer prevents excitons generated in the
acceptor layer from migrating to the cathode con-
tact where they are quenched without generating
photocurrent. This is particularly important for
bilayer and planar-mixed HJ active regions
where the exciton diffusion length can exceed
that of the layer thickness.

(ii) The optical field has a node at the metal cathode
surface. The wide energy gap EBL, therefore, pro-
vides a transparent spacer whose thickness is ad-
justed to locate the active layers at a distance�λ/
4n from the cathode. At this position, the optical
intensity is maximized, thus maximizing ηext.

(iii) The layer serves as a buffer between the cathode
and acceptor, preventing damage to the active
region induced during metal deposition, thus
eliminating potential exciton quenching sites or
electrical shorts across the junction.

The EBL in an OPV was inspired by, and serves
several of the same functions as the hole blocking/
exciton blocking layer in OLEDs. In the latter struc-
ture, the HBL/EBL prevents triplet exciton quenching
at the cathode, as well as providing an optical spacer
to minimize optical microcavity effects (Baldo et al.,
1998, Baldo et al., 1999).

Since the initial demonstration of a so-called double
heterostructure OPV employing a BCP EBL (Peumans

et al., 2000a), several other blocking layer concepts
shown in Fig. 7.115 have been demonstrated. The
illustrations assume a C60 acceptor layer for energy
reference, although these configurations are adapt-
able to all acceptors with the proper choice of block-
ing layer materials. Each design relies on a large
energy gap EBL to ensure its transparency and to
avoid exciton transfer from the acceptor. The differ-
ences between EBLs are the mechanisms for electron
transport. Figure 7.115a shows the wide energy gap
BCP that conducts photogenerated electrons from the
acceptor via a high density of defect states introduced
during cathode deposition (Peumans and Forrest,
2001). Since the defects penetrate only �10 nm into
the BCP, the thickness of the buffer may be too small
to ensure an optical intensity maximum at the D-A
HJ. Nevertheless, EBLs employing defect conduction
in wide energy gap buffers are still the most frequent-
ly employed in OPVs due to its simplicity.
Figure 7.115b employs a pair of acceptor-like

materials whose LUMO energies align with that of
the acceptor. The specific bilayer shown is comprised
of the wide energy gap NTCDA adjacent to a second
electron conducting layer of PTCBI. The PTCBI makes
ohmic contact to Ag but absorbs in the red. To
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minimize optical losses, the PTCBI layer is kept thin,
whereas the wider energy gap NTCDA is used as the
transparent optical spacer. The LUMO energy align-
ments result in low resistance electron conduction to
the cathode (Lassiter et al., 2011).
An alternative to employing electron transport is to

use a wide energy gap EBL with a small ionization
potential, as shown in Fig. 7.115c. Electrons generated
in the acceptor recombine at the EBL/acceptor inter-
face with holes conducted via the HOMO level of the
EBL. In the figure, we show the mechanism of hole
conduction in a Ru(acac)3 EBL from the cathode to C60

(Rand et al., 2005a).
Figure 7.115d shows what is perhaps the most

effective means for satisfying all of the criteria of
a high performance EBL. This so-called electron-
filtering exciton blocking layer, comprises a mix-
ture of C60 in a wide energy gap matrix (Bartynski
et al., 2013, Xiao et al., 2014). The spherical sym-
metry of the C60 molecules allows them pack into
continuous percolating electron conduction paths
that completely penetrate the transparent exciton-
blocking matrix in which they are blended. The
LUMO energy of C60 aligns with that of the C60

(or C70) acceptor, providing an energy-barrier-free
electron conducting path to the cathode. And
while C60 absorbs in the visible, the absorption is
due to a charge transfer transition that is largely
eliminated at the low concentrations required for
conduction. Hence, this composite is both electric-
ally conducting and optically transparent.
We now provide further detail of the conduction

mechanisms and optical properties of these four EBL
architectures, and the OPV performance enhance-
ments that result from their use.
The defect-based EBL in Fig. 7.115a was first in-

cluded in a conventional CuPc/PTCBI cell where the
10 nm thick BCP blocking layer was positioned be-
tween the Ag cathode and the perylene-based
acceptor (inset, Fig. 7.116). The 10 nm thickness is ap-
proximately equal to the penetration depth of damage
from the cathode deposition; larger thicknesses result in
a high cell series resistance due to the lack of conducting
paths for electrons extending from acceptor to cathode.
A device with 30 nm CuPc lacking an EBL has a peak
external efficiency of �8% at λ ¼ 540 nm for a 30 nm
PTCBI thick layer (dashed-dotted line, closed squares,
Fig. 7.116). The external efficiency drops dramatically
for thinner PTCBI layers due to exciton quenching at
the cathode, as well as a vanishing optical field within
the thin active region placed in such close proximity to
the metal contact. For the double heterostructure com-
prising the EBL, ηext continues to increase with

decreasing PTCBI thickness until it reaches amaximum
of ηext ¼ 11% at approximately 10 nm, due to a higher
optical field in the active region and reduced exciton
quenching at the cathode.
The device efficiency improves even as the PTCBI

thickness is reduced, which in turn reduces the cell
series resistance. Hence, devices operated at illumin-
ation intensities as high as 6 suns (6 kW/m2) without
a reduction in efficiency.
The fullerene C60 was first introduced in an OPV

that employed a 12 nm thick BCP EBL. The large
exciton diffusion length of C60 (�8–10 nm) compared
to PTCBI (3 nm) necessitates the use of the blocking
layer to prevent exciton quenching at the cathode. The
optimized double heterostructure comprised ITO/
PEDOT:PSS/20 nm CuPc/40 nm C60/12 nm BCP/
Ag, achieving ηP ¼ 3.6% at 1 sun, AM1.5G simulated
illumination (Peumans and Forrest, 2001). Contrary to
PTCBI-based devices, ηP peaks at 1 sun intensity, and
falls off at both higher and lower solar fluence. Due to
its higher efficiency, the C60 cell delivers at least three
times the current as the PTCBI-based cell. Hence, the
former suffers loss at high intensity due to the cell
series resistance. Resistance also leads to a roll-off in
FF, from a peak of approximately 0.54 at 1 sun, to 0.32
at 10 suns.
Damage-induced defect conduction constrains the

thickness of the wide energy gap matrix to the pene-
tration depth of the damage caused by deposition
of the metal cathode. The penetration depth is
dependent on both the materials and the deposition
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processes, but typically the layer thickness can be no
greater than 10 nm if high resistance to electron con-
duction is to be avoided.

Doping the wide energy gapmaterial with a second
constituent (e.g. PTCBI) stabilizes its morphology
while increasing its conductivity (Peumans et al.,
2000a). Alternatively, doping the layer with metal by
co-evaporation can also provide a high conductivity
even for thick layers. It has been found, for example,
that BCP co-evaporated with 20% Yb leads to EBLs as
thick as 40 nmwithout a noticeable loss in FF and jSC in
CuPc/C60 OPVs. It is unclear, however, whether the
metal doping creates conductive percolating paths, or
that it simply extends the depth of damage that ordin-
arily stops near the surface when induced during cath-
ode deposition. Furthermore, the presence of metal
atoms can increase absorption by the EBL, although
this was not a particularly significant effect for the Yb:
BCP layer (Chan et al., 2006).

The buffer in Fig. 7.115b employs materials whose
electron conduction levels align with that of the
acceptor. Figure 7.117 compares the performances of
several different buffer layer configurations used in
conjunction with a 15 nm 1-NPSQ/40 nm C60 planar

junction. The buffer layer consists of neat BCP, PTCBI
orNTCDA, or 15 nmNTCDA/5 nmPTCBI. PTCBI has
a low electron injection barrier with Ag, although it
absorbs in the red. Furthermore, PTCBI is a robust
molecule that is resistant to damage due to cathode
deposition, which is not the case for either the wide
energy gap (4.0 eV), and therefore transparent
NTCDA or BCP. Hence, the combination of a thin
PTCBI layer used to absorb damage and to present a
low energy barrier to electron injection, and awide gap
NTCDA layer that acts as an optical spacer results in an
efficient EBL structure.
In Fig. 7.117a, we see that FF is maximized be-

tween 0.60 and 0.70 for the several buffers tested.
As expected, FF for BCP rapidly decreases at thick-
nesses greater than 5–10 nm, whereas the other buf-
fers show no such decrease up to 50 nm. However,
the FF of the NTCDA buffer (FF ¼ 0.60) does not
achieve the high values of either the neat PTCBI
buffer (FF ¼ 0.70), or the compound NTCDA/
PTCBI EBL (FF ¼ 0.68).
The highest jSC (Fig. 7.117b) is achieved for the

compound buffer due to its combination of low en-
ergy barrier to electron injection, and transparency.
The jSC of the neat PTCBI buffer device decreases with
thickness due to its absorption in the red and yellow,
and the neat NTCDA layer never reaches the high jSC
of the compound buffer due to the barrier formed
with Ag. The dashed line is a calculation of jSC for
the NTCDA/PTCBI buffer that indicates an optimum
optical spacer thickness of �20 nm, which is consist-
ent with measurement (Lassiter et al., 2011).
The coupling between layer thickness and conduct-

ivity can also be reduced by employing an EBL with a
shallowHOMOenergy that approximately alignswith
the LUMO of the acceptor. This results in so-called
reciprocal carrier collection, illustrated in Fig. 7.115c,
whereby holes are transported from the cathode to the
acceptor/blocking layer (A/B) interface where they
recombinewith photogenerated electrons. The process
was originally demonstrated using a Ru(acac)3 buffer,
which has a d5 open shell that permits hole transport.
The OPV structure: ITO/CuPc (20 nm)/C60 (40 nm)/
Ru(acac)3 (20 nm)/Ag is shown in Fig. 7.118a.
Comparisons of device performance using the

Ru(acac)3 buffer with that of a device with no EBL,
and one using BCP, are shown in Fig. 7.118b and c.
The responsivity (jSC/Pinc) at 1 sun, AM1.5G simulated
illumination shows that the thickness dependence
of the BCP-based device is eliminated using the
Ru(acac)3 buffer. On the other hand, removing the
buffer entirely results in a significant decrease in
response. The responsivity of the OPV with the
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Ru(acac)3 buffer follows the optical absorption/diffu-
sion model (solid line, Fig. 7.118b) of Section 7.1.2.
The loss in response with thickness of the device
employing BCP is due to its high series resistance,
which is supported by a similar sharp drop in
FF, which is absent for the Ru(acac)3 buffer (see
Fig. 7.118c) (Rand et al., 2005a).
The reciprocal OPV structure has two energy bar-

riers: one at the D/A interface for exciton dissoci-
ation, and the second at the acceptor/EBL junction.
Hence, the charge density within the acceptor de-
pends on the relative magnitudes of the dissociation
rate of PPs at the D/A junction, and the recombin-
ation rate at the acceptor/buffer (A/B) junction.
Figure 7.100 illustrates that two opposing junctions
can be approximately modeled by two, back-to-back
rectifiers. This generates in an “S” shaped j–V char-
acteristic that produces a dramatic loss in efficiency,
especially at high illumination intensities where elec-
trons pile up within the acceptor and ultimately

recombine without being collected. The response of
the device in Fig. 7.118 thus depends on the magni-
tude of the A/B HOMO–LUMO offset energy,�EHL,

AB. As this energy increases, the recombination rate
also increases, leading to lower efficiency at high
intensity.
A quantitative analysis can be used as a guide

for choosing materials for a reciprocating EBL. The
device is a combination of two PP recombination
sites at the D/A and A/B interfaces that are coupled
by current continuity, that is, jDA = jAB, and voltage
Va = VDA + VAB. Then it can be shown that the
current for a symmetric D/A junction is (Renshaw
et al., 2011)

j ¼
j0S;DA exp qVa=nSkBTð Þ � kPPd;DA=kPPd;eq;DA

� �� qηPPdjX
� �

1þ j0S;DA=j0S;AB
� �

exp qVa=nSkBTð Þ� � :

ð7:172Þ
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Series and shunt resistances are ignored for simpli-
city. Also, the subscripts identify the variable associ-
ated with either the D/A or A/B junction.

Reciprocal charge collection at the A/B interfaces of
ITO/CuPc (40 nm)/C60 (40 nm)/RuL3 (20 nm)/Ag
OPVs has been studied to determine the dependence
of the j–V characteristics on �EHL,AB. The family of
RuL3 compounds is shown in Fig. 7.119. In these mol-
ecules, L is the ligand in the tridentate complex.

The j–V characteristics of the RuL3 buffers OPVs
under 1 sun, AM1.5G simulated illumination are pro-
vided in the linear and semi-log plots in Figs. 7.120a
and b, respectively. With the exception of Ru(acac)3,

to a greater or lesser extent, all of the characteristics
have an “S” shape whereby the current increase falls
sharply away from exponential near VOC. It is pre-
sumed that the j–V characteristics of Ru(acac)3 also
undergo an inflection, but at voltages higher than
shown in the figure. The lines in Fig. 7.120 are fits to
the data using Eq. 7.172, from which we find that
j0s,AB increases by more than three orders of magni-
tude, from 6.4 μA/cm2 for Ru(fhba)3 to� 10 mA/cm2

for Ru(acac)3.
These results can be understood from the energet-

ics of the A/B junction. The frontier orbital energies
of C60 and the various RuL3 compounds are shown
in Fig. 7.121a. The offset energy at the C60/RuL3

A/B interface increases from 1.1 eV for Ru(acac)3,
to a maximum of 2.64 eV for Ru(fhba)3. These

Ru
O

O
Ru

O

O

Ru
O

CF2H

O

Ru
O

CF3

O

Ru
O

CF3

O
Ru

O
CF3

O
S

1) Ru (acac)3 2) Ru (bhba)3 3) Ru (bhf2)3

4) Ru (fhna)3 5) Ru (fhsa)3 6) Ru (fhba)3

Figure 7.119 Molecular structural formulae of RuL3 complexes used for
EBLs in CuPc/C60 OPVs (Renshaw et al., 2011).

6)  fhba

–1 0 1
–8

–6

–4

–2

0

C
ur

re
nt

 D
en

si
ty

 (m
A

/c
m

2 )

Voltage (V)

1)  acac

2)  bhba

3)  bhf2

4)  fhna

5)  fhsa

Figure 7.120 The j–V characteristics of CuPc/C60 OPVs using the RuL3
compounds in Fig. 7.119 as EBLs. The lines are fits to the data (points)
using Eq. 7.172 (Renshaw et al., 2011).
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Copyright 2011 by the American Physical Society.
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energies are then used along with fits to the j–V
characteristics to obtain the saturation current of
the A/B junction vs. HOMO–LUMO offset energy
in Fig. 7.121b. The j0s,AB for Ru(acac)3 is a lower limit
due to a lack of deviation from exponential current
for this complex.
Equation 7.56 shows that js0;AB ∝ krec;AB. The recom-

bination rates can thus be calculated from the satur-
ation currents for the various complexes, with results
shown on the right axis of Fig. 7.121b. The correspond-
ence between krec,AB (and thus js0,AB) and offset energy
is described by Marcus theory (cf. Eq. 4.91):

krec;AB ¼ krec0;ABexp � λreorg ��EHL;AB
� �2

=4λreorgkBT
� �

;

ð7:173Þ
where λreorg is the molecular reorganization energy.
Reciprocal charge recombination at the acceptor/EBL
interface occurs in the inversion regime, in which case
�EHL;AB > λreorg. A fit to the recombination rates is
shown in Fig. 7.121b (solid line), using λreorg ¼ 0.6
eV, and krec0,AB is chosen for the best correspondence
with the data (Closs et al., 1986). The fit shows a slope
reversal at �EHL;AB � 1 eV as the rate enters the nor-
mal Marcus transfer region.
The implication of this analysis is that the energy

offset at the A/B interface must be minimized for the
EBL to prevent charge pile-up at high illumination
intensities. Of the compounds tested, only Ru(acac)3
with �EHL;AB � 1:1 eV is suitable for this purpose.
Nevertheless, the benefit of using hole conducting
EBLs is their ability to simultaneously achieve high
conductivity and high transparency over a large
range of thicknesses.
Electron-filtering EBLs (Fig. 7.115d) offer a particu-

larly effective means for achieving the combination of
high electron conductivity and transparency. While it
was first employed in fullerene-based cells, it can also
be applied to OPVs with NFAs since it only relies on
the approximate alignment of the LUMO of C60 to that
of the acceptor material (Bartynski et al., 2013,
Bergemann et al., 2015). The EBL employs C60 as a
dopant in a wide energy gapmatrix. Its spherical sym-
metry allows it to closely pack, forming extended, high
conductivity percolating paths for electrons between
the acceptor and cathode when doped even at low
concentrations within BCP. Furthermore, the absorp-
tion feature of C60 centered at a wavelength of 450 nm
results from a CT state betweenmolecules. Aswe have
shown in Section 3.6.6, the CT state absorption de-
creases approximately quadratically with dilution.
Hence, as the C60 concentration is reduced, the EBL
becomes increasingly transparent, resulting in a buffer

that has the desired combination of high transparency
and conductivity over a large range of doped layer
thicknesses.
The absorption spectra as functions of C60 fraction

when co-deposited in vacuumwith BCP are shown in
Fig. 7.122. The CT peak at 450 nm is found to decrease
more rapidly than the singlet absorption peak at
shorter wavelengths. The dependence of these two
absorption features on C60 volume fraction, y, is
plotted in the inset. The peak at 340 nm decreases
linearly with C60 fraction as expected for an excitation
that is confined to a single molecule. However, the
long wavelength feature increases as y2:7, affirming its
multi-molecular origin. These data suggest, therefore,
that as long is y is sufficiently small, the EBL absorp-
tion is also low. The question remains whether the
conductivity at small y is adequate to support charge
conduction at high illumination intensities.
This question is addressed using the device in

Fig. 7.123a where a 10 nm thick BCP: C60 1:1 blocking
layer is sandwiched between two neat C60 layers, one
of thickness (40 – x) nm adjacent to a PTCBI EBL, and
the other of thickness, x, forming a D-A junction
with the donor, DPSQ (Wang et al., 2011). The corres-
ponding j–V characteristics are shown in Fig. 7.123b.
We observe that jSC increases linearlywith x, as expect-
ed for an increasing acceptor layer thickness (for x< LD

� 40 nm for C60) at the D-A junction. These data also
suggest that excitons generated in the C60 layer adja-
cent to the cathode do not contribute to the photocur-
rent, since they lack a D-A junction and are blocked by
the intervening BCP:C60 (1:1) layer. Further, FF ¼ 0.72
for all the devices, independent of x. Thus, electrons
generated at the D-A junction are easily transported to
the cathode through the BCP:C60 layer.
The electron filtering and exciton blocking proper-

ties of BCP:C60 (z:y) buffer were analyzed using a
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coefficient on C60 fraction at two different wavelengths corresponding to
singlet absorption at 340 nm and CT state absorption at 450 nm
(Bartynski et al., 2013).
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combination of simulation and experiment. Monte
Carlo simulations of the EBLs are shown in
Fig. 7.124. The simulations assume a random distri-
bution of available (C60) and unavailable (BCP) sites
for exciton transport. The excitons move via hopping
on a cubic lattice to nearest-neighbor sites in a random
walk. Any exciton that attempts to move onto a BCP
site remains stationary for that step. The BCP:C60

interface reflects excitons back into the acceptor if no
available site exists in the blocking layer. The plot
shows that a neat C60 EBL (z¼ 0, y¼ 1) has no blocking
capability, with 50% of the excitons entering the EBL
from the acceptor. However, as the BCP fraction in-
creases, the layer becomes increasingly effective at pre-
venting excitons from entering the EBL. The blocking
efficiency (i.e. the ratio of excitons reflected back into
the acceptor to those entering into the EBL) increases
from 81% at z/y ¼ 1, to 98% at z/y ¼ 4.

The electron transport properties were also exam-
ined bymeasuring the layer resistivity as a function of
C60 concentration in the EBL. The resistivity only

slowly increases from z/y ¼ 0.6 to 0.9, and then in-
creases abruptly to the insulating state at z/y ¼ 1.
Similarly, DBP/C60 OPVs with a 10 nm thick
BCP:C60 buffer shows an efficiency of 6.6% until
z/y = 0.9, above which nP decreased to 5.9%. Phase
segregation of C60, if it is present at all, is not observed
using current-sensitive AFM. Hence, conduction oc-
curs along C60 nanowires once the concentration of
C60 drops below 50%.
Finally, exciton blockers have been used on the

donor side of the junction, although this architecture
is uncommon since the exciton diffusion lengths in
donors are generally considerably smaller (�5 nm)
than for the fullerenes, and the use of mixed or bulk
HJs reduces the diffusion lengths even further. Also,
positioning a transparent layer near the anode only
weakly affects the optical field distribution. Never-
theless, the insertion of a wide energy gap exciton
blocker between the anode buffer and the donor can
increase cell efficiency in some instances.
Figure 7.125a shows the external quantum efficiency

of a ITO/PEDOT:PSS/TPTPA (x nm)/DBP (y nm)/
C60 (50 nm)/BCP (10 nm)/Al OPV, where a constant
thickness of the TPTPA anode blocking layer and DBP
donor was x + y¼ 20 nm. Here, TPTPA is suitable as a
blocking layer with an energy gap of 2.7 eV compared
to only 1.9 eV for the donor, leading to absorption at
λ < 450 nm. The ηext spectra are taken for devices with
different TPTPA thicknesses, viz. device 1: x ¼ 0 (no
blocking layer), 2: x ¼ 1 nm, 3: x = 3 nm, 4: x ¼ 10 nm,
and 5: x ¼ 15 nm. The quantum efficiency is primarily
affected by DBP absorption, since only excitons ab-
sorbed within the donor are impacted by the presence
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of the donor-side EBL. In fact, the largest enhancement
is achieved for device 4, where x ¼ y ¼ 10 nm. The
efficiency decreases for thinner EBLs that are less ef-
fective in confining excitons within the donor. For
thicker TPTPA, the donor absorption decreases
(Hirade and Adachi, 2011).
The DBP thin film PL intensity spectra in Fig. 7.125b

provide evidence for the blocking properties of the
EBL. The spectra from four structures are compared
for different TPTPA thicknesses. In film 1, the DBP
was deposited directly on quartz, which provides a
blocking, non-quenching surface. Film 2 is quartz/
PEDOT:PSS/DBP, film 3 is quartz/PEDOT:PSS/
TPTPA/DBP, and film 4 is quartz/TPTPA/
DBP. The highest intensity for all TPTPA thicknesses
is film 4, indicating that TPTPA forms an interface
with DBP that exhibits even less quenching than the
nominally non-quenching quartz substrate. On the
other hand, the lowest intensity is observed for film
2 where DBP is deposited directly on PEDOT:PSS
which forms an efficient quenching interface. Film 3,
which is the structure employed in the OPV cells, is as
effective as film 4 in blocking excitons in the absence
of quenching, but only when the TPTPA is 10 nm
thick as is necessary to completely block exciton trans-
port to the anode buffer.
An OPV with x ¼ 0 nm showed ηP¼ 3.9%, whereas

it increased to 5.0% for x ¼ 10 nm. Also, the FF
increased from 0.72 to 0.77 over this same range of
thicknesses. As noted previously, the absorption in
the donor layer decreases with increasing x, resulting
in a concomitant decrease in device performance
(Hirade and Adachi, 2011).

7.4.2 OPV transparency and flexibility, and the
role of contacts

The narrow excitonic absorption bands of organics
compared to the very broad absorption of inorganic
semiconductors requires the inclusion of three or
even more organic materials to achieve full spectral
coverage across the visible and into the NIR.
For example, in Fig. 7.126 we show the absorption
spectra of six homologous NFA molecules used
in high efficiency OPVs. Each of the spectra is
rigidochromically shifted by approximately 80 meV,
with a half width of �150–250 nm. The complexity
inherent in requiring several molecules to cover the
solar spectrum is offset by an opportunity to employ
OPVs as power generating windows in building
applied or building integrated photovoltaic applica-
tions. The examples in Fig. 7.126 indicate that this
collection of molecular species leaves transparency
windows across broad swatches of the visible and
NIR spectra. By choosing organic materials that select-
ively absorb in the NIR, one can create a cell that has a
tint, or even a neutral density semitransparent win-
dow while also providing an efficient power source,
provided that the anode and cathode contacts are also
semitransparent.
To quantify the appearance and efficiency of power

generating windows, we introduce two parameters:
the average photopic transmission, APT (or variously the
average visible transmission, AVT) and the light utiliza-
tion efficiency, LUE (Traverse et al., 2017). Using the
same approach for windows as taken to quantify
illumination sources, the perceived color of sunlight
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through a window (which during daytime hours is an
illumination source) is expressed by the window’s
chromaticity coordinates (cf. Section 6.2.3). The APT
is the integrated transmission spectrum, T(λ), weight-
ed by the photopic response of the human eye, V(λ), and
is given by

APT ¼

ð
visible

T λð ÞEREF λð ÞV λð Þdλ
ð

visible

EREF λð ÞV λð Þdλ
; ð7:174Þ

where EREF(λ) is the reference solar spectrum.
The power conversion efficiency is also needed to

fully quantify the performance of a window. For this
purpose, we define the LUE:

LUE ¼ APT � ηP: ð7:175Þ

Thus, LUE ¼ 0 for a totally opaque cell (where APT ¼
0), although it can be as high as 20% for a cell that is
100% transparent to the human eye. For example,
with ηP ¼ 15% and APT ¼ 50%, then LUE ¼ 7.5%.

Transparency can be achieved by two approaches.
Opaque cells based on inorganic semiconductors such
as Si and GaAs can be separated into thin strips or
sections, thus admitting light through the gaps
between the individual cells. This provides an optical
neutral density appearance. However, the fabrication
process of such a window that entails precise place-
ment and interconnection of the cell segments can be
costly. An attractive and far less complex approach is
offered by organic cells that can be transparent across
the visible, yet highly absorbing in the NIR using

appropriate materials and device structures. The win-
dow color can also be selected simply by changing the
optical coatings of the OPVs, or selecting materials
that remove desired spectral regions.
A compilation of LUE values for inorganic, perovsk-

ite and OPVs are provided by the data points in
Fig. 7.127. Devices with the highest LUE are based on
organic thin film cells, even though the absolute effi-
ciencies of many inorganic cells are higher. The max-
imum LUE ¼ 3.5% in this compilation is expected to
increase as new device architectures, optical filtering
schemes and organic materials are developed. One
note of caution in reading these data is that not all cells
are neutral density. That is, the light transmitted may
have its color coordinates significantly shifted away
from a standard solar illuminant with CCT ¼ 5800
K. Hence, objects illuminated by the sun through such
awindowmaynot appear in their true colors (i.e.CRI<
1). This is particularly true for the organic and perovsk-
ite cells that can have noticeable tints. If the coloration is
too strong, the cells no longer perform as windows, but
rather as power generating optical filters that do not
serve the purpose of building integrated appliances.
The lines in Fig. 7.127 are calculations based on the

thermodynamically limited response of OPVs accord-
ing to the theory in Section 7.3.2. The curves corres-
pond to different values of energy loss typical of
OPVs, assuming that the devices absorb in the
UV and NIR (with energy gaps that yield the thermo-
dynamically limited output power), yet are semitran-
sparent in the visible. We observe that the LUE
increases with AVT as a greater fraction of energy is
harvested from the UV and NIR. These curves have a
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maximum at LUE ¼ ηP ! ηmax
P and AVT ¼ 100%,

where ηmax
P is the thermodynamically limited power

conversion efficiency in the absence of contributions
from the visible spectrum.
We canuse the same analysis to estimate the limits to

the power conversion efficiency attainable by semi-
transparent, multijunction OPVs. The efficiency limit
for a series, and a series-parallel connection of three
subcell devices is shown in Fig. 7.129a and b, respect-
ively. The series-connected triple junction cell com-
prises a visible absorbing subcell whose external
quantum efficiency is ηext;vis ¼ 1� VT½ �, where we as-
sume that the transparency window lies between 350
nm< λ< 625 nm. Here,VT is the visible transmission,
which differs fromAVT in that it is the arithmeticmean
of the transmission within a specified optical domain.
This is unrelated to the perceived appearance of the
solar cell. A VT ¼ 50%, therefore, does not necessarily
have a neutral color. The NIR and IR subcells in
Fig. 7.128 assume ηext,IR¼ 90%. The subcell absorption
bandwidths are adjusted such that the current along
the stack is balanced. For Eloss ¼ 0.5 eV, we calculate
ηP ¼ 19% and LUE ¼ 9.5%. That is, the triple junction
design achieves nearly the samehigh efficiencywhen it
is 50% transparent in the visible, with that of complete-
ly absorbing single junction cell in Fig. 7.74.
An alternative multijunction architecture is the

series/parallel connection of Fig. 7.129b. Parallel
circuits require voltage balance between sources.
However, the operational voltage of NIR absorbing
subcells is lower than from visible absorbing
cells due to their smaller energy gaps. Voltage
balance can be achieved by placing two long wave-
length series-connected subcells in parallel with a
visible absorbing cell. The series subcell stack must
be current matched, whereas the MPP voltage opti-
mally follows VM;IR ¼ VM;IR1 þ VM;IR2 ¼ VM;vis. Here,
VM,IR is the total IR tandem voltage, equal to the sum
of the two IR subcells, VM,IR1 and VM,IR2, which in
turn is assumed to equal the voltage of the visible
absorbing subcell, VM,vis.
The matched, multijunction cell efficiency vs. trans-

parency is provided in Fig. 7.128b. Again, taking
VT ¼ 50% and Eloss ¼ 0.5 eV, we obtain ηP ¼ 19%
which is approximately that of the series stacked cell.
Importantly, the dependence of the efficiency on
transparency is less pronounced for the series-parallel
OPV. Presumably, this results since the visible ab-
sorbing cell voltage is only weakly dependent on
intensity. Voltage balance is maintained even though
the current generated is significantly reduced by the
increased transparency. In contrast, a fully series-
connected cell is current-limited by the visible

absorbing subcell that is made increasingly transpar-
ent via thinning of its active region, yielding its stron-
ger dependence on VT.
Semitransparent cells require optically transmissive

and low resistance contacts. To ensure low injection
barriers to electrons into the acceptor, the cathode
metals must have low work functions. Similarly, an-
odes have high work functions. Furthermore, since
solar cells cover large surface areas, the contacts
must have low sheet resistance. A requirement of all
materials used in solar cells including the contacts, is
low cost and the ability to be applied over very large
substrate areas. Typically, thermally evaporated Al
(with a work function of qϕm = 4.3 eV) and Ag (4.2
eV) are preferred, although Ag readily diffuses into
the organics, creating damage and even shorts across
the cell. Indium tin oxide and other metal oxides are
almost universally used as anode materials due to
their high work functions, relatively low resistance

12

10

8

6

4

30 40 50 60 70 80

Transparency (%)

Ef
fic

ie
nc

y 
X

 T
ra

ns
pa

re
nc

y 
(%

) 0.3 eV

0.7 eV
Energy loss

15

12

9

6

3
30 40 50 60 70 80

Transparency (%)

Ef
fic

ie
nc

y 
X

 T
ra

ns
pa

re
nc

y 
(%

)
0.3 eV

0.7 eV

Energy loss

(a)

(b)

Figure 7.128 Power conversion efficiency–average transparency
product vs. cell transparency for (a) series and (b) series/parallel connected
triple junction OPVs. Adapted from Che (2018).

676 ORGANIC LIGHT DETECTORS



and high transparency. However, the sheet resistance
of ITO is several orders of magnitude higher than
metals of comparable thickness, and the sputtering
process and materials costs used in their manufacture
can be prohibitively high. Lastly, metal oxide films
are brittle, preventing them from flexing during use
or manufacture.

A straightforward approach to achieving contact
semitransparency is to use a metal whose thickness
is less than, or on the order the optical skin depth (see
Section 6.2.2),

δ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2=ωμrμ0σdc

p
: ð7:176Þ

Here, δ is the characteristic distance for electric
field attenuation through the metal, viz. F rð Þ ∝
exp �n̂·r=δð Þ. Also, ω is the frequency of the incident
radiation, μ0 is the magnetic permeability of free space
and μr is its relative permeability, σdc is its d.c. con-
ductivity, n̂ is the unit vector normal to the metal
surface, and r̂ is the propagation direction. For most
metals, δ � 50 nm which sets an upper limit to elec-
trode thickness when used in semitransparent cells.
However, since σdc for a contact metal is much higher
than ITO, the thin metal contact generally has a lower
resistance than the anode. Electromagnetic theory
gives the dependence of the transmittance of a con-
ductor of thickness, d, on conductivity via (Dressel
and Grüner, 2002)

T ¼ 1

1þ Z0σacd
2

� �2 ¼ 1

1þ Z0σac

2R□σdc

� �2
;

ð7:177Þ

where σac is the frequency dependent a.c. conductiv-
ity, R□ ¼ 1= σdcdð Þ is the contact sheet resistance, and
Z0 ¼

ffiffiffiffiffiffiffiffiffiffiffi
μ0=ε0

p ¼ 377 Ω is the impedance of free space.
An example of the dependence of the transparency

of OPVs on the thicknesses of Ag cathodes on a struc-
ture comprising ITO/ZnO (25 nm)/PCE-10:BT-CIC
(130 nm)/MoO3 (15 nm), is provided in Table 7.13
(Li et al., 2017c). The devices show a broad

transparency window between 550 nm to 900 nm,
with a bluish tint. The VT varies from 43% for a Ag
thickness of 10 nm, to 26% at 20 nm. As the device
becomes increasingly transparent, the reflection from
the cathode into the thin active region is decreased,
eliminating the double pass of the resulting standing
wave. Hence, for a device with a 100 nm thick, reflect-
ive cathode, ηP ¼ 11.2%, decreasing to 7.1% for the
device with a 10 nm thick cathode. As expected, the
series and sheet resistances also increase with decreas-
ing cathode thickness.
The inverse relationship between transparency and

sheet resistance of a flexible PEDOT:PSS anode in-
ferred from Eq. 7.177 is shown in Fig. 7.129. The film
thickness is varied by sequentially spin coating layers
of PEDOT:PSS containing 6 vol.% ethylene glycol,
and annealing at 120°C between each deposition
step. The solid line is a fit to R□ ¼ 1=ðσdcdÞ, with
σdc = 1200 S/cm. The film with a sheet resistance of
75 Ω/sq. has a transmissivity of � 80%. This is 50–100
times higher than ITO, which itself is unsuitably high
for use in large modules (Kim et al., 2011).
A comparison of the transmissivities weighted

by the solar spectrum between 400 nm and 800 nm
for several different anode materials is provided
in Fig. 7.130. To reduce the sheet resistance of
PEDOT:PSS or ITO without significantly affecting
transparency, the film can be deposited onto the sur-
face of a thin and widely spaced metal grid. A Ag grid
with a period of 400 nm and a gridline width of 40 nm
is approximately 90% transparent yet gives a sheet
resistance of � 1 Ω/sq., as shown by the solid line in
Fig. 7.130. However, high resolution photolithog-
raphy required to produce the fine grid features is
costly. An alternative is to use a micron-scale,
screen-printed grid covered by a thicker layer of
PEDOT:PSS, although this configuration is inferior
to the transparency and conductivity provided by
ITO (Aernouts et al., 2004).
Random, crystalline Ag nanowire meshes may be

useful replacements to a patterned grid (Lee et al.,

Table 7.13 Performance of PCE-10/BT-CIC OPVs employing Ag cathodes of different thicknesses (Li et al., 2017c)

Ag thickness (nm) jSC
a (mA/cm2) Voc (V) FF (%) ηP (%) VT (%) Rser (Ω cm2) R□ (Ω/sq.)

10 15.8 0.68 66.2 7.1 43 2.1 28.0

15 17.0 0.68 67.1 7.7 33 1.7 4.3

20 18.0 0.68 67.5 8.2 26 1.7 2.4

100 22.5 0.70 71.0 11.2 0 — —

a Obtained at 1 sun, AM1.5G simulated solar illumination.
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2008, Hu et al., 2010). Nanowires that are �10 μm
long by 100 nm in diameter grown from solution are
shown in Fig. 7.131. As-deposited wires are coated
with a thin insulating barrier that results in a low
conductivity mat. Annealing at 200°C fuses
the wires that significantly reduce the film resistance
to 8 Ω/sq. (filled squares, Fig. 7.131) (Kim et al., 2011).
An increase in nanowire density leads to an increase

in conductivity, but also in a loss of transmittance. The
transmission (T) of the 50 Ω/sq. film is �85%
(Fig. 7.131a) whereas for the 15 Ω/sq. sample, T �

65% (Fig. 7.131b) (Hu et al., 2010). Prior to fabrication
of the OPVs, the rough surface of themeshes is planar-
ized to prevent shorting across the thin device active
region. This can bedone by coating thematswith a thin
PEDOT:PSS layer that also provides a uniformly con-
ductive surface. ZnO nanoparticles with diameters be-
tween 3–5 nm synthesized in solution have also been
used to fill the gaps between the nanowires, resulting
in P3HT:PC61BM BHJ OPVs with ηP ¼ 3.9% and FF ¼
0.68; values that are marginally superior to those
achieved using an ITO anode with a ZnO nanoparticle
treated surface, where ηP ¼ 3.5% (Ajuria et al., 2012).
Nanowire mats can also form semitransparent top

contacts (Chen et al., 2012a). A Ag nanowire com-
posite cathode was deposited onto the surface of a 20
nm thick TiO2 nanoparticle cathode interfacial layer
on the OPV structure in Fig. 7.132a. The OPV BHJ
consists of the donor, PBDTT-DPP blended with
PC61BM, on an ITO/PEDOT:PSS anode. The BHJ
active region strongly absorbs in the UV and NIR,
with only 30–40% absorption in the visible. The na-
nowires are spray-coated and fused using alcohol-
based solvents onto the TiO2 interlayer. The last step
fills in the gaps between the nanowires by spreading
a conducting ITO nanoparticle film suspended in a
polymer binder. This creates a relatively low
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Figure 7.131 SEM images of Ag nanowire meshes with sheet
resistances of (a) 50 Ω/sq. and (b) 15 Ω/sq. (Hu et al., 2010).

Reprinted with permission from Hu, L., Kim, H. S., Lee, J.-Y., Peumans, P. &
Cui, Y. 2010. Scalable Coating and Properties of Transparent, Flexible, Silver
Nanowire Electrodes. ACS Nano, 4, 2955-2963. Copyright 2010 by the
American Chemical Society.
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resistance path between the point of charge injection
onto the high conductivity Ag mesh. A micrograph
of the underside of the contact in Fig. 7.132b shows
that the film exposes nanowires to the underlying
layers while creating a continuous film that contacts
the OPV layers below. The contact has AVT ¼ 87%
and a sheet resistance of 30 Ω/sq (Chen et al., 2012a).
Organic solar cells employing this cathode show ηP

¼ 4.0% and 3.8% under 1 sun AM1.5G spectral illu-
mination incident from the anode and cathode sides,
respectively. The FF of the transparent device is 0.57
compared with 0.60 for the conventional device due
to increased resistance from the Ag nanowire cath-
ode contact.

CNTs can also form flexible conductive mats. In-
deed, Fig. 7.48b shows that its low HOMO energy
gives it donor-like characteristics, and thus is suitable
as an anode contact. Single walled nanotubes pre-
pared by arc discharge can have transparencies
as high as 90% for 30 nm thick films, but with a
correspondingly high sheet resistance of 200 Ω/sq.
(Fig. 7.130). As discussed previously, a random popu-
lation of nanotubes contains approximately 1/3 me-
tallic and 2/3 semiconducting tubes, but only the

former contribute to the conductivity. This leads to a
relatively high sheet resistance that is comparable, or
even inferior to that attained by PEDOT:PSS (Hu et al.,
2004, Rowell et al., 2006). The resistance is reduced by
annealing at �100°C to remove surfactant and im-
prove contact between overlapping tubes. Gaps be-
tween the tubes can be filled, and the surface
planarized by coating with a layer of PEDOT:PSS
(Rowell et al., 2006, Van De Lagemaat et al., 2006).
Lastly, graphene has been explored for flexible and

transparent electrodes. Due to the delocalized elec-
tron wavefunctions along the graphene sheet, its in-
plane conductivity and carrier mobility is very high
(up to 200,000 cm2/V s), and as a monolayer it is
transparent. Indeed, HNO3-doped p-type, four mono-
layer thick graphene sheets have been produced in
a continuous R2R process with a sheet resistance
of 30 Ω/sq. and a transparency of � 90%. Monolayers
are successively transferred to obtain multilayer films
with the desired combination of resistance and trans-
parency (Bae et al., 2010).
The performance of graphene anodes adapted for

use in OPVs is not quite as high. For example, three
monolayers of graphene were successively trans-
ferred to a quartz substrate and then coated with a
planarizing layer of PEDOT:PSS. The doping pro-
cess results in an 80% transparent film with a sheet
resistance of �100 Ω/sq (Kim et al., 2010). Combin-
ing this anode with 21 nm CuPc/40 nm C60/9.3 nm
BCP double HJ device with a Ag cathode resulted in
ηP ¼ 1.6% and FF ¼ 0.42, compared to ηP ¼ 1.8% and
FF ¼ 0.56 for an analogous device employing an
ITO/PEDOT:PSS anode (Park et al., 2010a). The re-
duced FF for the graphene-based OPV is a result of
its higher anode injection barrier and sheet resist-
ance. Single monolayers of graphene coated with
PEDOT:PSS have been employed as a top, transpar-
ent contact on P3HT/PC61BM OPVs employing an
ITO/ZnO anode. The sheet resistance was �500 Ω/
sq., which results in a low fill factor of �0.4 (Liu
et al., 2011).
The recurring theme of the foregoing discussion is

that potentially lower cost and flexible contacts can
be achieved using metal nanowires, PEDOT:PSS,
nanotubes or graphene, although they generally
deliver inferior performance compared to those
using brittle, transparent metal oxide contacts.
The loss in efficiency that accompanies transpar-

ency can be partially recovered by recycling the NIR
photons back into the active region, thereby doubling
the absorption length, while the visible photons ex-
perience only a single pass as they transit across the
cell. This is accomplished by appropriate combination

AgNW-based composite
electrode

ITO + PEDOT: PSS

UV- and NIR-sensitive
active layer

TiO2

500 nm

Figure 7.132 (a) Schematic illustration of a semitransparent OPV
employing a Ag nanowire (Ag NW) composite top cathode and an
ITO-PEDOT:PSS anode. (b) Scanning electron microscope image of the
underside of the top electrode showing the Ag NWs and the ITO
nanoparticle filler. This image was taken after the electrode was peeled off
of the organic layers (Chen et al., 2012a).
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of an ARC and a mirror in the NIR (Koeppe et al.,
2009, Lunt and Bulovic, 2011, Betancur et al., 2013).
This takes advantage of the narrow spectra of excitonic
materials that absorb primarily in the non-visible spec-
tral regions. To selectively transmit multiple spectral
regions, a single ARC or distributed Bragg reflector
(DBR) is insufficient. On the other hand, aperiodic di-
electric reflectors (ADRs) comprising multiple layers
with different thicknesses and indexes of refraction,
can achieve this purpose (Sergeant et al., 2009).
Since the sun is a broad spectral source, the ARCs

and ADRsmust also have broad spectral transmission
or reflection. This is a more complex problem than
designing a coating for a relatively narrow spectral
source such as an OLED or OPD. Determining the
layer thicknesses starts by choosing the number of
layers and the refractive indices of the materials to
be used in the coating, and the target output spec-
trum. This is the inverse solution of the conventional
design approach that starts with the structure and
optical properties of the multilayer stack, and then
using transfer matrix formalism (Section 7.1.4) to cal-
culate its transmission, absorption and reflection co-
efficients. An example of a broad band, aperiodic
dielectric stack comprising six periods of SiNx and
SiO2 of varying thicknesses is shown in Fig. 7.133.
The solution is found by using a genetic algorithm to
iteratively approach the target spectrum (shown at
right). The algorithm iteratively varies the thicknesses

of the layers until the output spectrum most closely
approaches that of the target. A difficulty inherent in
this approach is that the algorithm may become
trapped in a local solution that is not optimal. To
avoid this possibility, the procedure is attempted
multiple times, each with a randomly chosen set of
initial conditions.
The absorption efficiency for the aperiodic ARC in

Fig. 7.133 is reasonably uniform across the absorption
spectrum of the CuPc:PTCBI (1:1) OPV active region
for which it is designed. Indeed, the electric field
intensity appears to be strongly confined to the or-
ganic multilayer, as shown in Fig. 7.133a. The average
absorption efficiency is 26.6%, compared with 19.8%
without the dielectric stack (Peumans, 2004). A more
uniform spectrum may be achieved by increasing the
number of layers in the stack.
The structure in Fig. 7.134 is an example device

employing an ADR designed to reflect UV and
NIR radiation to create a standing wave within the
PTB7:PC71BM active region of an OPV, while being
transmissive to visible radiation. The dielectrics em-
ployed are LiF (n ¼ 1.39) and MoO3 (n ¼ 2.52) form-
ing a stack on a semitransparent, 10 nm thick Ag
cathode.
The calculated APT and jSC comparing an OPV

with only a thin Ag layer (called Tn-Ag), and one
with an ADR on the surface of the Tn-Ag (ADR-Tn-
Ag) vs. the number of layers in the dielectric stack is

organic multilayer
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Figure 7.133 (a) Optical electric field intensity vs. wavelength (y-axis) and position in a device with layer structure, glass/[SiNx/SiO2]6/ITO
(15 nm)/PEDOT:PSS (32 nm)/CuPc:PTCBI (1:1, 10 nm)/BCP (50 nm)/Ag. (b) Phase (ϕ(r)) and magnitude (|r|) of the complex reflection coefficient,
r, of the coating (solid line), and an ITO/organic/metal cavity (open circles). Also shown is the absorption efficiency, ηA(λ) (Peumans, 2004).

Reprinted with permission.
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shown in Fig. 7.135. This result is compared with
that for an optimized, periodic DBR comprising
four and six alternating layers (squares). The plot
shows that adding layers past four or five has a
diminishing impact. The stack used for the OPVs
comprises five layers, providing an APT only 5%
less than for the Tn-Ag sample (open blue circles),
but with a short circuit current nearly 20% higher
(open black circles). The DBR gives a higher trans-
parency than the ADR, but at the cost of a lower jSC.
The measured performance of the OPVs (solid cir-
cles) is close to that obtained via calculation for both
Tn-Ag and ADR-Tn-Ag. The inset, Fig. 7.135, shows
the appearance of OPVs optimized to transmit dif-
ferent colors, from red to blue to neutral. Generally,
building architects favor neutral density coatings on
windows, which is accessible via the appropriate
dielectric stack designs.

The power conversion efficiencies and APTs of the
variously coated OPVs are summarized in Table 7.14.
There are minor differences in FF and VOC attributed
to damage incurred during dielectric stack depos-
ition. The largest differences are found in jSC and ηP
where the device with the aperiodic grating has a 20%
higher jSC and a 40% higher ηP compared with the
Tn-Ag device, although the visible transparencies are
nearly equal (Betancur et al., 2013).
We found in Section 6.2.2 that replacing the semi-

transparent metal with ITO can also result in a large
APT, although there is a possibility that its deposition
can damage the underlying organic layers. Further-
more, the large work function of ITO makes it an
inefficient electron injecting contact that is overcome,
ironically, by the formation of electron-conducting
defect states induced by this damage. A buffer layer
is often employed between the ITO cathode and the
device active regions to eliminate the formation of
exciton quenching defects in the light absorbing
layers (Parthasarathy et al., 1998).

ADR

OPV

ADR

Ag

OPV

ITO

MoO3

MoO3

LiF

LiF

MoO3
LiF
Ag
BCP
PTB7:PC71BMv

PEDOT

ITO
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120 nm

Figure 7.134 Structure (top) and layout of an array of OPVs employing
an aperiodic dielectric reflector (ADR) that reflects UV and NIR radiation
back into the active region to maximize absorption, while transmitting in
the visible. After Betancur et al. (2013).

Reprinted by permission from Springer Nature, Nature Photonics, 7, 995,
Transparent polymer solar cells employing a layered light-trapping architecture,
Betancur, R., Romero-Gomez, P., Martinez-Otero, A., Elias, X., Maymó, M. &
Martorell, J. Copyright 2013.
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Figure 7.135 Relative photopic transparency and short circuit current
for a PTB7:PC71BM OPV vs. the number of layers in the ADR of Fig. 7.134.
Comparison of these parameters is between a device with an ADR on a
thin Ag electrode (ADR-Tn-Ag), and a similar device lacking the ADR
(Tn-Ag). The measured device performances are given by solid circles, and
the calculated performances by open circles. Open squares are
calculations for an optimal periodic Bragg reflector. Inset: Transparent
films optimized for different transmission spectra placed on the logo of the
Institut de Ciencies Fotoniques (ICFO) (Betancur et al., 2013).

Table 7.14 Performance of PTB7:PC71BM OPVs with different cathode
designs (Betancur et al., 2013)

Cathode jSC (mA/cm2) ηP (%) APT (%)

Tk-Ag 14.0 7.3 0

Tn-Ag 8.5 3.6 32

ADR-Tn-Ag 10.7 5.2 29
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While the narrow spectral width of NIR absorbing
materials can be exploited to achieve both high effi-
ciency and transparency when combined with a
semitransparent cathode, their spectral overlap with
the visible spectrum can lead to unwanted coloration
of the cells. Hence, it is essential to also engineer the
outcoupled spectrum of the devices to achieve the
desired hue. In the previous example, most of the
attention is directed at improving the coupling of
the broad, incident spectrum into the solar cell active
region. The appearance and efficiency of the cell can
simultaneously be tailored by applying a second
coating on the exit surface, called an outcoupling
(OC) layer. By combining the elements of materials
sets featuring narrow absorption spectra with multi-
layer ARC and OC films, as well as a DBR used for

NIR light recycling, a high LUE is achieved for the
device in Fig. 7.136a. Starting from the top surface, a
DBR comprising 12.5 alternating layers of plasma
enhanced CVD SiNx and SiO2 is deposited on a sep-
arate glass substrate. This is attached to the surface of
the OPV that is fabricated on a second glass substrate
(see also, Lunt and Bulovic, 2011). The device itself
has several innovations. The anode buffer consists of
a ZnO film coated with a 1 nm thick NSM hole
injection layer that minimizes charge trapping at the
ZnO surface. The active region comprises a solution-
deposited PCE-10:BT-CIC:TT-FIC (1:1.25:0.5) ternary
blend that is capped with a MoO3 cathode buffer and
a semitransparent, sputtered 8 nm thick 2% Cu-Ag
alloy film (Cho et al., 2017). The alloy has a resistance
of 11.3 Ω/sq., which is comparable to a vacuum
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Figure 7.136 (a) General structure of the semitransparent OPV with an NIR reflecting DBR, an ARC on the bottom surface, and an optical outcoupling
layer on the top surface. (b) Chromaticity coordinates for the four OPVs in (c) with different outcoupling and active layer thicknesses (Li et al., 2019).
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deposited Ag film of equal thickness, although the
2% Cu-Ag is >20% more transmissive across the
visible. Most importantly, the very thin alloy film is
continuous and smooth compared to Ag, which
tends to form clusters that results in a rough surface.
The final layer is a two period, CBP/MgF2 light out-
coupling layer that reduces trapping of visible radi-
ation within the cell. Unlike the ARC, the outcoupling
layer has a narrower spectral bandwidth, and thus
controls the tint of the cell. Images of an outdoor
scene in daylight taken through several different cells
with OC and active layer thicknesses tuned to transmit
different wavelengths are shown in Fig. 7.136c. The
CIE coordinates of light from an AM1.5G simulator
viewed through the cells are indicated by the data
points in Fig. 7.136b. The neutral density cell (top
image) has coordinates of (0.337, 0.349), that is, it lies
close to the isoenergetic chromaticity point of (0.33,
0.33) at 5000 K (see Fig. 6.13). Similar to a light source,
the window appearance is defined by its color tem-
perature (here approximately 5000 K), and its color
rendering index. In this case, CRI ¼ 87, indicating
that objects illuminated through the OPV will appear
in approximately their natural colors. The other cells in
Fig. 7.136 strongly filter the light, and as a result have a
deeply colored appearance.

The performance characteristics of these cells are
summarized in Table 7.15. Included in this compilation
is a second neutral density cell with CIE coordinates
of (0.280,0.335), exhibiting a slightly green cast. Import-
antly, the highest performance neutral density OPV
has LUE ¼ 3.56% and ηP ¼ 8.0%, giving photopic
transparency of nearly 50%. From Fig. 7.127, this is
nearly double the LUE of inorganic and perovskite
cells, suggesting that transparent windows provide a
unique opportunity for OPV applications, particularly
when coupled to their ability to be deployed on flexible

thin films that can be easily attached within the pocket
between the outer and inner panes of insulated win-
dows commonly found in commercial and residential
buildings.

7.4.3 Bulk and mixed heterojunction morphologies

Bulk and mixed HJs are nanostructured aggregates of
donor and acceptor molecules that present a large
interface area where excitons can dissociate without
having to diffuse long distances from their origin.
This structure eliminates the trade-off between the
relatively short exciton diffusion length and the long
optical absorption length that limits the efficiency of
planar HJ devices. However, the inherent disorgan-
ization of these random structures can impede charge
conduction to the contacts due to the circuitous and
often discontinuous paths between the charge point
of origin to its respective contact. To maximize the
probability of exciton dissociation and minimize re-
sistance to charge transport, the morphology of the
mixed regions must be controlled with nanoscale pre-
cision. We have seen in Chapter 5 that morphology is
determined by numerous factors, including the
method of deposition, post-deposition annealing, the
ratio of donor to acceptor molecules in the blended
junction, and by the steric properties of the donor and
acceptor molecules. All of these factors become in-
creasingly complex to manage as the number of
constituent molecules forming the active region is
increased. It is no surprise, then, that controlling
and understanding the morphologies of ternary
active regions is considerably more difficult than
for binary OPVs.
In this section we discuss a few of the frequently

used methods for controlling morphologies to maxi-
mize OPV efficiencies. We start by considering
guidance provided by the ideal diode theory of
Section 4.7.2 to understand the optimal morphologies
needed for high efficiency. Then we provide examples
of how to achieve those structures based on discus-
sions in Section 5.5 on solvent and thermal annealing
of both small molecule and polymer blends.

7.4.3.1 Dependence of efficiency on morphology:
theoretical perspectives

The ideal diode equation for excitonic HJs provides
insights into how morphology impacts efficiency.
The external efficiency in Eq. 7.48 depends on the
product of the efficiencies of processes leading to
charge generation. The objective of the BHJ is to
reduce the distance between the point of photon

Table 7.15 Operating characteristics of multi-colored semitransparent
OPVs (Li et al., 2019)

Device jSC
a

(mA/cm2)
VOC
(V)

FF ηP
b

(%)
AVT
(%)

LUE
(%)

Blue 18.6 0.67 0.71 8.9 4.0 0.36

Green 18.1 0.68 0.71 8.7 17.0 1.48

Red 17.3 0.68 0.70 8.3 5.9 0.49

Neutralc 13.2 0.65 0.67 5.8 44.3 2.57

16.2 0.68 0.72 8.0 44.2 3.56

a The jSC values are calculated from the integral of the EQE spectrum.
b ηP calculated based on measurement of eight devices under 1 sun,
AM1.5G reference spectrum along with jSC.
c The first entry has CIE coordinates of (0.337, 0.349), the second has
(0.280, 0.335).
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absorption to the site of exciton dissociation at the D-
A interface, such that the exciton diffusion efficiency,
ηED ! 1. The blended active region, unfortunately,
also creates a long and tortuous route for the charges
generated at the heterointerface that increases the
probability for Langevin or bimolecular recombin-
ation. This results in a charge collection efficiency,
ηCC < 1. The optimal morphology, therefore, must
simultaneously maximize both ηED and ηCC.
The morphology also controls the ability for the PP

to dissociate into free charges. The complex process of
free charge generation at the heterointerface dis-
cussed in Section 4.7.2 is folded into the charge trans-
fer efficiency, ηCT. Recall that the current of an
excitonic HJ given by Eq. 7.55 is a function of two
morphology-dependent terms: the saturation current
and the photocurrent ( j0 and jph, respectively). That is,
j0 ∝ 1� ηPPd and jph ∝ ηPPd, where ηPPd is the PP dis-
sociation efficiency given by ηPPd ¼ kPPd= kPPd þ kPPrð Þ
(cf. Eq. 7.53). Thus, morphologies that lead to kPPd ≫
kPPr maximize jph (and hence jSC), while simultaneous-
ly minimizing the dark current, j0, both of which lead
to an increase in VOC (Eq. 7.122) Moreover, Onsager–
Braun theory shows that exciton dissociation into
free polarons is enhanced by an applied electric
field, that is, kPPd ¼ kPPd Fð Þ. Then, from Eq. 7.123 we

find that VOC ¼ V0
OC þ

nSkBT
q

log ηPPdð Þ, where we take

kPPd ∝ krec at low voltage, and V0
OC is the open circuit

voltage in the absence of recombination, that is, kPPr
or krec are negligibly small.
A consequence of this analysis is that there is a

significant benefit to maximizing the rate of PP dis-
sociation vs. recombination. This is apparent from the
plot of the calculated j–V characteristics of an ideal
diode in Fig. 7.71 for various ratios of kPPd=kPPr. All
three critical parameters governing the power conver-
sion efficiency, that is, VOC, jSC, and FF, are signifi-
cantly increased as kPPd=kPPr is increased from 0.01
to 103.
The ideal morphology is, therefore, one that min-

imizes kPPr by decreasing the electronic coupling
between D and A molecules at the HJ. This is
achieved by using compounds that are sterically
hindered from close packing, thus limiting the orbit-
al overlap with neighboring molecules across the
HJ. Unfortunately, steric hindrance can also lead to
poor coupling between like molecules. That is, it can
reduce either or both of the D–D or A–A molecular
couplings. This increases the resistance to charge
transport along percolating paths from the point of
exciton dissociation to the electrodes, thereby

decreasing ηCC and increasing cell series resistance
(and thus decreasing FF). Hence, the preferred
morphology is one that achieves a delicate balance
between order needed for low resistance conduction,
and disorder that promotes exciton dissociation very
near to their point of origin.
Example HJ morphologies and their potential influ-

ence on kPPr are illustrated in Fig. 7.137 for a model
interface between C60 and a planar donor molecule
(Wang et al., 2011). Figure 7.137a shows an ordered
arrangement of donor molecules with their planar
surface adjacent to the C60 layer. Presumably, the π-
orbitals are parallel to the planar face and hence over-
lap with that on the C60 molecules. This leads to
strong interactions between electronic systems, thus
increasing kPPr at the expense of kPPd. Figure 7.137b
shows an edge-on arrangement. Here the π-systems
extend between adjacent donor molecules, but do
not significantly overlap with those of C60. In this
situation, we anticipate that kPPr is small. However,
conduction of photogenerated holes to layers
below the interface is problematic given the pre-
sumed edge-on relationship of the donor molecules
in the underlying bulk layer. The optimal situation is
shown in Fig. 7.137c comprising an interface where
the D and A molecules interdiffuse, leading to limited

(a)

(b)

(c)

Figure 7.137 Three morphologies formed at interfaces between C60
and an archetype planar donor molecule. (a) Ordered interface with strong
intermolecular coupling. (b) Ordered interface with weak intermolecular
coupling. (c) Interdiffusion of D and A molecules at the interface with a
combination of couplings. Ordered structures lie beyond the interface
region.
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disorder. In the bulk, away from the interface, both
the D and A molecules form ordered structures that
support a high conductivity for both holes and elec-
trons, respectively. While there are pairs of D and
A molecules within the interface region that may
have strong π–π interactions, on average those inter-
actions are considerably smaller than in the ordered
structure of Fig. 7.137a. This structure achieves the
necessary balance of a high kPPd=kPPr as well as a
high conductivity through the layer bulk (and hence
a high FF and jSC).

Proposing desired morphologies, that is, disorder
at interfaces and order within the bulk, is one thing,
but achieving them and showing that they are effect-
ive in increasing efficiency is a more daunting chal-
lenge. A series of experiments that were directed at
independently tailoring the morphologies at the inter-
face and in the bulk of bilayer DPSQ/C60 HJ OPVs
endeavored to directly test the validity of these con-
cepts (Zimmerman et al., 2012). The OPV structure is
shown in Fig. 7.138 along with the molecular struc-
tural formula for the SQ donor, DPSQ. The donor is
spun on a MoO3 surface from a chloroform (CF)
solution. In the “as-cast” (AC) device, the C60 layer
was subsequently thermally evaporated onto the
DPSQ surface, followed by the PTCBI EBL and the
Ag cathode. In the “pre-C60” device, immediately
following DPSQ deposition, the donor layer was
solvent vapor annealed for 10 min in a sealed vial
containing DCM (Wei et al., 2011a). Solvent vapor

annealing (SVA) entails the infusion of solvent
molecules that re-dissolve the film, allowing the mol-
ecules to readjust to a lower energy, crystalline state.
Solvent annealing promotes mass transport over large
distances, resulting in the growth of nanocrystalline
domains. The annealing time is chosen to optimize
both efficiency and yield. Subsequent to the annealing
step, the remainder of the layers used in the as-cast
device in Fig. 7.139 were deposited. The “post-C60”

process employed SVA after the C60 deposition but
before completing the device.
Morphologies of AC and pre-C60 films studied

using X-ray diffraction data shown in Fig. 7.139a.

MoO3, 15 nm

ITO, 100 nm

DPSQ, 16 nm

C60, 40 nm

PTCBI, 8 nm

Ag, 100 nm

SVA:
Post-C60

Pre-C60

N N2
+

OH

OH HO

HO–O

O–

Figure 7.138 The structure used to control interface and bulk film
morphologies. Also shown is the molecular structural formula of
DPSQ. Three different devices were tested: “as-cast” where the entire
device was constructed without annealing, “pre-C60” where the DPSQ
was solvent vapor annealed prior to deposition of the remaining layers of
the device, and “post-C60” where the device was completed up to the
deposition of C60 prior to SVA, followed by deposition of the PTCBI
exciton blocking layer and cathode.
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Figure 7.139 (a) X-ray diffraction patterns identifying molecular peaks
in both as cast (AC) and pre-C60 thin films. (b)–(h) AFM images of the
surfaces of as deposited (AD) and SVA films of C60, AC and SVA films of
DPSQ, and AC DPSQ/C60, pre- and post-C60 films. The root mean square
roughness, rrms, is shown in each image. The scale bar at lower right
corresponds to (b) X¼10 nm, (c, f, h) X¼ 20 nm, (d) X¼ 5 nm, and (e, g)
X ¼ 50 nm. All fields of view are 1 � 0. 5 μm (Zimmerman et al., 2012).

Reprinted with permission from Zimmerman, J. D., Xiao, X., Renshaw, C. K.,
Wang, S., Diev, V. V., Thompson, M. E. & Forrest, S. R. 2012. Independent
Control of Bulk and Interfacial Morphologies of Small Molecular Weight
Organic Heterojunction Solar Cells. Nano Letters, 12, 4366–4371. Copyright
2012 by the American Chemical Society.
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The AC film shows no DPSQ feature, although two
weak peaks associated with C60 indicate limited crys-
tallization. In contrast, the pre-C60 pattern shows that
both DPSQ and C60 exhibit long range order. Appar-
ently, crystallization of DPSQ provides a template on
which the C60 can form crystallites on a larger scale
than when deposited onto amorphous AC DPSQ
films. The post-C60 structure also shows C60 crystal-
line order although there is no corresponding peak for
DPSQ. Nevertheless, absorption spectra of the film
have a pronounced dimer peak due to DPSQ, indicat-
ing the presence of at least small ordered domains
arising from this treatment.
Film surface morphologies also show evidence for

DPSQ crystallization due to SVA, see Figs. 7.139b–h.
As-deposited C60 and AC DPSQ surfaces are
smooth, with rms roughnesses of 0.8 nm and 0.2
nm, respectively, which is indicative (although not
proof) of an amorphous film. However, when ex-
posed to SVA, the C60 and DPSQ roughness in-
creases to 2.1 nm and 4.4 nm due to formation of
nanocrystallites. This roughness appears in the pre-
C60 sample, although the post-C60 roughness is simi-
lar in scale to that of the SVA C60 sample. Thus, it
appears that the C60 layer prevents the underlying
DPSQ surface from roughening, even though it
undergoes a degree of internal crystallization. The C60

cap layer preserves the interface disorder while allow-
ing themolecules within the film bulk to adjust during
annealing (Peumans et al., 2003a).
The morphological studies indicate that the AC

sample is completely amorphous, both at the interface
and within the bulk. The pre-C60 sample is ordered in
both the D and A layers, and at their interface. The
post-C60 film most likely has ordered bulk layers, but
the presence of the C60 cap locks in disorder at its
interface with DPSQ. These conclusions are support-
ed by the j–V characteristics in Fig. 7.140. We make
the following observations. (i) The AC sample has a
high VOC ¼ 0.94 V, but jSC ¼ 5.3 mA/cm2 is relatively
low. The high VOC suggests that kPPd=kPPr is large (cf.
Eq. 7.123) due to disorder, but it is difficult to extract
charge through the amorphous bulk. (ii) The pre-C60

has a high degree of order in the bulk, leading to
an increase in jSC, but the order at the interface
increases molecular coupling between C60 and
DPSQ, reducing kPPd=kPPr, and hence VOC ¼ 0.86 V.
(iii) The ordered bulk of post-C60 results in the highest
jSC ¼ 7.0 mA/cm2, while disorder locked in at the as-
grown interface maintains a high kPPd=kPPr, resulting
in VOC similar to the disordered AC device.
The interplay between interface and bulk morph-

ologies is summarized in Fig. 7.141. The results

provide compelling evidence that disorder at the
interface leads to reduced intermolecular electronic
coupling, and thus an increased VOC, but the disorder
in the bulk leads to a decreased charge extraction,
and hence a low jSC. The ideal diode analysis in
Section 4.7.2, points to the essential role of morph-
ology in determining OPV performance. While these
results are obtained for a bilayer, small molecule
diode comprising both solution and vapor deposited
molecular species, the conclusions also apply to
polymer-based devices. In the following section, we
will show several approaches for achieving optimized
morphologies in both solution and vapor processed
cells. The precise control exhibited for the DPSQ/C60

system is by no means easy to achieve with other
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Figure 7.140 Current density–voltage characteristics of the OPVs in
Fig. 7.138 (Zimmerman et al., 2012).

Reprinted with permission from Zimmerman, J. D., Xiao, X., Renshaw, C. K.,
Wang, S., Diev, V. V., Thompson, M. E. & Forrest, S. R. 2012. Independent
Control of Bulk and Interfacial Morphologies of Small Molecular Weight
Organic Heterojunction Solar Cells. Nano Letters, 12, 4366-4371. Copyright
2012 by the American Chemical Society.
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As cast Pre C60 Post C60
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Bulk C60 Weakorder Ordered Weak order
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kPPr Low High Low

VOC High Low High

JSC Low Moderate High

Figure 7.141 Summary of results obtained from analysis of results for
devices and films subjected to SVA treatment.
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materials or processes, although it is necessary for
reaching a high OPV efficiency.

In addition to influencing charge transfer, the
degree of interface order impacts the energy loss as-
sociated with charge transfer. Indeed, this is implied
in the foregoing experiments, where we have seen
that kPPr increases with order, suggesting that the CT
energy is lower (and consequently the energy loss
larger) for more ordered interfaces due to stronger
intermolecular interactions across the HJ. The
relationship between interface order and the CT
energy is illustrated in Fig. 7.142a. The D-A junction
comprising, in this example, a donor polymer and a
fullerene acceptor, can assume several morphologies

whose CT energies are, in descending order: (i) fully
disordered, (ii) ordered on the donor side, disordered
on the other, (iii) disordered on the donor side, ordered
on the other, and (iv) ordered on both sides of the D-A
junction. This picture is strikingly similar to Fig. 7.141
used to describe CT at small molecule HJs.
The CT state energies in ternary blend OPVs

comprising a mixture of amorphous (AnE-PVba)
and semicrystalline (AnE-PVab) donor polymers
with PC61BM were analyzed to understand whether
the energy loss picture in Fig. 7.142a is valid. Here,
AnE-PVab is an anthracene-containing poly(p-
phenyleneethynylene)-alt-poly(p-phenylenevinylene)
copolymer (AnE-PV), with octyloxy side-chains at the
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Figure 7.142 (a) Illustration of the relationship between interface morphology and the CT energy for (from left) fully disordered interface; order on one
side, disorder on the other; disorder/order; and a fully ordered interface. For this example, the donor is a polymer (lines) and the acceptor is PC61BM. (b) CT
electroluminescence spectra obtained by fitting the full EL data to a Gaussian-Lorentzian function for different concentrations of an amorphous donor
polymer (AnE-PVba) in a ternary blend also comprising the semicrystalline donor, AnE-PVab, and PC61BM. After Kästner et al. (2017).
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PPE side, and 2-ethylhexyloxy side-chains at the PPV-
side. Amorphous AnE-PVba comprises AnE-PV with
2-ethylhexyloxy side-chains at the PPE side and octy-
loxy side-chains at the PPV. The CT EL spectra
obtained by current injection, vs. concentration of
the amorphous phase of the donor polymer were
measured and fit to a Gaussian–Lorentzian line
shape function to extract the EL peak energies. The
results of the fits are shown in Fig. 7.142b. The highest
energy CT state, CT1 is at ECT1 ¼ 1.513 eV, and is
found in the fully disordered OPV. As the ratio of
the disordered phase, AnEPVba, to the ordered An-
EPVab, donor is increased, the CT state energies de-
crease from ECT1¼ 1.513 eV to ECT3¼ 1.386 eV to ECT2

¼ 1.308 eV to ECT4 ¼ 1.233 eV, consistent with
the picture in Fig. 7.142a. This is similar to the
DPSQ/C60 system in Fig. 7.141, and consistent with
predictions from theory in Section 4.7.2.

7.4.3.2 Optimizing morphology during deposition
and processing

Here we provide a few examples where morphologic-
al control leads to high performance. The following
discussion is not meant to be an exhaustive treatment
of a very large field, but rather an introduction to
those morphologies that are beneficial, and some of
the characteristics that they introduce into the active
regions of OPVs.

Structural annealing. Annealing an as-deposited film
adds energy to the system, allowingmolecules that are
in a metastable configuration (e.g. in an amorphous
structure) to reorganize into a more stable, lower en-
ergy state. This creates nano- or microcrystalline do-
mains, driving towards a large surface area D-A
junction. The domains themselves have low resistance
due to high charge mobilities compared to amorphous
regions. Intimate packing of the crystalline and
amorphous phases can lead to a higher optical density,
and hence higher external quantum efficiency. These
effects ultimately increase jSC and FF, although in-
creased interfacial order can have the unintended con-
sequence of a reduced VOC.
The solvents used in casting the materials into

films, as well as the duration and temperature used,
have a significant impact on BHJ morphology
(Li et al., 2005, Mori et al., 2011, Mori et al., 2015).
An example of such effects is observed in the AFM
images Fig. 7.143 of non-fullerene P3HT:PF12TBT
(1:1) BHJs that are solution cast from three
solvents with widely differing boiling points (BP),
o-dichlorobenzene (DCB, BP ¼ 180°C), chlorobenzene
(CB, BP ¼ 131°C), and CF (BP ¼ 61.2°C). The large-
scale surface morphology depends on solvent, with

the largest phase separation of the donor and accept-
ors occurring for the highest BP solvents. Spin-casting
in the low boiling point CF, results in an apparently
homogeneous blend without evidence for phase sep-
aration. Hence, there is a monotonic dependence of
domain size on solvent boiling point temperature.
Thermal annealing does not noticeably change the
surface morphology of the as-cast films. The high BP
solvents take longer to evaporate, giving the D and
A molecular species more time to phase separate.
A qualitatively different picture emerges when

we examine the performance of OPVs comprising
these same active regions after thermal annealing in

(a) (d)

(b) (e)

(c) (f)

DCB  as-spun DCB  140°C

CB  as-spun CB  140°C

CF  as-spun CF  140°C

1 μm

1 μm

1 μm

Figure 7.143 AFM images of both (a–c) as-spin-cast, and (d–f)
thermally annealed P3HT:PF12TBT film surfaces using different solvents
(DCB, CB, CF) during casting. Annealing conditions are 140°C for 10 min
(Mori et al., 2011).

Reprinted with permission from Mori, D., Benten, H., Kosaka, J., Ohkita, H.,
Ito, S. & Miyake, K. 2011. Polymer/Polymer Blend Solar Cells with 2.0%
Efficiency Developed by Thermal Purification of Nanoscale-Phase-Separated
Morphology. ACS Applied Materials & Interfaces, 3, 2924-2927. Copyright
2011 by the American Chemical Society.
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N2 at various temperatures. The devices were
spin-cast from CF with the structure: ITO/PEDOT:
PSS (40 nm)/P3HT:PF12TBT (1:1, 70 nm)/LiF
(1 nm)/Al. Figure 7.144a shows jSC, FF, and ηP of the
devices vs. annealing temperature, Tanneal. Figure 7.144b
shows jSC vs. the PL quenching efficiency, Φq ¼ 1�
PLblend=PLneat, and Tanneal. Here, PLneat is the PL inten-
sity of a neat film of PF12TBT, and PLblend is the inten-
sity of the P3HT:PF12TBT blend. We expect that
excitons are immediately dissociated followed their
generation, leading toΦq ! 1, in a perfectly homogen-
ous mixture of D and Amolecules. On the other hand,
the excitons radiatively recombine prior to dissoci-
ation in domains whose size is much greater than the
diffusion length, leading to Φq ! 0. Thus, Φq gives a
qualitative measure of the ratio of grain size to LD, the
latter of which is on the order of a few tens of
nanometers.

From Fig. 7.144b, we find that jSC is at a minimum
for the as-spun device, increasing to a peak at Tanneal¼
120°C, and decreasing as temperature is further in-
creased. This suggests that the as-spun film is

homogeneous with very small, or nonexistent
PF12TBT domains, resulting in Φq � 1. The donor
and acceptor components are so thoroughly inter-
mixed that there are few continuous paths to extract
charges once the excitons dissociate at the domain
boundaries. This is confirmed by the small jSC and
FF for the as-spun films. As Tanneal is increased, the
molecules reorganize into larger domains that form a
bicontinuous network that extends to the OPV elec-
trodes, yet the domain sizes are still less than LD. At
Tanneal ¼ 120°C, the domains are � LD, leading to a
maximum jSC. Interestingly, FF continues to increase
as Tanneal is further increased. Thus, the PF12TBT do-
mains continue to grow, leading to improved electron
conduction (and presumably better hole conduction
on P3HT). However, the excitons may not have an
equally large probability to dissociate before recom-
bining in the larger domains, and hence jSC decreases.
This results in a peak power conversion efficiency and
quenching ratio at Tanneal ¼ 140°C.
The electron mobility in PF12TBT and the hole

mobility in neat P3HT, and in P3HT:PF12TBT (1:1)
blends are plotted vs. Tanneal in Fig. 7.145. The mobi-
lities are extracted from the j–V characteristics in the
space-charge limited conduction regimes of hole- and
electron-only devices (Section 4.4.2). The neat films
have significantly higher mobilities than the blends.
However, as the films are annealed, both electron and
hole mobilities increase significantly, reaching a max-
imum at Tanneal between 120–140°C. These trends
track those of the FF in Fig. 7.144, due to the interrela-
tionships between mobility, FF, and Rser.
This study clarifies the different effects that film

deposition and post-deposition annealing have on
film morphology, and consequently device perform-
ance. The choice of solvents and other deposition con-
ditions creates a global morphology that may, or may
not be optimized for both exciton dissociation and
charge collection. On the other hand, annealing can
provide additional energy that allows the molecules
to seek a configuration closer to equilibrium, forming
nanodomains of D and A molecules whose size is
controlled by the annealing conditions. If the process
is driven too far, the domains become so extensive that
the device performance once more is reduced. This
suggests that the optimum BHJ morphology is meta-
stable, with obvious implications concerning the long-
term performance of the devices themselves (see
Section 7.8).
SVA can also create internal order. The small solv-

ent molecules diffuse into the film, preferentially dis-
solving one of the components, which is then free to
reorganize into phase-separated domains. The
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archetype polymer-based P3HT:PC61BM 1:1 blend
morphology was studied by spin casting from a
DCB solution onto a glass substrate pre-coated with
ITO and 70 nm PEDOT:PSS. The samples were ther-
mally annealed for 20 min at 130°C. Alternatively, the
film was solvent annealed by drying at room tem-
perature in a covered container for 3 h. Electron
diffraction patterns of 100 nm thick P3HT:PC61BM
as-deposited films, and films subjected to SVA and
TA are shown in Fig. 7.146. The outer ring corres-
ponding to the (020) crystalline plane of as-deposited
P3HT is considerably weaker than for either the TA or
SVA samples. In contrast, the PC61BM ring is broad,
suggesting a nanocrystalline morphology. Moreover,
the PC61BM diffraction intensity is not significantly
affected by either annealing procedure. We conclude
that annealing tends to organize the P3HT into crys-
talline domains, but has a much smaller effect on the
PC61BM morphology. These smaller molecules evi-
dently intercalate between the P3HT fibrils.
The relative influence of thermal vs. solvent an-

nealing on the microstructure of P3HT:PC61BM
blends was also studied by 3D electron tomography.
Electron tomography has been developed primarily
for examining biological specimens (Frank, 1992).
Electron tomography, or transmission electron microto-
mography (TEMT), constructs a 3D image of a sample
by combining a series of 2D TEM images taken at
closely spaced angles relative to the incident electron
beam. The images are taken over a large observation
angle, preferably the 180o half space above the sam-
ple plane. Fourier analysis is then used to construct a
volume image from a composite of the 2D images
(Jinnai et al., 2004).
The 3D morphologies of the blends in Fig. 7.146 are

revealed in the 3D electron tomographs in Fig. 7.147.

The P3HT fibrils are very short and disorganized in
the as-deposited sample. Further, there does not
appear to be a significant change in their density as
the film thickness is traversed from top to bottom. The
volume image shows a relatively featureless film
structure throughout. Imaging the TA and SVA sam-
ples slice by slice through the film tells a different
story. The P3HT crystallites are several microns
long, typically �15 nm wide and only a few nano-
meters thick. Furthermore, they appear to form a
denser network near the bottom of the film vs. toward
the top. There are no remarkable differences in the
appearance of either the TA or SVA samples. The
differences with the as-deposited sample are particu-
larly striking. The P3HT volume fraction increases
from �25% near the top of the sample, to 45% near
the bottom. From this we infer that the PC61BM had

As depositedTA (20 min)

SVA (3 hr) P3HT (020)

PCBM
nanocrystals

Figure 7.146 Electron diffraction patterns of as-deposited, thermally
annealed (TA), and solvent vapor annealed P3HT:PC61BM (1:1) BHJ thin
films. The fourth quadrant is used to identify the diffraction features (van
Bavel et al., 2009).
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the opposite concentration gradient, with the film
being richer in PC61BM near the top. This component
segregation is important for OPV performance, since
it explains why the cathode and anode are not
shorted, as would be expected for a homogeneous,
bicontinuous network of D and A regions spanning
the entire active layer thickness.

Solvent additives. The addition of small molecular
weight bipyridine or PC61BM increases coupling be-
tween porphyrin molecules to form strongly coupled
macromolecular assemblies with high conductivity
(see Section 7.2.2). Alternatively, additives can be
used to selectively dissolve one of the molecular con-
stituents in a blend. If the evaporation rate of the addi-
tive is less than that of the primary solvent, the species
soluble in the additive reorganizes into amore ordered
state. Numerous additive systems have been investi-
gated to improve the nanocrystalline morphology of
polymer-based BHJ systems (Peet et al., 2007, Lou
et al., 2011, Sharenko et al., 2014).

The morphological evolution of films of a
donor copolymer of diketopyrrolopyrolle and

quarterthiophene (pDPP) mixed with PC71BM (1:1)
has been tracked in real time by in situ grazing inci-
dence X-ray diffraction (GIXD), and grazing incidence
small angle X-ray scattering (GISAXS). Glancing inci-
dence X-ray analysis has proven to be an essential tool
for revealing both the molecular as well as the macro-
structure of organic thin films, whether they are based
on polymer or small molecules. The mixture was
dissolved in a solution of CF and DCB. CF is a good
solvent for pDPP, which is not the case for the high
boiling point, DCB, which therefore selectively solu-
bilizes PC71BM. Organic solar cells were fabricated by
spin casting the D-A mixture onto an ITO/PEDOT:
PSS coated glass substrate to form a 120–140 nm thick
BHJ active layer capped with a LiF (1 nm)/Al (100
nm) cathode (Liu et al., 2012). A summary of OPV
performance obtained using different CF:DCB addi-
tive concentrations is provided in Table 7.16. The
additive results in significant improvements in effi-
ciency, primarily a result of short circuit current. The
best performance was for the device with a CF:DCB
(4:1 vol. ratio), which presumably leads to the opti-
mum nanomorphology.
The GIXD patterns as a function of drying time at

room temperature for this system are shown in
Fig. 7.148a. The highest peak corresponds to the (100)
crystal plane of PC71BM. It grows slowly after solvent
exposure, then accelerates in intensity, and finally sat-
urates into a stable morphology. The peak intensity is
plotted in Fig. 7.148b. As drying proceeds, the film
weight decreases rapidly within the first 100 s due to
evaporation of CF, and then slowly continues to de-
crease as the less volatile DCB additive slowly leaves
the film.
The size of the crystalline clusters can be estimated

from their radius of gyration (Rg). This quantity is deter-
mined by tracking the intensity of the GISAXS diffrac-
tion at small scattering angles, that is, small q, following

I qð Þ≃ I 0ð Þexp �q2R2
g=3

� �
; ð7:178Þ

where I(q) is the X-ray intensity at q. Equation 7.178
is known as the Guinier approximation that applies to
approximately spherical clusters (Guinier and
Fournet, 1955, Putnam, 2016). In Fig. 7.148b, we

Table 7.16 Performance characteristics of pDPP:PC71BM (1:1) OPVs for
different primary solvent, CF, to additive, DCB, ratios (Liu et al., 2012)

CF:DCB VOC (V) jSC (mA/cm2) FF ηP (%)

1:0 0.62 2.8 61 1.1

16:1 0.61 12.9 52 4.2

4:1 0.63 14.8 60 5.6
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Figure 7.147 Electron tomographs of P3HT:PC61BM (1:1) blends that are
freshly deposited, thermally and solvent vapor annealed. The images from
electron tomography from near the bottom, in the middle and near the top
of the layer are assembled, along with images taken at other angles (and
thus depths) to reconstruct the volume images at the bottom. The field of
view is 1.7 μm � 1.7 μm � 100 nm thick (van Bavel et al., 2009).

Reprinted with permission from van Bavel, S. S., Sourty, E., With, G. d. & Loos,
J. 2009. Three-Dimensional Nanoscale Organization of Bulk Heterojunction
Polymer Solar Cells. Nano Letters, 9, 507-513. Copyright 2009 by the
American Chemical Society.
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find that Rg � 50 Å for the as-deposited film. As the
film dries, the crystallites grow until Rg peaks at 200
Å after 1600 s, and then decreases slightly to a sat-
uration value of 150 Å. The d-spacing steadily de-
clines by�2 Å during drying, reaching a steady state
value of 20 Å.
These data give a detailed picture of the crystalliza-

tion process summarized by the illustrations in
Fig. 7.149. Initially (zone I, Figs. 7.148 and 7.149),
there is considerable solvent infused that creates a
nearly homogeneous blend of pDPP and PC71BM. As
the CF evaporates, the pDPP begins to crystallize,
forming fibrils. The loss of solvent volume results in
film compaction and a concomitant loss of weight.
However, the more slowly evaporating additive,
DCB, keeps the PC71BM in solution andmobile within
the film (zone II), during which pDPP continues to
crystallize forming fibrils of increasing length. The
remaining additive evaporates during zone III, caus-
ing crystalline PC71BM domains to form in the regions

between those of pDPP. The decrease in d-spacing
over time results from the evaporation of residual
solvent in the interstices between the pDPP chains.
Finally, all of the primary solvent and additive has
evaporated, leaving a stable, compact and ordered
structure that has a higher conductivity and optical
density than the as-deposited film (zone IV).
The various solution-based processes such as slow

drying, thermal annealing, and the use of additives
are qualitatively similar in that they use time and
energy to drive a non-equilibrium structure toward
a lower energy, and stable morphology.

Achieving nanocrystalline thin films during vapor de-
position. Thus far we have focused on post-deposition
processes to achieve a desired nanocrystalline morph-
ology in solution-based thin films. In Section 5.4.2 we
have shown that the morphology of small molecule
thin films can be controlled during both VTE and
OVPD growth. Here, we focus on the development
of nanocrystalline structures during growth in DBP:
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Figure 7.148 (a) GIXD diffraction pattern tracking the structural evolution during drying of a pDPP:PC71BM BHJ film infused with a CF:DCB (1:4) solvent
additive. The highest peak corresponds to the (100) crystal plane of PC71BM. The next two adjacent satellite peaks correspond to reflections from the (200)
and (300) planes. (b) From X-ray and other data, the domain radius of gyration (Rg, solid squares), film weight (green open squares), (100) diffraction peak
intensity (blue open circles) and crystal d-spacing (red squares) are obtained as a function of film drying time. The morphological changes are divided into
four periods (see Fig. 7.150) (Liu et al., 2012).
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C70 mixed HJs. This system is of particular interest
due to several remarkable properties that lead to high
efficiency photon-to-charge conversion. Like the
P3HT:PCBM system, DBP:C70 mixed HJs have been
thoroughly studied due both to its high efficiency,
and the understanding that it has brought to the
relationship between nanostructure, optical absorp-
tion properties, and charge generation (Fujishima
et al., 2009, Hirade and Adachi, 2011, Yokoyama
et al., 2012, Xiao et al., 2013). One particularly notable
feature is that when used in a mixed HJ, the optimum
fraction of DBP to C70 is much less than 1:1. In
Table 7.17 we show that when 40 nm thick co-
deposited DBP:C70 blends on a ITO/MoO3-coated
glass substrate are capped with a 8 nm thick Bphen
EBL and an Al cathode, the highest power conversion
efficiencies and FF are achieved at DBP fractions of
10–12%. (Xiao et al., 2013) When the mixed HJ is
capped with a neat C70 layer to form a planar-mixed
structure, the power conversion efficiency increases
from 4.7%, to 6.4%.

To explain the high efficiencies achieved with such
a dilute donor concentration, it was proposed that the
DBP and C70 form separate domains during VTE
growth, as illustrated in Fig. 7.150. The domains are
sufficiently extensive to allow for conduction of both
electrons and holes along uninterrupted paths to their

respective electrodes. The microstructure of blends
with various C70 concentrations were examined by
TEM, with a sampling of images shown in Fig. 7.151.
The nanocrystalline domain size for neat C70 is 20–50
nm, but it decreases rapidly with increasing DBP
concentration. This suggests that C70 domains are
replaced by DBP nanocrystals or by amorphous re-
gions, neither of which are visible in the images.
An interesting feature of the DBP-C70 CT state

noted in Section 4.7.2 is its energy dependence
on fullerene concentration. Since photogeneration
of charges occurs via the CT state, the dependence
of the CT state properties on concentration deter-
mines the OPV photogeneration efficiency. The EL
spectra of the CT spectra of C70 in blends with vari-
ous C70 concentrations are shown in Fig. 7.152. The

I

II

III

IV

Figure 7.149 Conceptual illustration of the morphological evolution of the pDPP:PC71BM BHJ film inferred from the data in Fig. 7.148. Here, I–IV
correspond to each of the zones in Fig. 7.148b. Lines ¼ pDPP, dots ¼ PC71BM (Liu et al., 2012).

Table 7.17 Device performance for various DBP:C70 blend ratios (Xiao
et al., 2013)

Blend ratio VOC (V) jSC (mA/cm2) FF ηP (%)

1:4 0.85 9.1 0.50 3.9

1:6 0.87 9.5 0.53 4.4

1:8 0.89 9.7 0.55 4.7

1:10 0.90 9.3 0.55 4.5
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EL spectra are obtained by directly forming the CT
state via charge injection under forward bias. The PL
spectra provided in Fig. 4.108 show a similar de-
pendence of CT peak position on DBP concentration.
The singlet emission from DBP and C70 in both PL
and EL are at higher energies, and hence are well
resolved from the CT emission. The two CT states
(CT1 and CT2) are apparent in both spectra. Interest-
ingly, while CT1 does not depend on blend ratio, CT2

is strongly influenced by this parameter, initially

decreasing in energy as C70 concentration is in-
creased from 10% to 50%, and then increasing as
the concentration is further increased.
The change of dielectric constant for different

blend ratios has typically been invoked to explain
the shift in ECT (Loi et al., 2007, Piersimoni et al.,
2011, Bernardo et al., 2014). However, the optical
dielectric constant of DBP:C70 blend increases mono-
tonically with C70 concentration. This fails to explain
the trend of CT2 that has an energy minimum at
50% C70, and a change in slope toward an apparent
asymptote at > 80% C70 concentration.
An alternative explanation is that the exciton bind-

ing energy responds to changes in CT state localiza-
tion that depends on the size of the C70 nanocrystals
or DBP aggregates. As the C70 concentration in-
creases to > 50%, the electron on a C70 nanocrystal
bound to the hole on a DBP molecule at the domain
boundary is delocalized over several C70 molecules,
leading to a decrease in the binding energy and
therefore an increase of CT state energy. Similarly,
as the C70 concentration decreases below 50%,
the DBP aggregate size increases, resulting in in-
creased hole delocalization on the other side of the
boundary.
This scenario has been modeled for CT states in

blends with > 50% C70 where the electron is confined
in approximately spherical crystalline domains with
average radii, <r0>. An electron within the domain is
confined by a potential barrier ϕb ¼ 0.5 eV on its
boundary, which corresponds to the difference

100% C70

90% C70
50% C70

95% C70

Figure 7.151 TEM images of DBP:C70 for different C70 concentrations.
The dashed lines indicate the boundaries of C70 nanocrystalline domains.
Scale bars equal 20 nm (Liu et al., 2016c).

Reprinted with permission from Liu, X., Ding, K., Panda, A. & Forrest, S. R.
2016c. Charge transfer states in dilute donor-acceptor blend organic
heterojunctions. ACS Nano, 10, 7619. Copyright 2016c by the American
Chemical Society.
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Figure 7.150 Proposed morphology of a dilute DBP:C70 mixed HJ in the
region of the anode buffer. Due to the strong intramolecular interactions
within DBP and C70, they segregate into continuous domains. For
example, an exciton (dashed oval) generated in C70 drifts to an interface
with DBP where it dissociates into electrons (blue circles) and holes (open
circles). The domains provide continuous paths to the electrodes for both
carrier types. The “X” indicates that excitons migrating to the MoO3
buffer are quenched.
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Figure 7.152 Electroluminescence spectra of DBP:C70 blends for various
C70 concentrations ranging from 0 (neat DBP) to 100% (neat C70). The
excitonic spectra of DBP and C70 are also shown at bottom (Liu et al.,
2016c).
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between the LUMO energies of DBP and C70 (Xiao
et al., 2013). The electron Hamiltonian is

H ¼ � h�
2m�e

∇2 þV rð Þ;

V rð Þ ¼
� q2

4πε0εr;C70 jr� aj ðjr� r0j< r0Þ

� q2

4πε0εr;DBPjr� aj þ ϕb ðjr� r0j> r0Þ
;

8>><
>>:

ð7:179Þ
where m�e is the electron effective mass and jr� aj is
the distance between the hole and the electron. The
relative dielectric constants are εr;C70 ¼ 4:60 and
εr;DBP ¼ 3:92 at λ ¼ 900 nm.

The domain radii are found via x-ray diffraction,
where the (111) C70 peak intensity and width
are tracked vs. blend ratio. The mean radius of the
domains is obtained from Scherrer analysis of
the diffraction peak FWHM, given by

hr0i≃ KλX
�θcosθ

; ð7:180Þ

where K is a constant close to unity that depends on
the shape of the crystallites, λX is the X-ray wave-
length, θ is the Bragg diffraction angle, and �θ is the
FWHM of the diffraction line after removing broad-
ening due to instrumental resolution limits. X-ray
data yield mean radii ranging from 1 nm for 50%
C70, to approximately 6 nm for neat C70 films.

The energy eigenvalues of the Hamiltonian are
obtained from Eq. 7.179, yielding the energy of the
Coulombically bound electron states. The energy dif-
ference between the bound and unbound (V(r) ¼ 0)
states gives the CT binding energy, shown in
Fig. 7.153a. The electron density of a Coulombically
bound state for a C70 domain radius <r0> ¼ 2 nm is
shown in the inset. The calculated binding energies fit
reasonably well with the measured CT energy, ECT,
after including the 1.52 eV energy difference between
the DBP HOMO and the C70 LUMO.

The CT2 lifetime is also dependent on the C70

domain size, with the lifetime increasing with <r0>,
as shown in Fig. 7.153b. Quantum confinement in
the C70 domains with decreasing <r0> leads to an
increased overlap of the electron and hole probability
densities, resulting in a concomitant increase in the
CT2 recombination rate. To model this dependence,
the overlap of the probability density of the excited
(jψCTj2) and ground states (jψGj2), that is,

J ¼
ð
jψCTj2jψGj2dr3, are calculated, where ψG is the

electron wavefunction at the DBP HOMO obtained
from time dependent density functional theory. The

overlap integral, J, vs. C70 domain radius is shown in
Fig. 7.153b, upper panel, which qualitatively agrees
with the trend observed for the decay rate of CT2, in
the lower panel.
The model was further tested by measuring the CT

energies for nanostructures where the domain sizes
were precisely controlled during growth. Transmis-
sion electron micrographs of ultrathin layer, alter-
nating layers of DBP and C70 grown by VTE are
shown in Fig. 7.154. To enhance image contrast, the
DBP is functionalized by attaching two Br molecules.
It is noteworthy that continuous layers as thin as 2
nm are achieved using VTE. The CT2 energy shift
with layer thickness is in quantitative agreement
with the data in Fig. 7.152 and 7.153, confirming the
confinement of electrons and holes within C70 and
DBP of limited scale and dimension (Ding et al.,
2018).
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Figure 7.153 (a) Measured peak energies of CT2 states (data points)
and their calculated binding energies (line) as functions of C70 domain
radius, <r0>. Inset: Calculated electron density distribution for a domain
with <r0> ¼ 2 nm. (b) (Upper panel) Calculated probability density
overlap integral vs. <r0>. (Lower panel) Measured recombination rate,
kd, for CT2 vs. <r0> (Liu et al., 2016c).

Reprinted with permission from Liu, X., Ding, K., Panda, A. & Forrest, S. R.
2016c. Charge transfer states in dilute donor-acceptor blend organic
heterojunctions. ACS Nano, 10, 7619. Copyright 2016c by the American
Chemical Society.
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The quantum confinement of electrons thus results
in a change in the CT state energy and lifetime. This,
in turn affects the OPV efficiency due to the competi-
tion between the PP dissociation and its recombin-
ation rate (see Fig. 7.71). These results once more
show the central role played by morphology in OPV
active regions, and the necessity for its control either
during or after film growth.
Thus far, we have found that details of the nanomor-

phology affect the energetics of the solid, but we need
to clarify why mixtures with the donor diluted to only
10% of the total has the highest ηP. This implies that the
absorption and charge collection efficiencies remain
high even for such low donor concentrations. Dilute
mixtures have also resulted in high efficiencies in poly-
mer blends (Cates Miller et al., 2012). The DMCmodel
in Section 7.1.2 has been used to simulate the morph-
ologies of dilute DBP:C70 blends to answer this ques-
tion (Ding et al., 2018). The extended planar core of
DBP (see inset, Fig. 7.155) encourages π–π stacking be-
tween molecules that excludes C70 molecules to the
regions between the stacks. Holes resulting from ex-
citon dissociation are extracted through the resulting
contiguous, percolating paths of DBP molecules. The
calculated 2D density of percolating paths for hole
transport in a simulated solid grown on the anode
contact by co-deposition of DBP and C70 is given by

ρðzÞ ¼ NpðzÞ=A: ð7:181Þ

Here, Np(z) is the number of DBP molecules formed
into continuous regions extending a distance z from
the anode, and A is the anode contact area. Figure
7.155 shows the 2D density of percolating paths in the
substrate plane in a blend with 10% DBP versus the
distance from the anode. Empirically, the simulation
follows

ρðzÞ ¼ ρ0ðzÞe�z=ζ; ð7:182Þ
shown by the line in Fig. 7.155. Here, ρ0 is the 2D
density of percolating paths originating at the
anode. From the fit (solid line), ζ ¼ 33 nm is the
characteristic percolation length. At a mixed active
region thickness of d ¼ 50 nm that is typical for an
efficient OPV cell, then ρ � 0.05 nm�2 which corres-
ponds to a mean distance between percolating paths
of 4.5 nm. This is comparable the C70 exciton diffusion
length (�4–8 nm), suggesting that the holes can be
extracted throughout the active layer with a DBP
concentration of only 10 mol.%. Thus, π–π stacking
of DBP results in a high density of continuous paths to
the anode from DBP, and the cathode from the C70

regions. Hence, the crystal packing characteristics of
this system lead to ηCC ! 1 as long as the thickness of
the active region does not exceed the mean percola-
tion length of the comprising molecular species.
A similar situation has beenmodeled for the packing

of PBTTT and PC71BM. Molecular mechanics model-
ing shows that the PC71BM intercalates the PBTTT
network forming a scaffold comprising the polymer
backbone and side chains. These organized structures
support electron and hole conduction over long dis-
tances from their point of origin, and yet place the
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Figure 7.155 Simulated 2D density of DBP percolating paths, ρ, in the
substrate plane vs. distance from the anode contact, z (triangles). The line
is an empirical exponential fit to the data following Eq. 7.182. Inset:
Molecular structural formula of DBP. After Ding et al. (2018).
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Figure 7.154 (a) Bright field cross-sectional scanning transmission
electron microscopic image of five pairs of 2-nm-thick alternating Br2-
DBP/C70 layers capped by a 20-nm-thick C70 layer and a Ag protection
layer. (b) Image of five pairs of 5-nm-thick alternating layers capped by a
20-nm-thick C70 layer and a Ag layer. The dark spots within the C70 cap
are Ag nanoparticles that diffused into the organic (Ding et al., 2018).

Reprinted with permission from Ding, K., Liu, X. & Forrest, S. R. 2018. Charge
Transfer and Collection in Dilute Organic Donor-Acceptor Heterojunction
Blends. Nano Letters, 18, 3180. Copyright 2018 by the American Chemical
Society.
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D and A molecules in intimate proximity that ensures
efficient exciton dissociation (Cates Miller et al., 2012).

Finally, we must determine why the external effi-
ciency, and hence ηA, is so high even though only 10%
of the DBP molecules contribute to the absorption in
the dilute blends. The answer is again found to result
from local π–π stacking of DBP. The large conjugated
electron system in the plane of themolecule results in a
transition dipole moment that preferentially orients
parallel to the substrate, shown in Fig. 7.156a.
Thus, the extinction coefficient for the ordinary wave
is nearly triple that of the extraordinary wave
(Fig. 7.156b). Since the molecules preferentially orient
parallel to the substrates during growth, the species are
able to efficiently absorb light even though thematerial
is present in relatively small concentrations. Further,
only those percolating paths connected to the anode
and oriented perpendicular to the substrate plane
are electrically active. This fortuitously creates a

morphology whereby only those molecules in the
most favorable orientation for optical absorption
participate in the photogeneration process. Indeed,
the DBP thin film absorption coefficient is α ¼ 3.4 �
105 cm�1 at awavelengthof 560nm, and4.3� 105 cm�1

at 610 nm. This is compared to the broader but weaker
absorption of C70, with α ¼ 6 � 104 cm�1 from 400 nm
to 650 nm.
The conclusion from this section is that morphology

can be precisely controlled by the steric aspects of the
D and A molecules, and conditions used both during
and after growth.While each system is different due to
different molecular shapes and bonding properties,
numerous tools exist for guiding growth to achieve
morphologies that can lead to high solar cell power
conversion efficiencies. These processing methods are
augmented by precise techniques for characterizing
structure, ranging from electron microscopy to X-ray
diffraction, and by accurate computational tools that
connect structure with the microscopic nature of
charge and exciton transport. Taken together, the
quest for high efficiency OPV materials and structures
has vastly improved our understanding and control of
organic thin films for a variety of applications, while at
the same time providing a detailed view into the fun-
damental physics underpinning these materials.

7.4.4 Materials optimized for use in OPVs

The range of donor and acceptor materials available
for use in both small molecule and polymer cells is
enormous, and grows every day. In selecting mater-
ials, one needs to focus on those properties that lead
to stable, low cost and efficient solar energy harvest-
ing. The properties of an optimal donor–acceptor
combination can be summarized as follows:

(i) A high extinction coefficient across the desired
spectrum. For single junction cells, absorption
should span the range that leads to thermo-
dynamically limited efficiency (Section 7.3.2).
The multijunction cell should have the same
property, although, individual D-A subcells
should have only moderate spectral overlap
with each other to achieve current balance in
series-connected architectures. The trade-off be-
tween energy gap (and ultimately VOC) and
power conversion efficiency suggests that the
optimal energy gap for a single junction cell
needs to be �1.4 eV (or a long wavelength ab-
sorption cutoff of 900 nm. But the multijunction
cell is not bound by this photon energy thermal-
ization limit. The maximum total, series-
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Figure 7.156 (a) The DBP molecules have a large in-plane transition
dipole moment that preferentially aligns parallel to the substrate plane. (b)
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connected cell VOC is simply the sum of the
voltages of the subcells, whereas the current of
the cell is limited by the smallest current gener-
ated by a subcell in the stack. To understand the
limit to the spectral range that can practically be
used in solar energy harvesting, the AM1.5G
reference spectrum is plotted in Fig. 7.157 along
with the integrated photon flux from λ¼ 280 nm,
at 1 sun (1 kW/m2) intensity. Also shown is the
integrated current density, assuming ηext ¼ 1.
The integrated photon flux at an energy gap cut-
off wavelength of 1100 nm is 63% of the total
solar emission, and the current is 43% of the
possible total. This implies that the subcells in a
multijunction OPV must have an increasingly
broad spectrum to balance currents generated
at shorter wavelengths. But a broader range of
wavelengths implies that VOC of the long wave-
length subcells is also reduced since its energy
gap (and hence �EHL) is only as large as the
lowest energy photon absorbed. This, in turn,
limits the power delivered by the longer wave-
length subcells. Hence, there is little to be gained
by extending the wavelength range beyond
1200–1400 nm, even in multijunction cells. Also,
the energy gap law (Section 3.6.1) implies that
non-radiative recombination exponentially in-
creases with decreasing energy gap. Thus, it be-
comes difficult if not impossible to have high ηext
for long wavelength absorbing cells, placing an
additional constraint on finding materials com-
binations that absorb at λ > 1400 nm.

(ii) A high VOC requires a high �EHL (see Eq. 7.123).
Optimized OPVs maximize this offset, while
also maintaining a sufficient LUMO and/or

HOMO energy offset to drive efficient charge
transfer while avoiding back transfer. As a rule
of thumb, the total energy offset between the
D and A frontier orbitals should be �ELUMOþ
�EHOMO � 0:5 eV, with neither offset being
<0.1 eV (or approximately 4kBT at room
temperature).

(iii) The energy loss, Eloss, which is the energy differ-
ence between the energy gap (defined approxi-
mately as the exciton low energy cutoff) and
qVOC, needs to be minimized. It is due to several
factors, including the free energy of CT state for-
mation, and the magnitudes of the radiative and
non-radiative losses (cf. Section 7.3.2). We find in
Section 7.4.4 that NFAs can have significantly
smaller Eloss compared to fullerene-based cells.

(iv) The materials must be easy to deposit from either
the vapor or solution phase, to achieve D-A
mixed or BHJ morphologies that lead to high
efficiency. That is, deposition and post-
processing must result in a nanomorphology
that results in ηED � ηCC ! 1 while also achieving
a low cell series resistance.

(v) The materials must be inexpensive. This requires
the use of low cost precursors, and even more
importantly, a simple route to synthesis of bulk
quantities of the active materials. The ultimate
metric for the value of a solar cell technology is
the cost per watt of the modules. A considerable
cost of manufacture of large area solar cells is
tied up in materials cost, supply and materials
use efficiency in cell manufacturing.

We discussed several donor materials and fullerene
derivatives in the context of OPDs in Section 7.2.2,
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and in subsequent sections. Rather than revisit those
molecules, many of which have also found use in
efficient OPVs, here we focus on materials that have
primarily been optimized for solar energy harvest-
ing applications. As in the chapters concerning light
emitting devices and transistors, the discussion is by
no means comprehensive. Rather, it provides a sam-
ple of archetype materials and the principles used in
their design. There are numerous reviews that treat
these subjects more comprehensively to which the
reader is directed (Dong et al., 2012, Burkhart and
Thompson, 2014, Benten et al., 2016, Collins et al.,
2017, Fu et al., 2018, Hou et al., 2018).

7.4.4.1 Donors

The design challenge of solution processed donors is to
find structures that can readily crystallize, and yet are
soluble in solutions also containing the acceptor mol-
ecules. These are somewhat conflicting requirements,
since the tendency to crystallize requires structures
with low solubility. Solubilization generally entails at-
tachment of alkyl groups on the conjugated molecular
backbone that sterically hinder π-stacking of neighbor-
ing molecules into a nanocrystalline morphology.

The design of most high performance donor and
acceptor molecules is to symmetrically position alter-
nating donor (d) and acceptor (a) units along the
molecular backbone around a central core. The
discussions in this and the following sections use
lower case “d” and “a” to connote electron-donating
and electron-accepting subgroups within a molecule.
Thus the molecular designs typically follow an a-d-a,
a-d0-d-d0-a, a-π-d-π-a, or similar architecture, as sche-
matically illustrated in Fig. 7.158. Here, d0 is simply a
different electron-donating unit than d, and π is rep-
resentative of a linkage that extends the conjugation
between the functional units comprising the mol-
ecule. It is also generally true that the π-linkages
may have donor- or acceptor-like properties, but it is
their function in creating an extended electron conju-
gation that dominates.

The advantage of this design is that molecules are
combinations of “molecular modules” that simplifies

both their design and synthesis. Once the backbone
structure is fixed, the acceptor end units are attached.
This lends itself to an iterative approach to finding
the structure best suited to solution processing into
the desired morphology, and with the appropriate
electronic properties (e.g. its HOMO energy and op-
tical energy gap). The conjugated backbone has other
advantages as well. It is generally rigid and planar,
which allows the molecules to form closely packed
conductive stacks within a BHJ. Furthermore, the
extended electron system reduces barriers to intramo-
lecular charge transfer (ICT) between electron rich
and electron poor segments along the molecular
framework. By distributing the electron density
based on principles also used for TADF molecules in
OLEDs (Section 6.3.4), the exciton binding energy is
reduced. This in turn reduces the energy gap to enable
long wavelength absorption. Finally, the extended
conjugation reduces the driving force to generate
free carriers at the D-A HJ, thus minimizing the en-
ergy loss, and hence increasing the VOC.
Figure 7.159 provides the molecular structural for-

mulae of several polycyclic monomeric d and a units
commonly found in donor and acceptor molecules.
The planar moieties forming the rigid conjugated
backbone lead to ordered π-stacking arrangements.
To ensure that the materials are soluble, extended
alkane chains or other sterically bulky units are at-
tached to either or both the donor and acceptor
groups. The presence of the strategically positioned
alkane does not necessarily hinder the ability of the
materials to form nanocrystalline domains during de-
position or post-annealing of the films.
With rare exception, almost all donor molecules

and NFAs comprise a thiophene group. These multi-
purpose molecular units are used as connectors
between d and a functional groups, and, as illustrated
in Fig. 7.159, they serve as constituents in those
same groups. They can also aid in planarizing the
molecules to encourage π-stacking arrangements. As
π-bridges, they can extend the conjugation length
within a molecule, and are also helpful in controlling
the morphology of the films. Ultimately, inclusion of
thiophenes creates the molecular modularity that
leads to simplified synthetic approaches to extended
d–a structures.
Table 7.18 shows a compilation of several archetype

polymer donors combined with fullerenes in BHJ
OPVs. With only the exception of P3HT:IC70BA and
PBnDT-DTffBT:PC61BM (1:1), the polymers are blend-
ed with PC71BM due to its broad absorption spectrum
extending into the red. Since all the donors are paired
with fullerenes, this table can be used for comparison

d d’/a/π
a’

a’
d’/a/π

Figure 7.158 Modular, axisymmetric architecture commonly used in the
design of high performance donors and non-fullerene acceptors. Here,
“d” and “a” represent donor and acceptor units, and “π” is a conjugated
bridge between units.
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of their various characteristics, rather than on
the specifics of different D-A combinations. With the
exception of the homopolymer P3HT, the compounds
are copolymers comprising alternating d/a linkages.
P3HT is included here since it has found extensive use
in OPV and OPD applications due to the relatively
high VOC achieved when combined with fullerenes,
and its absorption into the red. Most significant is its
ability to form nanocrystalline BHJ networks as dis-
cussed previously. The hexyl groups on each segment
of the thiophene backbone can alternate regularly in a
head-to-tail arrangement, or they can fall in a random
head-to-head, tail-to-tail or head-to-tail pattern. We
will show in Chapter 8 that the regular head-to-tail
arrangements along all segments of the polymer back-
bone is known as regioregularity. This property allows
for close and organized packing that leads to a high
filmmobility, and hence a high FF and jSC. In contrast,
the random arrangement results in a regiorandom
polymer that is incapable of crystal formation.

An example of a strong acceptor moiety is ben-
zothiadiazole (BTD) found in PBnDT-DTffBT, as
well as in PCDTBT and the naphtho[1,2-c:5,6-c]bis
[1,2,5]thiadiazole-containing PBDT-DTNT. Here,
PCDTBT combines the BTD unit with a carbazole
donor that increases EHOMO to �5.5 eV compared to
�5.25 eV for P3HT. This, in turn, increases VOC by
40 meV. The PBnDT-DTffBT copolymer employs a
difluorinated BTD unit that increases its electron-
withdrawing properties to increase EHOMO even fur-
ther to �5.54 eV. Also, the film-forming properties of
the latter molecule are inferior to PCDTBT as evi-
denced by the lower FF ¼ 0.61 compared to 0.66 for
the non-fluorinated species.
Another BTD-based polymer is PBDT-DTNT,

which has the highest efficiency of 8.4%. In this
molecule, the BTD is replaced by the fused ring
naphthobisthiadiazole unit. This has a slightly stron-
ger electron-withdrawing character than the single
ring BTD, and its larger conjugated structure may
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Figure 7.159 Structural formulae of monomer units commonly found in solution processed donor and acceptor compounds.
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Table 7.18A Performance of selected polymer donors paired with fullerene acceptors

Polymer Acc. EHOMO

(eV)
Eopt
(eV)

jSC (mA/
cm2)

VOC
(V)

FF ηP,max

(%)
Ref.

A P3HT (1:1) IC70BA �5.25 1.9 11.35 0.87 0.75 7.40 (Guo et al., 2012)

B PCDTBT
(1:4)

PC71BM �5.5 1.9 11.95 0.91 0.66 7.2 (Sun et al., 2011)

C PBnDT-DTffBT
(1:1)

PC61BM �5.54 1.7 12.91 0.91 0.61 7.2 (Zhou et al., 2011)

D PBDT-DTNT
(1:1.5)

PC71BM �5.19 1.6 17.4 0.75 0.61 8.6 (Yang et al., 2012b)

E PBDTT-DPP
(1:2)

PC71BM �5.35 1.44 14.0 0.73 0.65 6.6 (Dou et al., 2012)

F PDTG-TPD
(1:1.5)

PC71BM �5.6 1.69 14.4 0.86 0.69 8.5 (Amb et al., 2011, Small et al.,
2012)

G PIDT-phanQ
(1:3)

PC71BM �5.28 1.65 11.41 0.88 0.66 6.63 (Zhang et al., 2011, Li et al.,
2012)

H PTB7
(1:1.5)

PC71BM �5.15 1.84 17.5 0.75 0.70 9.2 (He et al., 2012)

I PBDTDTT-S-T
(1:1)

PC71BM �5.04 1.65 16.35 0.69 0.66 7.81 (Huang et al., 2012)

Notes: (i) OPV performance characteristics are obtained at 1 sun intensity, AM1.5G illumination, except for PBDT-DTNT which as obtained at 0.95 sun
intensity.

(ii) The optical energy gap obtained from extrapolation of the long wavelength absorption tail to its intercept with the energy axis. Extended weak
absorption due to CT states is ignored.

(iii) The maximum (not average) power conversion efficiency for a population of OPVs, ηP,max, is quoted.
(iv) The jSC, VOC, and FF quoted for PBDT-DTNT and PBDTDTT-S-T are for the average device performance.

Table 7.18B Performance of selected polymer donors paired with fullerene acceptors
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rigidify the molecular backbone to some degree.
This leads to improved hole conductivity, as well
as a decrease in the energy gap. Indeed, the small
optical energy gap of 1.6 eV is primarily respon-
sible for the comparatively large jSC ¼ 17.4 mA/
cm2 that compensates for the lower VOC compared
to the other BTD-based molecules. This example
reinforces the importance of extending the absorp-
tion of molecules into the NIR to achieve high
power conversion efficiencies.
Substituting thienopyrroledione (TPD) for BTD

results in a somewhat weaker electron-withdrawing
character in the next molecule in the series, PDTG-

TPD. The molecule has high solubility provided by
the alkane chains, while molecular packing is en-
couraged by the presence of the Ge bridge in the
dithienogermole (DTG) unit. We note that a similar
silole moiety has been used in place of DTG with
similar results (Chu et al., 2012). The energy gap of
PDTG-TPD is rather large at 1.69 eV due to the weak
acceptor nature of the TPD relative to BTD. This is
offset by the deep HOMO of �5.6 eV that leads to a
relatively large VOC. On balance, these several fac-
tors lead to a single junction efficiency of 8.5%.
PBDTT-DPP employs a diketopyrrolopyrrole

(DPP) acceptor group linked to the benzodithiophene
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(BDT) donor. While DPP is a strong electron accept-
or, BDT is a comparatively weak donor, both of
which act to lower the energy gap while maintaining
a deep EHOMO. In principle, this should result in a
high short circuit current and large VOC. The PDBTT-
DPP exhibits a low energy gap of 1.44 eV (corres-
ponding to λ ¼ 1.16 μm), ultimately achieving an
efficiency of 6.6%. Note that the ethylhexyl and bu-
tyloctyl groups may hinder the packing, resulting in
a FF of only 0.65.

The next molecule in the family is a representative
quinoxaline d/a copolymer, PIDT-phanQ. The qui-
noxaline is a very strong acceptor that, when copoly-
merized with the indacenodithiophene group, results
in an optical energy gap of 1.65 eV. An alternative
approach is to employ thienothiophene (TT) functio-
nalizedwith a strongly electron-withdrawing fluorine
molecule to convert the TT into a strong acceptor
group, as found in PTB7. The F atom avoids steric
hindrance to packing while at the same time it lowers
EHOMO. The result is the highest ηP ¼ 9.2% of the
compounds listed, which results from a combination
of large FF ¼ 0.70 and jSC ¼ 17.5 mA/cm2, both
indicative of a favorable BHJ morphology, and a
moderate VOC ¼ 0.75 V.

The last donor polymer is another TT-based copoly-
mer PBTDTTT-S-T containing the weak electron-
withdrawing potential of TT strengthened by functio-
nalization with a sulfonyl group. Unfortunately, the
sulfonyl results in disordered packing, but this defi-
ciency is rectified by including the thiophene side
groups to the BDT donor that enforce the π-stacking
arrangement needed for a high hole mobility. The
resulting OPV has ηP ¼ 7.81%, along with a moderate
energy gap of 1.65 eV that allows for absorption into
the NIR.

The molecules in Table 7.18 are representative of
classes of some of the most efficient polymer donors
reported in OPVs. We have seen that the copolymers
share common properties of combining donor and
acceptor units along the backbone to reduce exciton
binding, thus promoting efficient charge transfer to
the acceptor molecule. In addition, the large alkyl
chains appended to either one or both of the d and a
groups engender a high solubility. A plethora of
modifications have been engineered that are analo-
gous to these structures that optimize the film form-
ing or energetic properties to achieve even higher
performance than reported here. One of the obvious
and recurring benefits of organic electronics exempli-
fied by this list of compounds is the nearly limitless

space available for optimization that is possible by
iterative optimization of chemical structures.
The design of small molecules follows that of poly-

mers, with the same combinations of d and a groups
defined in Fig. 7.159. A sample of such small molecule
donors is provided in Table 7.19. The combination of
multiple d, a and π units results in extended molecu-
lar structures that cannot be deposited via thermal
evaporation, which is unlike the case of many of the
donors discussed in the context of OLEDs and OPDs.
Nevertheless, solution processed small molecules can
also result in high efficiency if the appropriate post-
deposition annealing processes are employed.
The first example donor in Table 7.19 is an oligomer

comprising five linked thiophenes, DRCN5T. The ac-
ceptor groups are based on rhodanine that is made
into a strong electron- withdrawing moiety by its CN
appendages. Interestingly, it was found that the series
of compounds, DRCNnT have improved morpholo-
gies when n is an odd number of thiophenes, presum-
ably due to closer π–π stacking of thiophene rings on
neighboring molecules (Kan et al., 2015). In addition,
the HOMO energies of this series increases monoton-
ically, from �5.34 eV for n ¼ 4 to �5.02 eV for n ¼ 8.
The optimum OPV performance is obtained by creat-
ing a nanocrystalline network through thermal an-
nealing followed by SVA in CF. A maximum power
conversion efficiency of 10.1% is achieved even
though the optical gap is comparatively large at 1.60
eV. Indeed, with only the exception of the porphyrin-
based donor, DPPEZnP-TEH, the optical gaps of these
molecules lie between 1.6 eV and 1.8 eV, ultimately
limiting the efficiencies attained.
The next two molecules, DR3T-SBDT and DR3T-

BDTT, contain BDT donor groups, flanked on both
sides by three axisymmetric thiophenes, and
capped by rhodanine end groups lacking the
strong electron-withdrawing cyano moieties of
DRCN5T. The difference between the DR3T- struc-
tures is the additional thiophene of DR3T-BDTT
that replaces the S terminations in DR3T-SBDT to
increase the propensity to π-stack. The fill factor of
this molecule is 0.76 compared with 0.73 for DR3T-
SBDT due to improved hole conductivity. As in
the case of DRCN5T, DR3T-SBDT also underwent
thermal and solvent annealing to reach its highest
efficiency of 9.95%.
The molecule p-DTG(FBT2Th2)2 has a dithie-

nogermole donor flanked by strongly electron-
withdrawing fluorinated BTD (FBTD in Fig. 7.159)
groups bridged by thiols to form an extended d0-a-
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d0-a-d-a-d0-a-d0 network where d ¼ DTG, a ¼ thio-
phene (Th), and d0 ¼ FBDT. This molecule was spin-
coated with PC71BM from a CB solution with 5% CF
and 0.4% DIO as an additive. The film was thermally
annealed to achieve an efficiency of 9.1%. Even with
this extended structure, FF¼ 0.73 and jSC¼ 15.7 mA/
cm2 are competitive with the more compact structures
in Table 7.19.
The remarkably lacey nanostructure formed by

films of p-DTG(FBT2Th2)2 are shown by the dark
field TEM images taken at different angles (60°, 120°,
and 180°) in Fig. 7.160a–c, with the composite image
shown in Fig. 7.161d. The SAED patterns for these
images in the insets indicate an interplanar spacing
of 3.5 Å. The composite image shows a mat with
fibrils oriented along various preferred directions,
depending on their depth from the surface.
An even more extended structure is that of

BIT6F, comprising a central diflourobenzothiadiazole
(dFBTD) acceptor core symmetrically flanked by Th
and indacenodithiophene (IDT) groups to form amol-
ecule with an optical energy gap of nearly 1.8 eV. As
in the case of DRCNxT, molecules within the series of
BITxF exhibited progressively larger HOMO energies

of�5.33 eV for x¼ 4, to�5.28 eV for x¼ 10. Similarly,
the optical energy gaps decreased from 1.81 to 1.77 eV
for this same range of the number of fluorine atoms.
No significant differences in energies were observed
for x > 10, suggesting that this number of fluorine
atoms did not result in a further extension of the
conjugation length of the molecule. This may be limit-
ed by twists and bends that accumulate with molecu-
lar length. By combining thermal annealing and SVA,
significant film ordering is achieved.
OPD2FBT2-1-MID has a dFBTD core surrounded

by dialkoxyphenyl (DAP) acceptors, and capped by
a methyleneidenedione (MID) acceptor unit. Four
axisymmetrically disposed thiophene groups pro-
vide the donor character along the backbone. Even
for such an extended oligomeric backbone, DFT cal-
culations show that the molecule is remarkably flat,
allowing for aggregation in closely spaced π–π

stacks. Ordered films leading to high efficiency
OPVs after SVA in CF are obtained. The use of the
0.8% 2-chlorophenyl additive mitigates the lack of
molecular mobility due to its large size, allowing the
compounds to organize during annealing.
The most spatially extended oligomer, NDPPFBT,

has an axisymmetric d0-a0-d-a-d-a0-d0 structure, where
d0 ¼ dithiophene, a0 ¼ dFBTD, d¼ IDT linked by a Th
group to a0, and the central acceptor a ¼ diketopyrro-
lopyrrole (DPP). Its extensive conjugation length
coupled with a strong acceptor core moiety leads to
reduced energy loss, and consequently a high VOC ¼
0.88 V (Wang et al., 2015). Smooth films are achieved
by SVA in tetrahydrofuran for 60 s. It is among the
longest wavelength absorbing donors of those in
Table 7.19, with a cutoff at λ ¼ 800 nm.
A substantially different approach to achieving ICT

is illustrated by DPPEZnP-TEH that employs a Zn
porphyrin donor as the d-group, linked to two DPP
acceptors via alkyne groups in an a-d-a architecture.
We have shown in Section 7.2 that porphyrins (and
their phthalocyanine analogs) are stable donor mol-
ecules used in bilayer and mixed OPDs. In DPPEZnP-
TEH, the ZnP unit results in the smallest energy gap
(1.37 eV, with a wavelength cutoff of �900 nm) of the
compounds in Table 7.19, making this a candidate for
NIR absorption. Use in an OPV gives the highest short
circuit current of 16.76 mA/cm2. Unfortunately, the
molecular design raises the HOMO to �5.14 eV,
which in turn, reduces VOC. Finally, the strong ten-
dency to form aggregates that is promoted by the
discotic porphyrin structure may ultimately limit FF
to 0.62. To achieve the desired morphology, the blend

!"# (b)(a)

(c) (d)

Figure 7.160 (a–c) Dark field electron micrographs of a p-
DTG(FBT2Th2)2 thin film taken at angles of (a) 60°, (b) 120°, and (c) 180°
showing a network of partially oriented nanocrystalline fibrils at each
angle, corresponding to different depths within the film. (d) A false color
composite image of (a–c) to illustrate the orientation of the nanocrystals
vs. film depth. Insets: Selected area electron diffraction (SAED) patterns of
the films. The two diffraction intensity rings correspond to a d-spacing of
~3.5 Å (Gupta et al., 2016).

Reproduced by permission of The Royal Society of Chemistry.
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films with PC71BM were thermally annealed in the
presence of a 1% pyridine additive. In an OPV em-
ploying a PFN blocking layer, ηmax ¼ 8.08% was
achieved using this donor.

Up to this point, we have only considered solu-
tion processed small molecule and planar donors
that feature ICT between d and a groups using the
building blocks in Fig. 7.159. These molecules con-
tain thiophene, or thiol-containing groups to en-
hance planarity and intermolecular π-stacking.
However, we have previously shown that the SQ
compound, DPSQ, can also achieve a morphology
that leads to nearly ideal structures for charge
transfer at the HJ. It is instructive to consider the
generalized class of functionalized SQ donors to
provide deeper insights into how molecular struc-
ture drives thin film morphology, and ultimately
device performance.

SQ dyes are intensely fluorescent, and likewise have
intense absorption in the red and NIR. They feature
a four-membered, electron deficient aromatic ring,
and are readily functionalized with aryl and alkane
groups to modify their film forming and optical prop-
erties. The tendency of the end groups to twist out of
the SQ plane sterically hinders the molecules from
forming ordered domains. Hence, initial work with
SQ-based dyes resulted in low ηP � 1.2–2%, which
resulted from a low FF � 0.35 and VOC < 0.6 V when
blended with PC61BM (Silvestri et al., 2008, Bagnis

et al., 2010). Nevertheless, their ease of functionaliza-
tion has led to the development of a series of N,N-
diarylanilionsquaraine derivatives with end groups
that drive their π–π stacking, and hence in increase
FF in fullerene-based OPVs (Wang et al., 2011). Ex-
ample functionalized squaraines (fSQs) synthesized
to determine the link between molecular structure,
film morphology, and OPV performance are shown
in Fig. 7.161 (Wei et al., 2011b). There are three species
of functionalized molecules: the “parent” SQ that fea-
tures the sterically limiting butyl groups; three axi-
symmetric SQs, namely 1-NPSQ with naphthyl plus
aryl functional units, DPSQ with an arylamine, and
PSQ with symmetric propylamino groups; and the
asymmetric molecules, DPASQ and ASSQ, functiona-
lized with either butyl or amine units.
The butyl end-groups of the parent SQ sterically

limit close packing with adjacent molecules, that in
turn limits the film hole conductivity, and exciton
diffusion length to only LD¼ 1.6 nm. This is compared
with the asymmetric SQs with LD ¼ 11 nm and
the symmetric compounds with LD � 3 nm. Replace-
ment of the end groups with planar aryl moieties
exerts control over the crystalline morphology by in-
fluencing the intermolecular contact distance while
tuning the optical absorption spectrum and energy
levels of the films. The arylamine substitutions en-
hance π-stacking, which results in an increased thin
film density. Table 7.20 shows that the film densities
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Figure 7.161 Molecular structural formula of six functionalized squaraines.
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vary from 1.45 g/cm3 for DPASQ, to 1.27 g/cm3

for ASSQ. The asymmetric compounds also have con-
siderably larger optical energy gaps of 1.9–2.1 eV
compared to the symmetric f SQs whose energy gaps
all lie between 1.5 and 1.6 eV, making the latter suit-
able for detection into the NIR.
The central SQ unit, combined with the symmetric-

ally disposed functional end groups, creates a ten-
dency for the films to crystallize. With the exception
of PSQ, all f SQs form amorphous films when cast
from CF solutions, yet when they are thermally
annealed between 70oC and 90oC, the symmetric
f SQs readily crystallize, which is apparent from the
SAED patterns for 1-NPSQ, DPSQ, and SQ in
Fig. 7.162. However, the asymmetric compounds do
not crystallize due to their lack of inversion

symmetry, although they may nevertheless form
small domains that are not found in the unannealed
films. The case of PSQ differs, in that it shows weak
crystallinity both before and after annealing
(Fig. 7.163b and e), whereas DPSQ shows the most
extensive order apparent from by the well-defined
diffraction spots in Fig. 7.162d.
Bilayer HJ OPVs comprising the structure: ITO/

MoO3 (8 nm)/f SQ (8.5 nm)/C60(40 nm)/PTCBI
(8 nm)/Ag (100 nm) were fabricated, with character-
istics listed in Table 7.20. The FF scales monotonically
with film density, ρ, as shown in Fig. 7.163. The high-
est FF ¼ 0.73 and ρ ¼ 1.45 g/cm2 for DPASQ, falls
to 0.63 and 1.27 g/cm2 for ASSQ. This trend indicates
that the intermolecular stacking distance is reduced by
the arylamine functional appendages, which in turn

Table 7.20 Physical properties of f SQ films, and optoelectronic characteristics of f SQ/C60 OPVs (Wei et al., 2011b)

Molecule EHOMO
a (eV) Eopt (eV) ρ(g/cm3) Voc

b (V) jSC (mA/cm2) FF ηP (%) Rser (Ω cm2)

DPASQ 5.4 1.9 1.45 1.0 5.5 0.73 4.0 3.8

DPSQ 5.3 1.5 1.39 0.91 7.2 0.70 4.8 1.7

1-NPSQ 5.3 1.6 1.35 0.90 6.9 0.71 4.3 9.3

PSQ 5.2 1.5 1.34 0.68 9.5 0.69 4.6 3.6

SQ 5.1 1.6 1.29 0.79 8.0 0.68 4.4 4.7

ASSQ 5.3 2.1 1.27 0.92 6.3 0.63 3.7 41.2

a Measured by ultraviolet photoelectron spectroscopy.
b All OPV characteristics measured under 1 sun, AM1.5G simulated illumination. All films used in OPVs were thermally annealed at T ¼ 70–90°C.
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Figure 7.162 (a) SAED patterns of 8 nm thick as-cast SQ films, characteristic of all f SQs except (b) PSQ. (c–f) Diffraction patterns of representative f SQs
after thermal annealing. Indexing of diffraction features are noted. From Wei et al. (2011b).

Reprinted with permission from Wei, G., Xiao, X., Wang, S., Sun, K., Bergemann, K. J., Thompson, M. E. & Forrest, S. R. 2011b. Functionalized squaraine donors for
nanocrystalline organic photovoltaics. ACS Nano, 6, 972-978. Copyright 2011 by the American Chemical
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results in improved molecular density, and ultimately
in a higher hole mobility (which is indirectly inferred
from the increased FF). The highest performance (ηP¼
4.8%) is achieved for the symmetric DPSQwith its two
phenyls on each end of the SQ core. This is higher than
for DPASQ (4.0%) although it has a higher ρ and FF,
but at the cost of a lower jSC arising from a larger
optical energy gap.

Currently, there are fewer vapor-deposited small
molecularweight donors yieldingOPVswith efficiency
as high as the solution-processed donors in Tables 7.18
and 7.19. A notable exception are the highly dipolar d-
a-a0 molecules comprising a strong electron donating
ditolylaminothienyl group connected to electron-
withdrawing dicyanovinylene via a second acceptor,
BTD (Chen et al., 2012b). These molecules have ground
state dipole moments of 10–15 D, causing them to crys-
tallize with π–π stacking distances of 3.4–3.5 Å. Their
intermolecular dipole attraction is sufficiently strong
that annealing does not improve order in the blends
comprising d-a-a0 structures (Che et al., 2018a). Two
isomers of asymmetric heterotetracenes with different
thienyl ring arrangements, antiBTDC and synBTDC,
are shown in Fig. 7.164a. These molecules employ a
terminal benzene ring fusedwith the electron-donating
dithieno[3,2-b:20,30-d]pyrrole (DTP) donor unit to yield
a coplanar structure.

The electronic density plots in Fig. 7.164b show
the HOMOs are delocalized over the molecular
backbone while the LUMOs are localized on the
electron-deficient benzothiadiazole-dicyanovinylene
fragments. The lowest energy transitions of antiBTDC

and synBTDC comprise both π–π� and ICT character
that ultimately reduce the energy loss when combined
with C70 in a mixed HJ. The MO spatial overlap for
S1  S0 is calculated using DFT to be 43% and 27%
for antiBTDC and synBTDC, respectively. This reflects
the longer electron conjugation of antiBTDC, indi-
cated by the colored bonds in Fig. 7.164a. The internal
dipole moments of the ground and excited states are
μg ¼ 15.42 D and μe ¼ 16.48 D, respectively, for
antiBTDC, compared with synBTDC where μg ¼
14.84 D and μe ¼ 13.77 D.
The large ground state dipole moments lead to an

antiparallel molecular arrangement along the long
backbone axes, as shown by the crystal packing config-
urations in Figs. 7.164c. The smaller intermolecular dis-
tance, enforced by the larger dipole moment and the
longer conjugation length of antiBTDC results in im-
proved characteristics when the isomers are employed
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Figure 7.163 Relationship between FF and film density for the f SQ
family of compounds (Wei et al., 2011b).

Reprinted with permission from Wei, G., Xiao, X., Wang, S., Sun, K.,
Bergemann, K. J., Thompson, M. E. & Forrest, S. R. 2011b. Functionalized
squaraine donors for nanocrystalline organic photovoltaics. ACS Nano,
6, 972-978. Copyright 2011 by the American Chemical Society.
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synBTDC. The colored paths trace the molecular orbital conjugation. Note
the longer conjugation length of antiBTDC compared with synBTDC. (b)
Charge densities of the lowest energy singlet excitations, S1  S0. Blue
denotes occupied and purple symbolizes unoccupied molecular orbitals. (c)
Crystal packing configurations of antiBTDC and synBTDC. Side chains are
omitted for clarity (Che et al., 2016).
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in OPV cells whose structure is shown in Fig. 7.165,
inset. The longer conjugation length results in absorp-
tion considerably deeper into the NIR, with a cutoff
wavelength of 800 nm compared with 750 nm for
synBTDC.
The characteristics of the devices employing these

isomers in mixed HJs with C70 are provided in
Table 7.21, along with the performance of analogous
d-a-a0 donors, DTDCPB and iBuBTDC. Among this
group of compounds, DTDCPB has the highest ηP ¼
9.6%, largely as a result of its close interplanar spacing
of ca. 3.5 Å (Chen et al., 2012b) that leads to a high fill
factor of 0.67 in the blended films. The advantageous
performance characteristics of DTDCPB has led to its
use in tandem cells discussed in Section 7.5.

Two-dimensional (2D) GIXD reveals the morph-
ologies of the thin films and provides an understand-
ing the origin of the high FF of these dipolar donors.
In Figs. 7.166a and b, we compare the GIXD diffrac-
tion patterns of iBuBTDC, antiBTDC, and C70. The
strongest diffraction signal in the in-plane direction
(corresponding to high diffraction intensity shown
by the yellow regions at large qxy and low qz scatter-
ing parameters) with almost no out-of-plane compo-
nent (indicated by the low intensity broad blue
pattern in qz and low qxy) is observed for antiBTDC,
suggesting a preferred edge-on orientation. In con-
trast, iBuBTDC shows an intense signal at all qz. The
higher ratio of face-on π–π stacking in the iBuBTDC
film leads to efficient charge transport perpendicular
to the substrate, resulting in the highest FF com-
pared to antiBTDC (see Table 7.21). The diffraction
patterns of the d-a-a0 species differ considerably
from C70, which shows maxima due to scattering
from several different molecular planes, consistent
with its tendency to crystallize into an organized fcc
lattice. The line-cut patterns shown in Fig. 7.166b
emphasize the in-plane and out-of-plane stacking
habits of these three compounds. The higher inten-
sities correspond to higher organization along a
given film axis.
An interesting series of vacuum deposited donors is

based on a conjugated backbone comprising oli-
gothiophenes attached at the β-position,
and symmetrically capped with strongly electron-
withdrawing dicyanovinyl (DCV) groups, shown in
the inset, Fig. 7.167b. These DCVnT compounds
reveal the relationship between the length of the con-
jugated thiophene oligomer and the HOMO
and LUMO energies. The peak molar extinction
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Figure 7.165 External quantum efficiency spectra of OPVs employing
two BTDC isomers blended with C70 in the device structure in the inset
(Che et al., 2016).

Table 7.21 Performance of OPVs employing d-a-a0 donors

Device active regiona Eopt
b (eV) Dipole mom.c (D) jSC

d (mA/cm2) VOC (V) FF ηP (%) Ref.

iBuBTDC:C70
(1:3, 80 nm)

1.53 >10 16.5 0.94 0.60 9.3 (Che et al., 2018a)

antiBTDC:C70
(1:2, 60 nm)

1.55 15.4 14.2 0.91 0.56 7.2 (Che et al., 2016)

synBTDC:C70
(1:2, 50 nm)

1.65 14.8 11.6 1.01 0.52 6.1 (Che et al., 2016)

DTDCPB:C70
(1:1, 80 nm)

1.75 12.0 15.8 0.92 0.67 9.6 (Griffith et al., 2015)

a Cathode buffers employed Bphen:C60 (1:1) electron filtering layers.
b Obtained from the long wavelength absorption cutoff.
c Ground state dipole moments obtained from DFT calculations.
d Electrical characteristics measured at 1 sun, AM1.5G simulated illumination.
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coefficients of compounds n¼ 1–5 (Fig. 7.167a) mono-
tonically shift to longer wavelengths with an increas-
ing number of thiophenes. The spectra lose their
articulated vibronic features with increasing n, pre-
sumably due to increasing torsional disorder with
molecular length. This suggests that increasing n to
even larger numbers of thiophene units will result in
ever smaller spectral shifts, since bends and kinks
in the chains ultimately limit the extent of the excited
state supported by the molecules (cf. Section 3.5.3).

The increased conjugation length with n is apparent
in the HOMO and LUMO energies obtained
via cyclic voltammetry, as shown in Fig. 7.167b. The
high ELUMO results from attachment of the strongly
electron-withdrawing DCV units, which is advanta-
geous for increasing VOC in OPVs using a fullerene
acceptor. The figure shows a monotonic decrease in
EHOMO with n, along with a concomitant decrease in
EG as the conjugation length is increased.

This molecular series illustrates the systematic rela-
tionship between molecular structure and energetics.

The highest efficiency p-i-n OPVs employ DCV5Twith
an active region thickness of 40 nm. The operating
characteristics under approximately 1 sun intensity,
AM1.5G illumination are jSC ¼ 11.1 mA/cm2, VOC ¼
09.7, FF¼ 0.49 leading to ηP¼ 5.2% (Fitzner et al., 2011).

7.4.4.2 Non-fullerene acceptors

The earliest bilayer cell employed the non-fullerene,
perylene-based imidazole, PTCBI, as the acceptor
(Tang, 1986). The limited efficiency resulting from
Eloss ¼ Eopt � qVOC > 1 eV (i.e. the difference between
the exciton energy and qVOC) led to their eventual
replacement by fullerenes (Yu et al., 1995, Peumans
and Forrest, 2001). Nevertheless, perylenediimides
(PDIs) of which PTCBI is an example, have several
properties that are advantageous for their use as ac-
ceptors. Primarily, their large LUMO energies allow
them to be paired with a wide range of donor mol-
ecules. Also, their planar, extended conjugated elec-
tron systems promote close π-stacking, giving a high
electron mobility. Contravening the advantage of
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intensity, yellow-red ¼ high intensity. (b) Corresponding intensity profiles along the lines in (a) (Che et al., 2018a).
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stacking is their tendency to aggregate. This prevents
high efficiency in mixed or bulk HJ structures, where
homogeneous blending with the acceptor molecule is
required. Also, as shown in Chapter 3, close packing
leads to strong coupling of the excited states with the
intermolecular phonon population, which in turn can
lead to rapid non-radiative recombination, and hence
a reduced diffusion length.
To take advantage of the benefits presented by

PDIs while minimizing their disadvantages, a large
family of solution-processable PDI-based oligomers
have been introduced (Li et al., 2017b), with some of
the highest efficiency materials paired with polymer
donors listed in Table 7.22. These PDIs have a very
low solubility, which can be enhanced by attaching
alkanes to the peripheral imide groups.
The energy loss provides a measure of the effi-

ciency for charge transfer from A to D. In the table,
Eopt is listed for the acceptor in the OPV. The Eloss of
these molecules is nearly 1 eV, with the notable
exception of SF-PDI2 comprising two PDIs linked
by a spirobifluorene-2,7-diyl at the bay positions
(Yan et al., 2013). We introduced the P3TEA:SF-

PDI2 D-A system in Section 4.7.2 due to the apparent
absence of energy loss in transferring from the ex-
citon to the CT state. Furthermore, the electrolumin-
escence efficiency of the PDI is �0.5� 10�4, resulting
in a voltage loss of 0.26 V. This, combined with 3 ps
electron transfer time results in a high VOC ¼ 1.11 eV
(Liu et al., 2016a).
The Se-bridged PDI dimer, SdiPBI-Se, exhibits a

maximum power conversion efficiency of 8.42%,
which is in part due to the large FF ¼ 0.70. Including
Se in the bay positions of the PDIs has several effects.
Selenium is a large atom that allows for facile ioniza-
tion, thus raising the LUMO of the molecule and
enhancing its electron-accepting character. It intro-
duces a twist between the perylene bisimide (PBI)
pair, preventing excessive aggregation. It may also
enhance the electron mobility due to improved orbital
overlap with neighboring molecules, thus leading to a
higher FF.
The next two compounds are the trimers, TPH and

TPH-Se. These triperylene hexaimides form triden-
tate structures with their rylene units severely
twisted out of plane, preventing aggregation. Here,
rylene generally applies to a dye compound com-
prising naphthalene units linked at their peri-
positions, resulting in compounds such as perylenes,
naphthalene diimides, and so forth. The large conju-
gated systems on the so-called propeller units pro-
mote strong π–π interactions between molecules that
result in a high FF and jSC. As in SdiPDI-Se, the Se-
annulated TPH-Se has a higher LUMO energy than
TPH, which is inferred from its reduced EHOMO, but
with a similar energy gap of 1.93 eV. As a result, the
efficiency is improved from 8.28% for TPH to 9.28%
for TPH-Se.
The last PDI in Table 7.22 is an electron-

withdrawing tetramer linked by a benzodithio-
phene, electron-rich core. The molecule, TPB, has
the conventional a-d-a architecture that leads to a
reduced exciton binding energy. This is reflected in
a low Eloss ¼ 0.79 eV. It also has the lowest optical
energy gap of the compounds listed, possibly
due to the extended electron conjugation of the
tetramer. However, this same attribute leads to a
reduced FF ¼ 0.58, which ultimately leads to a
lower ηP ¼ 8.47%.
Many if not all the compounds in Table 7.22, and

in other PDI-based OPVs, lack solubility from the
rylene moieties, thus requiring additional annealing
or solvent additives to achieve the target morpholo-
gies. While the performance of these compounds are
remarkably high, they fall short of those achieved
with the fullerenes. The large conjugated electron
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Table 7.22A Performance of selected perylenediimide-based NFA:donor OPVs

Acceptor EHOMO (eV) Eopt (eV) Eloss (eV) jSC (mA/cm2) VOC (V) FF ηmax (%) Ref.

A P3TEA
(1:1.5)

�5.71 1.72 0.61 13.27 1.11 0.64 9.50 (Liu et al., 2016a)

B PDBT-T1
(1:1)

�6.09 1.93 0.98 12.48 0.95 0.70 8.42 (Meng et al., 2015)

C PDBT-T1
(1:1)

�6.02 1.93 0.96 12.40 0.97 0.70 8.28 (Meng et al., 2016)

D PDBT-T1
(1:1)

�5.97 1.93 0.93 12.72 1.00 0.72 9.28 (Meng et al., 2016)

E PTB7-Th
(1:1)

�5.71 1.58 0.79 17.90 0.79 0.58 8.47 (Wu et al., 2016)

Notes: (i) All OPV characteristics obtained at 1 sun, AM1.5G simulated solar illumination.
(ii) D:A blend ratios shown in parentheses in donor column.
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system on the fullerene periphery results in very
rapid (hundreds of femtoseconds) charge transfer,
and hence high ηCT, and a concomitant reduction
in Eloss to 0.6–0.8 eV. Moreover, the near spherical
symmetries of both C60 and C70 lead to close pack-
ing into nanocrystalline domains. This promotes a
high electron conductivity and hence a high FF and
low series resistance. All of these factors have led to
the widespread use of fullerenes as acceptors
in OPVs.
Fullerenes, however, also have significant disad-

vantages. For example, while Eloss is less than in
the PDIs, its magnitude ultimately limits cell effi-
ciency. Furthermore, as in Section 7.2.2, their ab-
sorption spectra are confined to the visible, with
absorption coefficients that are often smaller than
more tightly π-stacked compounds such as planar
donors in Section 7.4.4.1. To avoid these deficiencies, a
family of thiophene-based NFAs has emerged with

Eloss approaching 0 V in some cases, and with energy
gaps that allow for absorption into theNIR. The design
flexibility afforded by thismolecular family has led to a
new generation of OPVs with single junction efficien-
cies > 15%.
The general architecture of this class of calamitic

mesogenic a-d-a NFAs is similar to that followed by
donors (Table 7.19), and is illustrated in Fig. 7.168.
A calamitic mesogen is a molecule that has liquid crys-
talline properties (i.e. it is mesogenic such that, de-
pending on temperature, it can behave as a solid or
liquid), and it has a rigid core that allows it to organ-
ize into layered stacks (i.e. it is calamitic). The alter-
nation of electron rich thiophene donor units and
electron-withdrawing 2-(3-oxo-2,3-dihydroinden-1-
ylidene)malononitrile moieties allows for facile
ICT. The tendency to π-stack competes with the need
for solubility provided by alkane groups attached
along its length. All high performance NFAs have

O

OCN

CN

CN

CN S

S
S

S

C6H13 C6H13

C6H13 C6H13

Bulky non-conjugated

Electron pushing

Electron pulling

(a)

(b) 1 2 3

e 3–4 Å

Figure 7.168 (a) Molecular structure of the NFA, IT-IC, showing its electron push–pull architecture. (b) The packing motif of IT-IC with each molecular
sub-unit performing a different function: (1) intermolecular overlap results in efficient electron conduction between members of the stack; (2) the donor
backbone is protected by the alkyl groups also used to increase solubility; and (3) the a-unit that lacks shielding by alkyls to promote close π-stacking with
neighbors. After Hou et al. (2018).

Reprinted by permission from Springer Nature, Nature Materials, 17, 119, Organic solar cells based on non-fullerene acceptors, Hou, J., Inganäs, O., Friend, R. H. &
Gao, F. Copyright 2018.
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low energy gaps, and contain thiol groups as π-
bridges or donor units.

Figure 7.168 illustrates how the different molecu-
lar units are designed to affect both morphology and
charge transfer in the archetype NFA, IT-IC (see
spectrum, Fig. 7.126). The molecule comprises a
seven-ring fused donor core (indacenodithieno[3,2-
b]thiophene, IT), terminated with 2-(3-oxo-2,3-dihy-
droinden-1-ylidene)malononitrile acceptor units.
The core is shielded from close packing with other,
similar molecules by the alkane chains that afford
the needed molecular solubility. However, the al-
kanes do not impede molecular stacking of the ac-
ceptor end groups, whose electron-withdrawing
character is enhanced by the CN groups
(Fig. 7.168a). This permits intermolecular stacking
to within 3–4 Å, and hence a high electron conduct-
ivity along the stacks. The rigid, planar backbone
(Fig. 7.168b) enables efficient ITC necessary to re-
duce Eopt and Eloss when IT-IC is employed in
OPVs. IT-IC has a long wavelength cutoff of 925
nm corresponding to Eopt ¼ 1.35 eV, making it suit-
able for NIR sensitive OPVs. Thus, the extended
backbone with the bulky central donor unit protect-
ed by the alkane chains creates the needed delicate
balance between solubility and close packing in a
slip-stack molecular structure. The OPVs consisting
of ITO/PEDOT:PSS/PTB7-Th:ITIC (1:1.3)/Al ther-
mally annealed for 15 min at 150°C exhibited ηP ¼
6.8%. While this is still lower than obtained when
PTB7-Th is blended with either PC71BM (ηP ¼ 7.5%)
(Lin et al., 2015), or using a ZnO/C60 cathode
buffer with PC71BM (9.35%) (Liao et al., 2013), we
will show in the ensuing discussion that the calami-
tic NFAs can lead to exceptionally high single
junction efficiencies when combined with the
appropriate donor. Importantly, the narrow absorp-
tion spectra make these molecules particularly well-
suited for visibly transparent OPV applications.

A theme throughout our discussion of OPV mater-
ials has been that energy loss sets a fundamental limit
to the open circuit voltage and hence the efficiency of
OPVs. This loss can be as large as 0.7 eV for fullerene
acceptors, although NFAs with the a-d-a motif of
the archetype IT-IC, and indeed in the d-a-d donors
reduce this to 	 0.6 eV. Understanding the molecular
origins of energy losses can be used to devise design
rules that lead to even higher efficiency CT. In the
following we describe an analytical framework of Liu
and co-workers that connects molecular design to Eloss

(Liu et al., 2019).
In Section 7.3.2 we showed that the driving force

required to overcome the binding energy is supplied

by the offset of the LUMO and HOMO energies,
�ELUMO and �EHOMO. As a result, the dissociation
process incurs an energy loss during charge transfer:

�ECT ¼ EX � ECT � �EHOMOðLUMOÞ � EB; ð7:183Þ

where, as previously, EX is the energy difference
between S1 and S0, and EB is the exciton binding
energy. Additional losses arise from both radiative
(�Er) and non-radiative (�Enr) recombination at the
HJ (Menke et al., 2018):

�Erec ¼ ECT � qVOC ¼ �Er þ�Enr: ð7:184Þ

Therefore, the total energy loss at the donor–acceptor
HJ is (cf. Eq. 7.155)

Eloss ¼ �ECT þ�Erec ¼ EX � qVOC: ð7:185Þ

From semi-classical Marcus theory (see Section 4.3.2),
the transfer rate from an acceptor exciton (A�) to a CT
state (A�/D+) illustrated in Fig. 7.169a is given by (cf.
Eq. 4.89)

kCT ¼ J2

h�
π

λreorgkBT

� �X
n0

Sn
0

n0 !
exp �Sð Þ

� exp
� �ECT þ λreorg þ n

0
h� hωi� �

4λreorgkBT

" #
;

ð7:186Þ

where, as previously, J is the electronic coupling be-
tween the acceptor excited state (ψA�D) and CT (ψA

�
D
+)

wavefunctions, λreorg is the intermolecular reorganiza-
tion energy, and S is the Huang–Rhys factor for
intermolecular electron–phonon coupling. The intra-
molecular phonon modes are replaced by a single
mode with mean energy h� hωI i, typically correspond-
ing to the dominant (C─C) bond stretch with h� hωI i �
0.17 eV. Also, the Gibbs free energy is given by�ECT.
The CT process between the initial A�/D initial

state to the A�/D+
final state and the definition of

�ECT are illustrated in Fig. 7.169a. Quantum mechan-
ical tunneling mediates transfer through the barrier
separating the initial and final states. Following
Kasha’s rule, the transition occurs from the lowest
vibrational state (n ¼ 0) of the excited acceptor to
the n0 vibrational state in the CT (A�/D+) manifold.
The Frank–Condon (FC) integral of the tunneling

transition is then simplified to expð�SÞS
n
0

n0 !
. The re-

organization energy, λ, during charge transfer is the
sum of intramolecular (λI) and intermolecular (λ0)
contributions. Intermolecular reorganization is due to
electronic polarization, and consequently lattice
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relaxation of the surrounding medium. Assuming a
spherically symmetric charge distribution on the
donor and acceptor, and treating the medium as an
isotropic dielectric continuum, λ0 is found from
Eq. 4.61.
Non-radiative recombination energy losses (�Enr)

occur through coupling from CT (A�/D+) to the
ground state (A/D), as illustrated in Fig. 7.169b.
The transition rate, knr, can be described by Eq. 7.186
after making the following substitutions. The
Gibbs free energy is now ECT instead of �ECT, and
J ! J

0
; S! S

0
, and λreorg ! λ

0
reorg to account for the

electronic coupling between the CT and the ground
state, which may or may not differ from those in
Eq. 7.186 that describes coupling between A� and CT
(cf. Fig. 7.169). Clearly, knr increases with decreasing
ECT in accordance with the energy gap law. For non-
radiative recombination, the energy loss is (cf.
Eq. 7.153) (Rau, 2007)

�Enr ¼ �mkBTln
1

η
CT

 !
¼ �mkBTln

kr þ knr
kr

� �
:

ð7:187Þ
To achieve low energy loss yet efficient charge
transfer, EB and �EHOMO must be minimized simul-
taneously (cf. Eq. 7.183). Secondly, decreasing both
intra- and intermolecular electron–phonon coupling
leads to an increased kCT at a minimum cost to�ECT,
as well as a decrease in knr, and consequently, �Enr.
Energy loss is a function of EB, S, and λreorg, which in

turn are specific to a particular molecular structure.
The exciton binding energies have been calculated
using DFT for both fullerenes and NFAs. The exciton
binding energy is EB ¼ (E� + E+) � (E0 + EX), where

E� and E+ are the optimized energies of radical anions
and cations of the molecule, respectively, and E0 is the
ground state energy. Figure 7.170a shows the molecu-
lar structure of the example NFA, BT-CIC. The elec-
tron and hole distributions along the molecular
backbone of the excited state are shown in
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Figure 7.169 Energy diagrams of (a) charge transfer from the acceptor exciton (A�) to the charge transfer (CT) state (A�/D+), and (b) non-radiative
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Reprinted figure with permission from Liu, X., Li, Y., Ding, K. & Forrest, S. R.,
Physics Review Applied, 11, 024060, 2019. Copyright 2019 by the American
Physical Society.
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Fig. 7.170b. The conjugated electron system is indi-
cated by the bold red line bridging the electron-
donating thiophene chain to the electron deficient
cyano and Cl groups. This results in symmetric ICT
from the middle to the two ends of the optically
excited molecule, which features electron rich regions
near the end caps, and an increased hole concentra-
tion toward the center of the backbone. The relative
segregation of electron and hole densities results in
the reduced EB characteristic of a-d-a acceptors and
d-a-d donors, resulting in their reduced energy loss
according to Eq. 7.185 compared to the more compact
fullerenes. The rigid coplanar structure of a-d-a
NFAs ensures that the electron wavefunction is delo-
calized over the entire molecular backbone, unlike
polymers that can twist at C─C single bonds that
ultimately terminates the extent of the excited state
(see Section 3.6).

For a given offset of the donor and acceptor frontier
orbital energies, �ECT, is maximized by minimizing
the acceptor or donor exciton binding energy, which
in turn increases kCT in the Marcus non-inverted
regime. The combined influences of molecular size,
conjugation length, and strength of the electron
donating and withdrawing groups determines
the magnitude of ICT in the acceptors (or donors),
and this ultimately determines EB. The effects of mo-
lecular size on EB can be quantitatively estimated
assuming that the electron wavefunction for a particle
in a three dimensional “molecular box” is bounded
by the extent of the electron and hole distributions
(see Fig. 7.170b). The wavefunctions are Ψnx;ny ;nz ¼ffiffiffi

8
v

r
sin

nxπx
l

� �
sin

nxπy
w

� �
sin

nzπz
h

� �
, where nx, ny, nz

are quantum numbers. This can be used to calculate

EB vs. effective molecular volume v ¼ lwh. The effect-
ive molecular length l, width w, and height h are
defined by a box whose boundaries are set at the
point that the electron density falls to 0.02 au�3, a
metric commonly used to define the iso-surface of
electron distributions and the size of a molecule
(Frisch et al., 2009).
Figure 7.171 shows the calculated EB for a popu-

lation of fullerenes and NFAs vs. v. For this ana-
lysis, an average molecular height of h ¼ 0.3 nm
and width of w ¼ 0.8 nm was assumed, with l
varied according to the linear dimension of the
molecule. The binding energy monotonically de-
creases, with v independent of the details of the
molecular structure due to increased separation be-
tween the electron and hole densities (Fig. 7.170b).
The solid line is the binding energy obtained from
the hole and electron wavefunctions, Ψ0,0,0 and
Ψ1,0,0, respectively, found from solutions to Schrö-
dinger’s equation. Thus,

EB ¼ q2
ð jΨ0;0;0 rhð Þj2jΨ1;0;0 reð Þj2

4πε0f jrh � rej d3rhd3re; ð7:188Þ

where the rh and re are the position vectors of the hole
and electron, respectively, and f is a parameter that
accounts for the relative dielectric constant of the
molecule and the relaxation energy of the ionic spe-
cies. Remarkably, the solid line corresponds to only a
single value of f ¼ 5.4 that approximately fits the
entire population of acceptors, ranging from highly
symmetric fullerenes to extended and planar NFAs.
The deviations of the data from the solid line are due
to details of the molecular structures that impact the
molecular polarizabilities and relative dielectric con-
stants in the solid.
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Figure 7.171 (a) Exciton binding energy calculated via DFT vs. effective molecular volume for several acceptor molecules indicated in legend. The
solid line is a fit assuming electron confinement within the effective molecular volume for each molecule. The calculation assumes a dielectric parameter,
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The dashed line is the fit using the empirical power-law described in text (Liu et al., 2019).

7.4 ARCHITECTURES, MORPHOLOGIES, AND MATERIALS FOR OPVS 717



Since the dielectric constant is related to the
polarizability, αxx, we can interpret the analysis leading
to Eq. 7.188 by calculating the polarizability vs.molecu-
lar length l. The polarizability follows an empirical
power-law dependence (Van Dyck et al., 2017):

αxx ¼ α0 þ α1ln; ð7:189Þ
where α0 is the polarizability of terminal bonds such
as C–H, and α1 is related to the polarizability of con-
jugated or non-conjugated chains of length l. A fit to
the data in Fig. 7.171b gives α0¼ 0.035 nm3, α1¼ 0.098
nm3-n, and n¼ 1.51. The weak, superlinear increase of
polarizability (n > 1) is due to the contributions of
conjugation and ICT. The relationship between the
dielectric constant of the medium and the polarizabil-
ities of each constituent, αi, is given by the Clausius–
Mossotti relationship:

ε� 1
εþ 2

¼ 4π
3

X
i

Niαi; ð7:190Þ

where the molecular packing density is Ni. The effect
of the dielectric constant change on EB is estimated
using Eqs. 7.189 and 7.190 to replace constant f of
Eq. 7.188, and assuming an isotropically polarizable
medium comprising randomly oriented molecules
with N ¼ 1.3 nm�3. This yields the blue dashed line
in Fig. 7.171a. The fit closely follows the data for mol-
ecules 1 to 11 compared to that using a constant f,
although there are noticable departures from the data
arising from approximations made to the molecular
structure and the relaxation of ionic species. The less
accurate fits to molecules 12, 13, and 15–17 are attrib-
uted to molecular bends that disturb the electron
conjugation, thereby increasing EB.
Achieving a small �ECT and �Enr requires simul-

taneously reducing both intra- and intermolecular
electron–phonon coupling. According to Eq. 4.61,
the increased dielectric constant of NFAs reduces the
intermolecular coupling, λ0. The intramolecular coup-
ling constant, S

0
, also changes with the size and rigid-

ity of the molecules, that is, they scale with the
increased FC shift that is twice the total reorganiza-
tion energy, EFC � 2 λCT. This yields λCT ¼ 0.11 eV for
IT-IC/PBDB-T HJs compared to λCT ¼ 0.24 eV for
PC71BM/PBDB-T, resulting in a higher knr for the latter

system. Thus, η
CT
¼ kr

kr þ knr
is higher in the IT-IC/-

PBDB-T HJ. Indeed, the non-radiative recombination
loss using Eq. 7.188 and ηEL of IT-IC/PBDB-T and
PC71BM/PBDB-T HJs result in a 0.05 ± 0.01 eV smaller
�Enr in the IT-IC system, leading to the generally high-
er power conversion efficiencies observed for NFA vs.
fullerene based OPVs. The presence of nonbonding

orbitals in the cyano, chloro or oxy groups introduce
lone pair electrons that do not participate in bonding,
and thus avoid electron–phonon coupling. At the same
time, the cyano and chloro groups attract electrons and
reduce the charge density along the backbones, effect-
ively reducing electron–phonon coupling.
Finally, it is worth noting that the treatment as-

sumed thus far is based on semi-classicalMarcus trans-
fer, where only direct coupling of the CT to the ground
state is assumed. A more complete theory must take
into consideration coupling of all the excited states,
and most importantly, the coupling of the lowest ex-
cited (S1) state to the CTmanifold. This is illustrated in
Fig. 7.172, that explicitly includes the strength of the
coupling of the S1 to the CT state (tLE-CT) in addition to
the coupling of CT to the ground state (tCT-G) con-
sidered above. These multiple contributions can be
quantified using Marcus–Jortner electron transfer the-
ory (Marcus and Sutin, 1985, Bixon and Jortner, 1999).
The potential energy surface of the transition from S1 to
a CT state is illustrated in Fig. 7.172 assuming a simple
harmonic oscillator model. The dashed lines at the
crossing points present the adiabatic surface, while
solid lines are non-adiabatic. In the case of non-
adiabatic transitions within the Born–Oppenheimer
approximation, the CT rate constant from Fermi’s
golden rule is (Bixon and Jortner, 1999)

kCT ¼ 2π
h� jhψS1jHjψCTij2jhvS1jvCTijρðECTÞ

¼ 2π
h� tLE�CT

2 ðFCWDÞ:
ð7:191Þ

Here, tLE–CT¼ hψS1|H|ψCT i is the matrix element that
mixes the wavefunctions of CT (ψCT) and local excited
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Figure 7.172 Coupling of the CT state to both the ground (GS) and
lowest excited state (S1). These transition and their corresponding
strengths (denoted tCT-GS and tLE-CT, respectively) must be considered to
fully account for energy losses in the charge generation process.
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state (ψS1) of acceptor or donor, H is the interaction
Hamiltonian, ρ(ECT) is the density of CT states, and
FCWD denotes the Franck–Condon factor weighted
density of states. In a semi-classical approximation at
room temperature, Eq. 7.191 gives

kCT ¼ 2π
h� tLE�CT

2FCWDð��GLE�CTÞ ¼ 2π
h� tLE�CT

2 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4πλ0kBT
p

�
X

n0
expð�SÞS

n
0

n0 !
exp �ð��GLE�CT þ λ0 þ n

0
h� hωIiÞ2

4λ0kBT

 !" #
;

ð7:192Þ

where the Gibbs free energy change �GLE�CT is the
sum of energy offset, �ECT, and the entropy change.
The FCWD factor is assumed to be the sum of vibra-
tional overlap integrals between the lowest (n ¼ 0)
vibrational state of S1 and the state n0 of the CT
manifold. Each transition from n ¼ 0 to n0 in the
sum, contributed by low frequency intermolecular
modes (h�ω0 << kBT) in the medium, is adequately
described by the classical picture by an Arrhenius-
type exponential term.

Recently, derivations of the matrix element between
S0 and hybridized CT-S1 states have been developed
(Chen et al., 2018, Eisner et al., 2019). That analysis
finds that knrad decreases with decreasing energy offset,
while krad stays approximately constant when hybrid-
ization is absent. Hybridization increases both krad and
knrad, but has a stronger impact on krad than on knrad,
giving rise to the decrease in �VOC,nr. While this ap-
proach is formally correct, its application depends on
knowing the coupling strengths between the states in-
volved. However, the experimental evidence thus far is
insufficiently detailed to justify invoking the more com-
plex interactions involved in the three-state formalism.

The foregoing analysis suggests molecular design
strategies that can further reduce energy loss. Current-
ly, a-d-a-type NFAs are inherently symmetric, and
hence possess a nearly zero dipole moment. However,
asymmetric electron-withdrawing end groups in a-d-a
molecules provide freedom to tune the dipole moment
and further reduce EB, S, and λ0 by changing the effect-
ive intramolecular electron–hole separation and the
molecular packing in bulk HJs. Additionally, the rela-
tionship between molecular dimension, rigidity and
energy loss points to the benefits of increasing the
molecular volume. However, there is a limit to the
extent to which the length of the molecular backbone
can be increased without bending, and hence termin-
ating the effective conjugation length. Extending the
conjugation into two and three dimensions can further
reduce EB, S, and λO, as compared to 1D conjugation
used up to now. This may also enhance intermolecular
π–π interactions along all directions, leading to

increased charge carrier mobilities. Indeed, early dem-
onstrations of increasing the molecular volume in two
dimensions based on dithienopicenocarbazole-based
a-d-a-type (Yao et al., 2018) or spiro-fused PDI NFAs
(Gao et al., 2017) provide an illustration of the benefit
of this strategy.
Table 7.23 lists several different solution-processed

a-d-a NFAs that are chosen to demonstrate the facility
with which the modular design of molecules in
Fig. 7.168 can lead to systematic variations in electron-
ic properties. The first six entries in the table, namely
IDT-IC, IT-IC, BDT-IC, BT-IC, BT-CIC, and TT-FIC,
correspond to the materials whose absorption spectra
are found in Fig. 7.127. While some of the molecules
have efficiencies exceeding 11%, the most interesting
aspect is the nearly rigidochromic shift of the spectra,
with optical energy gaps monotonically increasing
from 1.28 eV for TT-FIC, to 1.73 eV for IDT-IC. This
is accompanied by a concomitant, near monotonic
decrease in EHOMO from �5.43 eV to �5.61 eV, re-
spectively. This trend is depicted in the energy level
diagram in Fig. 7.173. The energy losses, which are
determined using the Eopt of the acceptors, depend on
the specific choice of donor. The minimum value of
Eloss ¼ 0.56 eV is found for the J71:BT-IC blends,
which is smaller than obtained with any of the PDI-
based acceptors in Table 7.22.
We can qualitatively understand the source of the

decreasing energy by examining the structures of the
six NFAs themselves. The planar, electron-donating
backbone of each molecule comprises a series of
fused rings, each contributing to the conjugation
length of the electron system. The d-unit is capped
at each end by a 2-(3-oxo-2,3-dihydroinden-1-yli-
dene) malononitrile a-unit, and in the case of BT-
CIC and TT-FIC, the a-units are functionalized with
Cl and F, which further increases their electron-
withdrawing ability. Then, starting with the smallest
energy gap IDT-IC comprising five fused rings (con-
taining two Th), we progress to lower Eopt with IT-IC
(6 rings, 4 Th), BDT-IC (7 rings, 4 Th), BT-IC (3 fused
rings disposed on opposite sides of a alkoxy group),
BT-CIC (as in BT-IC but with strongly electron-
withdrawing Cl functionalized a-units), and TT-FIC
with eight rings having an even more electron defi-
cient F-functionalization. The strong donating ability
of the alkoxy group in BDT-IC also results in a some-
what higher EHOMO, evident in Fig. 7.173. Hence, this
series shows a progressively increasing conjugation
length leading to decreasing energy gaps. These
modifications tend to lower the EHOMO, and thus
ELUMO. Finally, the planar donor core of the mol-
ecules promotes ordered π-stacking, giving FF > 0.7
in almost all cases.
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The absorption of these molecules is quite strong,
with α � 105 cm�1. However, since their absorption is
narrow and generally centered in the NIR, a donor
with absorption in the visible is needed to achieve
more complete coverage of the solar spectrum when
visible transparency is not required. Examples of the
external quantum efficiency spectra of BT-CIC and BT-
CIC OPVs with the structure ITO/ZnO(25 nm)/PCE-
10:NFA (1:1.5, 130 nm)/MoO3 (15 nm)/Ag are shown
in Fig. 7.174. For comparison, ηext for a PCE-10:PC71BM
OPV with the same blend proportion and thickness is
also provided. Remarkably, the OPVs based on the
NFAs have ηext approaching 80% over much of the
NIR, with the longest wavelength response, and high-
est ηP ¼ 11.2% observed for BT-CIC. The short wave-
length response of the PC71BM-based OPV is the
highest of the group, since the fullerene has a higher
absorption coefficient than either of the NFAs, and the
donor PCE-10 also has limited absorption in the blue
spectral region.

The next four NFAs all have ηP > 13%. The accept-
or, C8-IT-IC, is a modified IT-IC whose hexyl side
chains are replaced by octyl units. Given the marginal
differences in the energetics of these two compounds,
the improved morphology obtained by the extended
octyl chains apparently leads to the higher efficiency
of C8-ITIC. In fact, the highest efficiency achieved for
both materials employed a PFBDB-T donor blend that
was annealed at 160oC to improve its nanocrystalline
morphology.
The IT-4F acceptor has a strongly electron-

withdrawing F-functionalized a-capping unit. This in-
creases both theHOMOandLUMOenergies compared
to its non-fluorinated analog, IT-IC. While this reduces
the CT energy somewhat, and hence reducesVOC, (0.88
V vs. 0.94 V for IT-IC), the smaller optical energy gap
leads to a higher current of jSC ¼ 20.5 mA/cm2 com-
pared with 17.32 mA/cm2. Taken together, ηP¼ 13.1%
is obtained in a D-A BHJ device comprising the fluor-
inated donor, PBDB-T. An analogous fluorinated ac-
ceptor, INPIC-4F achieves a similarly high power
conversion efficiency, indicating the effectiveness of
employing strongly electron-withdrawing a-groups
along with an extended, electron-rich 5,5,12,12-tetrakis
(4-hexylphenyl)-indacenobis(dithieno[3,2-b:2ʹ,3ʹ-d]pyr-
rol) (INP) donor core.
The highest efficiency is obtained with the NFA, Y6

used in combination with the donor, PM6 (Zhang
et al., 2015) in a 1:1.2 (w/w) D:A ratio. This molecule
is also built around a BT core, with strong electron-
withdrawing F-functionalized acceptor capping
groups. The low optical energy gap of 1.33 eV
coupled with the exceptionally low energy loss of
0.5 eV leads to a relatively high VOC. The low energy
loss may be a result of a twist about the molecular
core enforced by avoidance of the alkyl groups at-
tached to the central N-atoms. This, in turn further
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Figure 7.173 Progression in the optical energy gap and HOMO energy for the series of NFAs in Fig. 7.126. Eopt is the energy for the S1  S0 transition.

400 500 600 700 800 900 1000
0

20

40

60

80

Wavelength (nm)

η
ex

t 
(%

)

Figure 7.174 External efficiency spectra of BHJ OPVs employing a PCE-
10 donor and a BT-IC (circles), BT-CIC (triangles), or PC71BM (squares) (Li
et al., 2017c).
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separates the electron and hole densities, leading to a
reduced EB. The efficiency reported is 15.7% for both
conventional and inverted OPVs.

7.4.4.3 Materials used in non-fullerene
ternary OPVs

In Section 7.4.1, we introduced the concept of the tern-
ary OPV where the active region consists of either a
donor and two acceptors or vice versa. Adding a third
component into the BHJ can increase the solar cover-
age, which often leads to higher single junction
OPV efficiencies. In Table 7.24 we summarize the char-

acteristics of several high efficiency ternary solar cells.
Each of these devices comprises at least one NFA, often
combined with a fullerene acceptor. Since all a-d-a
NFAs require solution processing, both the donor and
secondary acceptor additions to the blend are also
solution-processed. Furthermore, the ternary OPVs in
Table 7.24 have a DA1A2 architecture. The structural
formulae of compounds listed in the table and not
referred to elsewhere in this chapter are provided in
Fig. 7.175.
Ternary device performance is particularly sensitive

to details in film morphology due to the need to sim-

Table 7.24 Performance characteristics of selected DA1A2 OPV cells

Materials Blend ratio jSC (mA/cm2) VOC1 (V) VOC2 (V) VOCT (V) FF ηmax (%) Ref.

PBDB-T:IT-M:bis- PC71BM 1:0.2:1 17.4 0.94 1.02 0.95 0.74 12.2 (Zhao et al., 2017b)

PBDB-T:ITIC:N2200 1:0.9:0.1 16.9 0.92 0.90 0.93 0.73 11.4 (An et al., 2018)

DTRB-T:IDIC: PC71BM 1:0.5:0.5 15.5 0.99 0.99 0.99 0.68 10.5 (Zhang et al., 2017)

PDBT-T1:PC71BM:ITIC-Th 1:0.5:0.5 15.5 0.92 0.95 0.93 0.71 10.2 (Liu et al., 2017)

PDBT-T1-SdiPDI-Se:ITIC-Th 1:0.5:0.5 15.4 0.95 0.92 0.94 0.71 10.3 (Liu et al., 2016b)

PTB7-Th:IDT-2BR:PDI-2DTT 1:1:0.01 14.5 1.05 — 1.03 0.65 9.7 (Cheng et al., 2017)

Notes: (i) The materials and blend ratio sequences follow the order D:A1:A2.
(ii) VOC1, VOC2, and VOCT correspond to the open circuit voltages of DA1, DA2, and DA1A2, respectively.
(iii) Performance characteristics are obtained at 1 sun, AM1.5G simulated illumination.
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ultaneously balance the local concentrations of the
three molecular components. With one exception
(PTB7-Th:IDT-2BR:PDI-2DTT), the ternary mixtures
consist of high concentrations of both acceptors,
which in total equal the concentration of the donor.
A second observation is that the open circuit voltage
of the ternary OPV, VOCT, falls within the limits set
by the individual binary devices, VOC1 and VOC2. Al-
though the PBDB-T:ITIC:N2200 appears to violate this
“rule,”VOCT exceedsVOC1 by just slightlymore than 10
meV, and VOC2 is also close to VOC1. This apparent
anomaly has been attributed to the improved morph-
ology of the ternary, which also resulted in a signifi-
cantly increased FF ¼ 0.73 and decreased series
resistance Rser ¼ 3.5 Ω cm2 for the blend containing
10% of the poly(naphthalene bithiophene), N2200,
compared to the binary DA1 (0.68, 3.8 Ω cm2) and
DA2 (0.73, 5.3 Ω cm2) devices (An et al., 2018). We
showed in Section 7.4.1 that this finding is consistent
with all four models used to describe ternary device
operation, absent other extrinsic factors such asmorph-
ology, junction non-idealities, etc.

An interesting exception to the devices in Table 7.24
employs a PTB7-Th:IDT-2BR:PDI-2DTT active region.
The highest efficiency device using this blend was
reached when only 1% of the acceptor, PDI-2DTT, is
included. Such a low concentration should not be
thought of as a third ternary component, but rather as
a dopant in a binary BHJ (Cheng et al., 2017). The
rationale for the addition of PDI-2DTT is that the
HOMO and LUMO offset energies between PTB7-Th
and the primary a-d-a NFA, IDT-2BR, of 32 meV and
10 meV, respectively, are too small to efficiently drive
charge transfer at the HJ. Doping with PDI-2DTT in-
creases the offset energies with the donor to 40 meV
and 31meV, respectively,which is sufficient to prevent
back transfer of dissociated charges into a bound CT
state. At concentrations of 	 1%, the films show a
powder texture with the molecular lamellar spacing
consistent with that of PTB7-Th:IDT-2BR. However,
at higher PDI-2DTT concentrations, numerous new
distinct crystalline rings are observed in the GISAXS
diffraction patterns. Apparently, this more crystalline
morphology decreases the hole and electronmobilities
by a factor of three from theundopedDA1film, and the
FF is also reduced. Clearly, only a small addition of A2

is advantageous for device performance.

7.5 Multijunction cells

The multijunction cell offers several advantages over
single junction OPVs, many of which were touched
on in Section 7.1.2 and subsequent sections. Briefly,
these advantages include:

(i) Increased coverage of the solar spectrum by combin-
ing subcells whose absorption spectra do not entirely
overlap. Given the narrow absorption spectra
characteristic of excitonic materials, the case for
employing multijunction cells for achieving high
efficiency is compelling.

(ii) Reduced thermalization losses in series-connected
stacks. The energy difference between the inci-
dent photon and the single junction cell energy
gap is lost to heat, thus setting a thermodynamic
limit to the maximum power that the cell can
generate (see Section 7.3.2). By combining cells
of different energy gaps, thermalization losses
due to high energy photons absorbed by large
energy gap subcells are reduced. Similarly, low
energy photons are absorbed by subcells with
smaller energy gaps. Thus, a multijunction cell
can, in principle, exceed the thermodynamically
limited efficiency of the single junction cell.

(iii) Increased terminal voltage. The VOC of a series-
connected multijunction cell is the sum of the
VOC of the subcells in the stack. Additionally,
the multijunction cell current is limited by the
subcell generating the lowest current. As a result,
the series-connected stack is a “high voltage, low
current” OPV. Consequently, tandem cells are
less vulnerable to resistive losses that equal I2Rser.

(iv) Reduced current increases cell efficiency. Due to the
generally high internal resistance of an OPV, the
FF of a stacked cell can be higher than that of its
constituent subcells under an equivalent illu-
mination intensity. The FF is a function of Rser

(see Fig. 7.70). When the incident light is ab-
sorbed in different subcells in the stack, the re-
sulting reduction in cell current results in an
increased FF, and hence ηP.

(v) Reduced current reduces the cell vulnerability to
current-induced failure mechanisms.

Subcells connected in parallel were also considered in
Section 7.1.2. While parallel-connected multijunction
cells do not require current balance, they nevertheless
require matched operating voltages for each parallel
element. In contrast to a series cell, parallel-connected
cells can be “high current, low voltage” devices. For
this reason, they lack many of the advantages of the
series multijunction OPV, and hence will not be a
focus of further discussion.
The ease of combining numerous materials

and multiple layers in organic devices, and the
benefits accrued by stacking subcells absorbing in
different spectral regions, makes the series-connected
multijunction architecture suited for achieving high
efficiency and reliable OPVs. In this section we focus
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on three topics: (i) the design principles leading to
cell optimization, (ii) the design of optically and
electrically lossless CRZs between subcells, and (iii)
examples of multijunction cell architectures used to
understand how materials and processing problems
are solved to achieve high efficiency.

7.5.1 Design principles of optimized
multijunction OPVs

To develop a systematic approach to multijunction
cell design, we consider the operating point of a series
tandem (i.e. dual junction) cell, and then generalize
the method to N junctions. Figure 7.176 illustrates the
j–V characteristics of two cells comprising a tandem.
Since the central terminals of tandems cannot be ac-
cessed, these characteristics correspond to single junc-
tion OPVs whose characteristics are close, but not
identical to those expected when similar devices are
used as subcells in the completed device. Subcell 1 has
a low VOC,1, whereas subcell 2 has the smaller jSC,2
and lower fill factor. Presuming that the CRZ connect-
ing the subcells is lossless, then the tandemmeets two
conditions:

VOC;T ¼ VOC;1 þ VOC;2 ð7:193aÞ

and

jSC;T ¼ j1 ¼ j2: ð7:193bÞ

This second condition corresponds to the horizontal
dashed line in Fig. 7.176 where the current in a
series-connected cell is balanced, that is, the current
delivered by each subcell is equal. This requires that
the voltage across the two subcells at short circuit
meet the condition: VT ¼ V1 þ V2 ¼ 0) V1 ¼ �V2.

A similar analysis for a parallel tandem is pro-
vided in Fig. 7.103 in the context of the operation of
a ternary BHJ. For a parallel diode connection, the
operating points lie along vertical, constant voltage
lines, and the currents are additive (the converse of
Eq. 7.193).
The performance of themultijunction cell ismodelled

by constructing its j–V characteristics from those of the
discrete devices, with the goal of finding jM, VM at the
MPP, and hence ηP. This must be done using numerical
methods along with the conditions of Eq. 7.193 at each
(V, j) coordinate. Care must be taken such that the
spacer and active layers in the discrete cells result in
an optical field that is close to that experienced when
they are placed in the stack.We start by defining�ηP as
the power conversion efficiency penalty at the N-junc-
tion cell MPP relative to its value if each individual
subcell in the stack were operating at its own
MPP. That is,

�ηP ¼ 1� jM;TVM;TXN
i¼1

jM;iVM;i

; ð7:194Þ

where jM,i is the current density at MPP of subcell i ¼
1, 2 . . . N (as numbered from the reflective contact),
and VM,i is the voltage at the MPP of the ith subcell,
which is defined as

MPPi ¼ jM;iVM;i ¼ FFijSC;iVOC;i: ð7:195Þ

Setting �ηP ¼ 0, we obtain jM;TVM�T ¼ jM;T

XN
i¼1

VM;i.

Thus, if all subcells operate near to their individual
(VM,-i, jM,i), then�ηP is minimized. Thus, a criterion to
achieve the maximum power conversion efficiency,
ηP;T , for a multijunction cell is to match jM,i for each
subcell.
The foregoing analysis has been used to project the

performance of a series tandem OPV comprised of
two different sets of subcells whose single junction
performances are listed in Table 7.25. One tandem
(T1), combines cells i and ii with nearly equal fill
factors, while the second tandem (T2) is comprised
of cells iii and iv with widely different FFs. The
different situations should lead to different MPPs
and introduce significantly different power effi-
ciency penalties when used in the tandem cells.
Note that these data are obtained from four different,
small molecule OPVs whose j–V characteristics and
solar spectral responses were measured and fit to the
diode theory in Section 7.1.2. Furthermore, the op-
tical properties of the various compounds were

Voltage

V2, j2

VOC,1

VOC,2

V1, j1

C
ur

re
nt

 D
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si
ty

0

0
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Figure 7.176 Current–voltage characteristics of two subcells and the
operating current of a series-connected tandem solar cell comprising these
subcells.
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measured to determine the response of the tandem
cells in which they were placed. For reference, the
cells used in the models are (i) DBP/C70 PM-HJ, (ii)
DPASQ:DPSQ (4:6)/C70 bilayer, (iii) SubPc/C70

graded HJ, and (iv) DPSQ/C70 bilayer HJ (Lassiter
et al., 2013a).

Figure 7.177a shows contour plots of the perform-
ance calculated for T1 whose front subcell, that is, SC-
2 in Fig. 7.9, is cell i. When the FF of the two subcells
are approximately matched, we see that FFT is closer
to the higher of the two individual fill factors (FFb ¼

0.66) when the subcell jSC are matched. Also, the
power penalty is very small if the individual subcells
operate at approximately the same jSC when used in
the tandem. The relationship between �ηP and jSC,1

and jSC,2 becomes apparent for T1 in Fig. 7.177b.
Here, the differences between cell i and SC-2, for
example, are due to the position of cell i in the stack,
the overlap of its spectrum with SC-1 (using the ma-
terials in cell ii), and the thicknesses and other param-
eters chosen for all of the layers comprising the
tandem OPV. Thus, for devices in Fig. 7.177b (top
and bottom panels) with very different jSC, a power
penalty of > 6% is incurred compared to the situation
where jSC,1 ¼ jSC,2, which is approximately achieved
for the scenario in Fig. 7.177b, center panel. As pre-
dicted above, when PM ¼ jMVM is approximately
equal for each subcell, then the power delivered by
the tandem is given by PM;T ¼ jM VM;1 þ VM;2

� �
.

The penalties incurred by using significantly mis-
matched subcells iii and iv in T2, are considerably
larger. In this case, FFT trends towards that of the

Table 7.25 Example discrete cell characteristics used in Fig. 7.178
(Lassiter et al., 2013a)

Parameter Cell i Cell ii Cell iii Cell iv

VOC (V) 0.89 0.96 1.04 0.94

FF 0.61 0.66 0.48 0.71

jSC (mA/cm2) 9.4 7.7 8.5 6.1

ηp (%) 5.0 4.9 4.3 4.1
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subcell with the lowest current, that is, when jSC,1 ≫
jSC,2, then FFT ! FFSC;2, and when jSC,2 ≫ jSC,1, then
FFT ! FFSC;1. When the short circuit currents of the
two subcells are equal, then FFT ¼ (FFSC,1 + FFSC,2)/2.
Finally, the power penalties are also more severe
when the individual fill factors and currents are
increasingly asymmetric. The power penalty is
then no longer centered along the diagonal in Fig.
7.177a, but rather �ηP it is larger when jSC,2 > jSC,1.
Hence, the tandem reaches the highest performance
only when the constituent single junction cells have
closely matched characteristics in the stacked
architecture.
The angle-dependent sensitivity of thin, organic

devices arises from optical interference between the
stacks comprising several layers with different optical
constants. We showed in Section 6.6 that interference
significantly affects the OLED emission spectrum. The
same angle-dependence affects the total diurnal en-
ergy generated by a solar cell, whose efficiency may
vary with the incidence angle. The variation of the
efficiency vs. incident angle of AM1.5G simulated
illumination of a DBP:C70 single junction cell,
a DTDCPB:C70 front subcell/DBP:C70 back subcell
tandem, and four-junction cells comprising a double
stack of the tandem structure is shown in Fig. 7.178.
Details of the various devices are provided in
Section 7.5.3. Also plotted is cosθ which is proportion-
al to the expected cell angular response as a function
of angle from the normal (at θ ¼ 0) in the absence of
microcavity effects. The single and tandem junction
cells closely follow the cosine law. Only the four-
junction cell, comprising a stack of over 20 layers
and a thickness of 250 nm, shows a noticeable angle-
dependence at θ > 45°. While the efficiency at higher
angles is marginally lower, the total energy available
for harvesting at such oblique angles also decreases.
Hence, the penalty incurred due to angle dependent
interference within a deeply stacked multijunction
cell is small compared to the advantage of its signifi-
cantly higher efficiency at normal incidence.
The angle dependence of the current in even deeply

stacked OPVs is significantly less pronounced than
the angle-dependent emission observed in stacked
OLEDs. This is a result of the “damping” effect of
absorption in OPVs that is absent in light emitters.
As light propagates within the multijunction stack it
is partially absorbed by each subcell, attenuating the
magnitude of the optical interference.
To understand where the angle dependence

originates in the stacks, light biasing described in
Section 7.3.3 was used to separately determine the
quantum efficiencies vs. angle for both the DTDCPB:

C70 front and DBP:C70 back subcells. The experimen-
tal setup is shown in Fig. 7.179a. The ηext of the long
wavelength DTDCPB:C70 cell is obtained by provid-
ing light bias from an intense, 505 nm wavelength
LED, whereas the short wavelength DBP:C70 cell is
biased using LED emission at 735 nm. The ηext of the
separate cells under normally incident monochromat-
ic light delivered using an optical fiber is shown in
Fig. 7.179b, along with the light biasing wavelengths
(dashed lines). This is a nearly ideal system to obtain
accurate efficiency measurements of the separate
components due to their lack of significant spectral
overlap of the subcells.
The angle of the monochromatic light source is

varied from θ ¼ 0 to 60°, with results for the two
cells shown in Fig. 7.179c and d. Almost all angle
dependence arises from the short wavelength ab-
sorbing back subcell (SC-1). This is consistent with
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optical models, whereby short wavelength light in a
microcavity has a longer optical path length (equal
to nd=λcosθ, where d is the layer thickness and n is its
index of refraction) than light at longer wavelengths.
For this device, there is a 15% decrease in ηext of the
DBP:C70 cell as θ is varied from 0° to 60°, which
accounts for nearly all of the deviation of the cell
response in Fig. 7.178 over this angular range.

7.5.2 Charge recombination zones

The CRZ is interposed between each subcell in amulti-
junction OPV. It serves a purpose similar to a tunnel
junction between subcells in inorganic multijunctions;
that is, it provides a site for electrons in one subcell to
recombine with holes in the adjacent subcell to “com-
plete the circuit.” In its absence, the photogenerated
electrons and holes cannot reach the opposing elec-
trodes, creating a buildup of charge and, consequently
an opposing internal potential that halts the current
flow. The ideal CRZ should be electrically lossless,
that is, it must provide a site with 100% recombination
efficiency. It must also be optically lossless to avoid
absorption outside of the OPV active region.

The first demonstration of a CRZ was a thin (3
nm) Au layer placed between two identical H2Pc-
MePTC subcells (Fig. 7.89) (Hiramoto et al., 1990).
Energy barriers between the Au thin film and the
subcells leads to a less than unity recombination
efficiency, and the relatively thick layer also intro-
duces significant optical losses (Hadipour et al.,
2006). This situation was improved by replacing
Au with an ultrathin (1–5 Å) Ag layer that is both
optically and electrically lossless (Yakimov and
Forrest, 2002, Che et al., 2014).
The submonolayer Ag CRZ is orders of magnitude

thinner than the optical skin depth (Eq. 7.176), mak-
ing the layer nearly transparent. Its effectiveness as a
site for charge recombination is understood in the
context of the TEM images in Fig. 7.180. The thin Ag
deposit does not consistently wet the surface; rather it
forms a widely dispersed population of Ag clusters
on the organic surface that range from < 1 nm to 7–8
nm diameter (Fig. 7.180a). The cross-sectional image
of a CuPc/PTCBI tandem cell in Fig. 7.180b shows
that the clusters do not form into a 2D layer, but
rather diffuse into the organic film, creating a band
of nanoparticles (NPs).
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The NP layer provides for highly efficient charge
recombination without optical losses. When an elec-
tron from an adjacent acceptor layer is at distance r
from a neutral Ag NP metal sphere, it is attracted by
its mirror image with a force of q2= 4πεrε0r2

� �
. Once

the electron binds to the sphere, the NP is negatively
charged, and subsequently attracts a hole from the
adjacent donor layer with the same force. The electron
and hole recombine, and the process begins once
more starting with the neutral NP. The binding
energy of an electron to the NP is EB ¼ q2= 8πεrε0rð Þ.
At room temperature, and at a distance, r ¼ 4 nm,
EB ¼ 2:4kBT. From the small field approximation of
Onsager theory, the capture probability of the charge
is given by (Onsager, 1938, Tachiya, 1988)

Pcap ¼ exp � rc
r

� �
1þ qrc

2kBT
F

� �
; ð7:196Þ

where the capture radius is rc ¼ q2= 4πεrε0kBTð Þ. For
F ¼ 0, Pcap ! 0:99 (see Section 4.7.2), making the
NPs extremely efficient recombination centers even
though they cover only a small fraction of the organic
surface.
Closely packed metallic NPs also affect the incident

illumination by supporting plasmons that reradiate
into the adjacent layers. Silver has a pronounced plas-
monic absorption feature centered at approximately
λ ¼ 440 nm (Rand et al., 2004). The plasmonic field is

depicted in Fig. 7.181, where the normally incident
electromagnetic field induces an instantaneous redis-
tribution of charge on the surfaces of the spheres. The
charge density wave reradiates in a pattern deter-
mined by the surrounding dielectric medium. In the
illustration, the spheres are located on the surface of
a low index medium (e.g. glass), and are buried in a
higher index dielectric such as an organic semicon-
ductor. The NPs act as an antenna array that
“focuses” the field intensity within a nearby junction,
thus increasing absorption. The field intensification is
responsible for the increased efficiency of multijunc-
tion cells in Fig. 7.90b, where the dual junction cell has
a power conversion efficiency > 2.5 times that of the
single junction cell. This 20% enhancement is due to
the increased field arising from plasmons supported
by the Ag NP layer.
A simulation of the electric field enhancement

due to a Ag NP layer embedded in an organic
film, and sandwiched between ITO and Al is
shown in Fig. 7.182a (Peumans, 2004). The inset
shows an increase of 100–1000 times the incident
field. Indeed, the field intensity remains high in a
zone whose width is 10–20 nm, which overlaps the
D and A layers on either side. Figure 7.182b shows
the measured absorbance for a Ag NP layer on
quartz, a PTCBI layer on quartz, and a quartz/
NP/PTCBI structure. The absorbance of the latter
structure (black line) is nearly double the sum
(dashed line) of the contributions of just the NPs
and PTCBI, accounting for the increased efficiency
of the tandem cell compared to the single junction
cell in Fig. 7.90.
The most common CRZ used for solution

processed multijunction cells comprises a layer of
ZnO NPs (Gilot et al., 2007, Janssen et al., 2007, Li
et al., 2013). The metal oxide NPs were initially
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Figure 7.180 (a) Transmission electron microscope images of a PTCBI
surface on which Ag nanoparticles (mean Ag film thickness, 5 Å) are
deposited. Arrows point to Ag clusters of different diameters (Peumans
et al., 2003b). (b) Left: Schematic diagram of a tandem cell with a Ag NP
CRZ (dots) between subcells 1 and 2 (SC-1, SC-2, respectively). Right:
TEM image of a thinned cross-section of the tandem cell. Ag NPs are
shown as dark clusters (Rand et al., 2004).
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introduced as an acceptor in BHJ cells employing
MDMO-PPV as the donor (Beek et al., 2005).
However, an electron-transporting ZnO NP layer,
in combination with a pH-neutral PEDOT:PSS hole
transporting layer, forms an efficient and transpar-
ent CRZ that can be cast from solution.

The monodisperse particle populations are syn-
thesized by a combination of hydrolysis and con-
densation of a Zn acetate dehydrate in a KOH:
methanol solution. A TEM image of a solution
cast ZnO NP film is shown in Fig. 7.183. Layer
thicknesses of 10–30 nm provide optimal intercon-
nection between subcells with minimal optical
losses (Gilot et al., 2007). To produce a more con-
tinuous network and drive off excess solution, the
NPs are often annealed at elevated temperatures
(e.g. 150°C for 10 min.), although this may damage
the underlying organic layers (Hau et al., 2010,
Kouijzer et al., 2012).

The ZnO NPs can result in a Schottky barrier with
the adjacent layers, which creates an internal
series resistance within the multijunction cell. A self-

assembled monolayer (SAM) cast onto the NP layer
surface is one means for changing the surface energy
with the objective of decreasing the barrier to charge
injection from the active region into the CRZ. A SAM
is a space-filling, ultrathin (e.g. a single molecular
layer) film of molecules. When attached to a surface,
it can change the film morphology and/or energetics.
A SAM comprising pyrrolidine-functionalized C60

molecules was used to improve injection from the
compound ZnO NP/PEDOT:PSS CRZ in multijunc-
tion polymer cells (Zhang et al., 2006). Following the
deposition of the NP layer, the SAM is deposited from
a solution of CB and THF, and then excess molecules
unattached to the ZnO surface are removed by rinsing
in a pure THF solution (Hau et al., 2008). When ap-
plied to single, double and triple junction OPVs based
on P3HT:PC61BM BHJs, the SAM improves the FF
(e.g. from 0.49 to 0.61 for single junction cells without
and with the SAM, and 0.49 to 0.55 for tandem cells)
due to a significant reduction in barrier resistance at
the BHJ/CRZ interface (Hau et al., 2010).

7.5.3 Example multijunction OPV structures
and performances

Multijunction OPVs have enjoyed continuous im-
provement since their introduction in the 1990s, to
the point where efficiencies of over 15% have been
achieved. The narrow absorption spectrum charac-
teristic of excitonic materials makes it probable
that multijunction cells, with their combination of
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Figure 7.183 TEM image of a monodisperse film of 5 nm diameter ZnO
NPs (Beek et al., 2005).

Reprinted with permission from Beek, W. J., Wienk, M. M., Kemerink, M.,
Yang, X. & Janssen, R. A. 2005. Hybrid zinc oxide conjugated polymer bulk
heterojunction solar cells. The Journal of Physical Chemistry B, 109, 9505-
9516. Copyright 2005 by the American Chemical Society.
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several absorbing materials that achieve a broader
spectral coverage than single junction cells will
ultimately become the structure that achieves the
highest efficiencies. The lower current and higher
voltages offered by series-connected cells also
leads to reduced resistive losses when used in
large area modules. In this section we provide
examples of tandem and triple junction cells as a
means to point out the benefits of, and challenges
in realizing multijunction organic solar cells.

Vapor deposited multijunction solar cells. Vapor
deposited materials easily form, multilayer complex
devices since dry processing does not affect the
morphology of previously deposited layers, regard-
less of their composition or conditions used in their
deposition. Unfortunately, there are only a limited
number of high efficiency donors and NFAs that can
be thermally deposited without decomposition.
Nevertheless, multijunction OPVs with at least some
of the subcells deposited from the vapor phase have
achieved among the highest OPV efficiencies to date
(Che et al., 2018b, Li et al., 2018).
Vacuum-deposited tandem, triple, and quadruple

junction cells are shown in Fig. 7.184a. A DTDCPB:
C60 (1:1)/C60 (5 nm) PM-HJ cell (SC-2) used to absorb
primarily in the infrared is paired with a DPB:C70

(10:1)/C70 (5 nm) PM-HJ cell (SC-1) that absorbs
broadly across the visible. The CRZs interposed be-
tween the subcells comprise a BPhen:C60 (1:1) (5 nm)

electron filtering buffer adjacent to the neat C60 or C70

layer of the corresponding cell, followed by a 0.1 nm
thick Ag NP layer, and a 5 nm thick MoO3 spacer. The
optical field intensity profile for a four-junction cell is
shown in Fig. 7.184b. The absorption maximum of the
DPB:C70 (10:1)/C70 (5 nm) active region is centered at
λ ¼ 500 nm, which creates a window for transmitting
NIR photons to the DTDCPB:C60 (1:1)/C60 (5 nm)
PM-HJ active regions with a peak absorption at
650–700 nm, and a somewhat weaker absorption at
400 nm that overlaps with a similarly weak absorp-
tion in the DBP-based subcell. Importantly, the
BPhen:C60 (1:1) (5 nm)/Ag (0.1 nm)/MoO3 (5 nm)
CRZs are nearly completely transparent across the
visible and NIR, as shown by the solid blue coloration
of those layers in the figure.
The CRZ is also nearly electrically lossless. In

Table 7.26, we see that the sum of the VOC values for
the separately fabricated subcells is 0.82 + 0.90 V =
1.72 V. This is identical to the measured VOC of the
tandem. The quadruple OPV should have double
the voltage of the tandem, that is, 3.44 V. The
actual voltage is only slightly lower than this at
3.38 V. The residual voltage loss may be due to
losses from lower illumination intensity of the indi-
vidual subcells in a four-junction stack. Recall that
qVOC ∝ kBTlog jSC=j0 þ 1ð Þ. Since jSC is lower for mul-
tijunction than for single junction cells, we expect that
VOC will also be less than that of individual subcells
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exposed to full 1 sun intensity. The drop in VOC is
partially compensated by an increased FF at the re-
duced jSC (cf. Fig. 7.72). That is, FF is limited to some
extent by cell series resistance that becomes less sig-
nificant as the intensity per subcell decreases with
number of junctions in the stack.

The power conversion efficiencies summarized in
Table 7.26 show that the tandem does not have double
the efficiency of the individual subcells. The subcells
in the stack have different (thinner) layer thicknesses
to ensure current balance. Nevertheless, the tandem
cell has ηP ¼ 10%, which is substantially higher than
either of the optimized single junction cells of 5–6%.
Increasing the number of stacked elements to three

and four results in a continuously decreasing advan-
tage, with ηP ¼ 11.1% and 12.6%, respectively. Note,
however, that these efficiencies may be approximately
10% higher than their actual values as the measure-
ments were made without a mask on very small
(1 mm diameter) devices. Thus, edge currents result
in an artificially higher jSCwhen the samples are flood-
ed with illumination (Che et al., 2014).
We have seen that the highest efficiency single

junction OPVs employ solution-processed small mol-
ecule NFAs. Hence, to employ these materials in tan-
dems requires that at least one subcell be deposited
from solution. A tandem device employing a combin-
ation of vapor deposited, fullerene-based subcell
(SC-2) and a second, NIR absorbing NFA-based sub-
cell (SC-1) is shown in Fig. 7.185 (Che et al., 2018b).
The challenge in fabricating this device is to avoid
damage to the vapor deposited SC-2 during the solu-
tion deposition of SC-1 onto its surface with only a
thin, and potentially porous CRZ separating the
stacked elements.
The problem of eroding the underlying layers is

solved by using an acidic (pH ¼ 1–2) PEDOT:PSS
layer cast onto the surface of the Ag NP/BPhen:C60

CRZ. Both the Bphen:C60/Ag NP layer and PEDOT:
PSS are hydrophilic, leading to uniform wetting by
the PEDOT:PSS. Pinholes, or other physical defects
through the CRZ may expose the underlying
DTDCPB:C70 (1:2) active region, but the PEDOT:PSS
does not penetrate into the pre-deposited active
layer. The hydrophobic PCE-10:BT-CIC (1:1.5) BHJ

Table 7.26 Measured subcells and tandem, triple, and quadruple
junction cell performances (Che et al., 2014, Che, 2018)

Cellsa jSC (mA/cm2) VOC (V) FF ηP (%)

SC-1 11.3 0.90 0.61 6.2

SC-2 10.4 0.82 0.59 5.1

Tandem 9.9 1.72 0.59 10.0

Triple 7.3 2.58 0.59 11.1

Quadruple 6.4 3.38 0.58 12.6

a SC-2 refers to a PM-HJ DTDCTB:C60 subcell nearest the anode in the
tandem; SC-1 refers to the PM-HJ DBP:C70 subcell near the cathode in
the tandem; “tandem” employs a BPhen:C60 interconnecting buffer
layer; “triple” employs a second DBP:C70 subcell adjacent to the sub-
strate in additional to the tandem structure. Quadruple employs a final
DTDCTB:C60 subcell nearest the cathode.
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non-fullerene active region is cast from a CF/CB
solution (10:1 by vol.) which prevents it from fully
wetting, and hence dissolving the aqueous PEDOT:
PSS layer underneath, thereby preventing damage to
the underlying layers. The device is completed by the
vacuum deposition of a 5 nm thick TmPyPB exciton
blocking buffer layer. Using the combination of hydro-
phobic and hydrophilic materials results in >95% fab-
rication yield of devices ranging in areas from2mm2 to
1 cm2. In addition, the performance characteristics of
the devices are stable over storage periods of several
months, indicating that the layers do not host residual
solvents that may continue to degrade the layers in the
completed device (Che et al., 2018a).
The optical intensity distribution within the tandem

cell shows nearly complete absorption in the visible by
the vacuum-deposited DTDCPB:C70 mixed junction,
with the NIR illumination out to 900 nm absorbed in
the PCE-10:BT-CIC BHJ non-fullerene active region.
The 2mm2 antireflection coated (ARC) devices showed
an efficiency of up to 15% under 1 sun, AM1.5G simu-
lated illumination, decreasing to 11.5% for 1 cm2, non-
ARC devices. The drop in efficiency for the larger
devices is primarily a result of the series resistance of
the ITO anode contact to SC-2 (see Section 7.3.3).
The efficiency of devices without the ARC is ap-

proximately 14.3%. From Eq. 7.26, we find that Fres-
nel reflections at the glass surface result in a 4% loss
for a glass refractive index of 1.5. A low index, bilayer
ARC comprising 120 nm MgF2 (with index n ¼ 1.38)
and a low index SiO2 (n ¼ 1.12) reduce the reflections
to < 1%. We have shown in Section 6.6.3 that ther-
mally depositing SiO2 at a large oblique angle relative
to the source results in a porous layer with an index
that is the weighted mean of the volume of air and
SiO2 within the layer. Oblique incidence of the vapor
results in random nucleation of silica across the sub-
strate. The islands thus formed then shadow further
deposition of material, creating voids that make an
open, low index structure (see Fig. 7.186a). By depos-
iting the ARC on the distal surface of a substrate, the
optical coupling to the OPV increases by 4% across
much of the visible spectrum, as shown in Fig. 7.186b.
In Fig. 7.186c we find that the increased optical inten-
sity results in a concomitant increase in jSC, thus in-
creasing the maximum ηP from 14.3% to 15%.
This same solution/vapor deposited device

structure was demonstrated, except where the
solution-processed binary layer was replaced by a
broader NIR absorbing DA1A2 ternary subcell. The
subcell comprised a blend of PCE-10:BT-CIC:TT-FIC
(1:1.25:0.5), with absorption extending to 1000 nm.
By including an ARC, The device efficiency using
light biasing to obtain the quantum efficiencies of

both the front and back subcells, yielding a nearly
constant ηext ¼ 80% from 380 nm – 900 nm. Including
an ARC on the bottom glass substrate surface resulted
in ηP ¼ 15.4%, with VOC ¼ 1.56V, FF ¼ 0.71, and jSC ¼
13.8 mA/cm2 under 1 sun, simulated AM1.5G illu-
mination (Li et al., 2018).

Solution-processed multijunction cells. There are two
principal methods for achieving high quality
solution-processed multilayer structures: using or-
thogonal solvents to deposit successive layers, and
inserting an insoluble and relatively thick CRZ be-
tween the subcells. In either case, the options for
achieving optimized optical absorption and electrical
performance are limited by the inherent constraints
on the choice of materials, solvents and desired
morphologies.
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Figure 7.186 (a) Two SEM views of the surface of the SiO2 ARC layer
thermally deposited at glancing angle of 85° from normal. (b) Ratio of
transmitted light through a glass substrate with a bilayer ARC to that of an
uncoated surface. (c) Fourth quadrant j–V characteristics of the tandem
OPV in Fig. 7.185 with and without an ARC (Che et al., 2018b).
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As discussed in Section 5.4.2, only three orthogonal
(i.e. non-interacting) solvent classes are employed in
organic electronic device fabrication: aqueous, organ-
ic, and the less frequently used fluorinated solvents.
Hence, using orthogonal solvent systems to produce
deeply stacked multijunction OPVs offers only limit-
ed opportunities to achieve the desired structures.
One example of an orthogonal solution-processed,
fSQ-based tandem cell used a combination of CF
and THF solutions in the following structure: glass/
ITO/25 nm MoO3/15 nm blended f SQ (CF)/10 nm
C70/5 nm PTCBI/0.1 nm Ag/7 nm MoO3/15 nm
blended fSQ (THF)/28 nm C60/5 nm PTCBI/100 nm
Ag (Lassiter et al., 2013b). The layers were solvent
vapor annealed after deposition of each PTCBI layer.
The fSQ layers comprised a DPASQ:DPSQ (4:6 by
vol.) blend. The neat C70 and other layers in the
stack (e.g. MoO3, PTCBI and Ag) were vacuum de-
posited after the active, blended layers were spun-on
from their respective solutions. The SVA was accom-
plished by exposure of the layers to a DCM vapor to
achieve a dense, nanocrystalline morphology of the
fSQ blend. The annealed morphology reduces the
layer porosity, improving its resistance to penetration
by the solvents applied during subsequent process-
ing. The MoO3 and C70 layers on the surface of the
front subcell (SC-2) provide additional barriers that
impede penetration of the THF used in deposition of
SC-1 into underlying layers.

Damage incurred by spinning THF on the top of the
base structure of: glass/ITO/25 nm MoO3/15 nm

blended fSQ (spun on using CF)/10 nm C70/5 nm
PTCBI/0.1 nm Ag/x MoO3, where x ¼ 5 or 20 nm is
shown in the micrographs in Fig. 7.187. Figures 7.187a
and b correspond to a SVA sample with a MoO3

thickness of x ¼ 5 nm. The layer was not exposed to
THF, resulting in a smooth surface morphology, with
a rms roughness of 1.5 nm. Figures 7.187c and d show
as-cast films with x ¼ 5 nm, where THF was spun on
the top of the same structure. The films significantly
roughen to 4.9 nm due to re-dissolution of the under-
lying fSQ layers. In Figs. 7.187e and f, the layers were
solvent vapor annealed after deposition of PTCBI,
followed by exposure to THF. The film contains
�1 μm-diameter by 10 nm-high protrusions covering
10% of its surface due to swelling from THF pene-
tration into the underlying layers. As the MoO3

thickness is increased to x ¼ 20 nm, the density of
protrusions decreases, and are nearly eliminated
(Fig. 7.87g and h). Tandem cells processed using
these structures and procedures had VOC ¼ 1.78 V,
FF ¼ 0.67, and ηP ¼ 6.2% (Lassiter et al., 2013b).
In this example, the devices areas were only 1 mm2.

It is unclear, therefore, what yield can be achieved by
scaling the OPVs to larger areas. Their vulnerability to
pinholes, along with the limited selection of available
orthogonal solvent chemistries, has focused work on
solution-processed tandem designs that employ rela-
tively thick ZnO NP/PEDOT:PSS CRZs that have a
low density of pinholes and other physical defects.
Fullerene-based tandem and triple junction cells

based entirely on solution processed layers (with the

(a) (c) (e) (g)

(b)

10 nm 32 nm 10 nm 10 nm

(d) (f) (h)

50 µm

2 µm

Figure 7.187 Optical (top row) and atomic force (bottom row) micrographs for samples processed using: (a, b) SVA, no THF exposure; (c, d) as-cast,
5 nm MoO3, THF exposure; (e, f) SVA, 5 nm MoO3 layer, THF exposure; (g, h) SVA, 20 nm MoO3, THF exposure. The vertical scales for the bottom row
of micrographs are indicated beneath each image (Lassiter et al., 2013b).
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exception of the cathode and anode contacts) have
been demonstrated with at least a 50% increase in
efficiency over optimized single junction cells that
are used with the stacked devices. The structure of
the triple junction cell is shown in Fig. 7.188a, along
with the materials comprising both the long and short
wavelength subcells. The short wavelength absorbing
SC-3 positioned adjacent to the anode is a BHJ com-
prising a PCDTBT:PC71BM (1:4) blend. This is com-
bined with a PMDPP3T:PC61BM (1:3) BHJ that
absorbs at wavelengths > 900 nm. The triple junction
analog of the tandem employs two PMDPP3T:
PC61BM elements, SC-1 and SC-2.
The external efficiency spectra of the two subcells in

the tandem are independently obtained by appropri-
ate light and electrical biasing (Section 7.3.3), with the
results shown in Fig. 7.188b. The peak efficiencies of
the two cells is �60%, which is nearly identical to the
efficiencies obtained in the discrete cells as a

consequence of the complementary spectra of the sub-
cells employed.
A summary of the performance of the single, tan-

dem and triple junction cells is provided in Table 7.27.
The tandem cell efficiency is significantly higher than
that of the individual cells, with VOC;T � VOC;1þ
VOC;2, that indicates that the CRZ has very low
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Figure 7.188 (a) Schematic illustration of a solution deposited triple junction cell. The short-wavelength absorbing PCDTBT-based SC-3 and the longer-
wavelength absorbing PMDPP3T cells, SC-1 and SC-2 are shown along with the active polymer molecular structures. (b) External quantum efficiencies of
the subcells employed in a tandem cell that contains only a single PMDPP3T-based element (Li et al., 2013).

Table 7.27 Performance characteristics of single, tandem, and triple
junction, solution-processed fullerene-based cells (Li et al., 2013)

Cells jSC (mA/cm2) VOC (V) FF ηP (%)

PCDTBT:PC71BM 9.76 0.87 0.56 4.73

PMDPP3T:PC61BM 15.3 0.61 0.65 6.00

Tandem 9.58 1.49 0.62 8.90

Triple 7.34 2.09 0.63 9.64

Measurements made at 1 sun intensity, AM1.5G simulated illumination
without solar spectral mismatch correction.
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electrical loss. The tandem cell efficiency is limited by
the unbalanced current generation of the short and
long wavelength elements. That is, the current from
the long wavelength SC-2 is larger than from SC-3.
The balance is improved by splitting the long wave-
length cell into two subcells, SC-1 and SC-2 in a 1+2
triple junction design.While this decreases the current
generated by an individual PMDPP3T:PC61BM BHJ,
the efficiency is increased by the increases in VOC and
FF, and the incrementally higher current generated by
SC-3. As a result, the triple junction cell has the high-
est power conversion efficiency of 9.64%.

The reduced energy loss and improved NIR re-
sponse of NFA-based OPVs leads to significantly
improved efficiency when these acceptors are

incorporated into multijunction cells (Cui et al., 2017,
Qin et al., 2017, Cheng et al., 2018). However, while
NFAs are useful for NIR absorption, there are few
examples of these molecules that have sufficiently
large energy gaps for absorption in the visible. An
exception is ITCC-M used in a 1:1 mixture with the
donor PBDB-T, a large energy gap derivative of
ITIC. This species has an absorption peak at 600 nm
(EG ¼ 1.68 eV), which is blue-shifted by approximate-
ly 50 nm from that of IT-IC. The narrow energy gap
cell consists of a blend of the donor polymer,
PBDTTT-E-T (Huo et al., 2011), with the acceptor,
IEICO, the latter molecule with EG ¼ 1.36 eV. This
combination of active materials results in a fullerene-
free tandem OPV with ηP ¼ 13.0% (Cui et al., 2017).
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Figure 7.189 Micrographs of a PBDTTT-E-T:IEICO blend film (a) as-deposited, (b) after 1 min and (c) after 4 min SVA in a chlorobenzene solution. From
left to right: AFM topography, AFM phase, and TEM images (Cui et al., 2017).

Reprinted with permission from Cui, Y., Yao, H., Gao, B., Qin, Y., Zhang, S., Yang, B., He, C., Xu, B. & Hou, J. 2017. Fine-tuned photoactive and interconnection
layers for achieving over 13% efficiency in a fullerene-free tandem organic solar cell. J. American Chem. Soc., 139, 7302-7309. Copyright 2017 by the American
Chemical Society.
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There are two interesting features of this NFA-
based tandem cell. The first is the replacement of the
PEDOT:PSS hole conducting component of the ZnO
NP CRZ with a 6 nm thick film of the strongly
electron-accepting polyelectrolyte, PCP-Na (Scheme
1) (Cui et al., 2016). The benefit of this material is that
it is more transparent in the NIR than PEDOT:PSS,
although it has a relatively strong absorption between
400–500 nm. The tandem VOC,T ¼ 1.79 V, which is 2%
less than VOC,1 + VOC,2 ¼ 1.82 V, suggesting that it
supports high efficiency charge recombination com-
parable to PEDOT:PSS.

The second interesting aspect is the development of
the morphology of the PBDTTT-E-T:IEICO blend due
to annealing in a CB solution. The micrographs in
Fig. 7.189a shows that the as-deposited films have a
surface rms roughness of 6.75 nm, which is unchanged
after SVA for 1 min (Fig. 7.189b). However, the TEM
images show the development of a fibrous structure
indicative of small, nanocrystalline domains due to the
aggregation of IEICO molecules. As the exposure to
the CB solution is extended to 4 min (Fig. 7.189c), the
surface exhibits a distinct and larger-scale, fibrous do-
main structure. The highest performance device is ob-
tained for cells annealed for only 1 min, which results
in the optimal phase separation between the donor
polymer and the small molecule NFA.

7.6 Singlet fission

Multijunction cells are only oneway to reduce thermal-
ization losses and incomplete solar spectral coverage in
single active layer solar cells. Anothermethod to reduce
losses incorporates singlet fission (SF) into the solar en-
ergy harvesting process (Dexter, 1979). SF is a multi-
exciton generation (MEG) process that occurs when the
singlet energy,ES, is at least twice that of the triplet, that
is, ES � 2ET . Then, it is possible for a photogenerated
singlet exciton to split into two triplets via the reaction
(Johnson and Merrifield, 1970, Smith and Michl, 2010):

S0 þ S0 þ hν! S1 þ S0⇌
kfis

k
0
fis

1 TTð Þ⇌
kT

k
0
T

T1 þ T1;

ð7:197Þ

where S0 is the molecular ground state, S1 is the first
excited singlet, and T1 is the first excited triplet
state. The third step in the reaction results in the
formation of a correlated triplet state, 1(TT), with singlet
multiplicity (i.e. total spin quantum number S ¼ 0),
followed by separation into two uncorrelated triplets,
T1, that diffuse in the medium. The reaction in
Eq. 7.197 is reversible, with kfis equal to the rate of
triplet pair formation (with the opposite reaction
rate of k

0
fis). The correlated pair can resolve into two,

uncorrelated triplets at rate kT (with reverse rate k
0
T).

If the triplets are harvested at a type II HJ, the SF
process can, in principle, double the internal quantum
yield, that is, the number of excitons generated per
incident photon. The benefit of this process is that
triplets have longer diffusion lengths than singlets,
and the diffusion length is often longer than the op-
tical absorption length (Dexter, 1979). Hence, coating
a layer of organic SF material (i.e. a singlet fission
sensitizer) onto the surface of an inorganic semicon-
ductor can potentially provide a flux of triplet states
that dissociate into charges at the organic/inorganic
interface. Likewise, this process can be active at fully
organic HJs.
Figure 7.190 shows an illustration of the energetics

leading to the reaction in Eq. 7.197. Fission involves
the formation of two triplets on adjacent molecules in
a radiationless transition analogous to internal con-
version. Efficient fission requires that the two mol-
ecules that host the triplets be strongly coupled,
allowing for fission prior to radiative relaxation of
the singlet. Fission is very fast (�ps), and hence com-
petes efficiently with fluorescence that occurs on a
nanosecond timescale. The various combinations of
spins of the excited states can produce three possible,
nearly degenerate correlated triplet pair states: the
singlet 1(TT) (S ¼ 0), triplet 3(TT) (S ¼ 1), and quintet
5(TT) (S ¼ 2). The multiplicity of each of the states
implies that there are up to nine possible outcomes for
triplet fission from S1: one from the singlet, three from

S1

T1

S0

ES≥ 2ET

Figure 7.190 Singlet fission into two triplets. The singlet and triplet
energies are ES and ET, respectively.

S S

SO3NaNaO3S

n

Scheme 1
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the triplet, and five from the quintet state. Only one of
the states (1(TT)) has singlet character, and hence its
formation is spin-conserving. Nevertheless, all nine
states can partially mix at zero magnetic field. Their
near degeneracy lifts the prohibition against. violation
of total spin and symmetry conservation (Smith and
Michl, 2010). This allows all three combinations to
originate from 1(TT), particularly in systems where
the coupled molecules are the same, that is, in homo-
fission systems most commonly active in OPVs. In
contrast to intersystem crossing that couples singlets
and triplets via spin-orbit interactions, SF is governed
by spin dipole-dipole interactions that sensitively de-
pend on the molecular shape and the spatial relation-
ship between neighboring molecules that enhance the
dipole coupling matrix elements.

The sequence of steps leading to photocurrent
generation is illustrated in Fig. 7.191 for pentacene.
Initially, a photon is absorbed, generating a singlet
state that is delocalized over two or more pentacene
molecules. The singlet subsequently forms a correl-
ated triplet pair on neighboring pentacene molecules
at rate, kfis, or if there is an acceptor molecule such as
C60 nearby, it will form a CT state that dissociates into
electrons and holes. Presumably, the correlated pair is
formed via a briefly transient excimer intermediate
state with a lifetime of a few hundred femtoseconds
to picoseconds. The triplet pair then separates into
two uncorrelated triplets at rate kT that diffuse to the
acceptor molecule and dissociate into free charges.

The rates of forward and reverse fission depend on
the multiplicity of states available for both reactions
(9 and 2, respectively). In thermal equilibrium, the
rates are related via a Boltzmann distribution, viz.
(Merrifield et al., 1969, Groff et al., 1970)

k
0
fis

kfis
¼ 9

2
exp � 2ET � ESð Þ=kBT½ �: ð7:198Þ

Hence, kfis increases with the number of available
states, which in turn should result in a decrease in
direct fluorescence intensity. Equation 7.198 shows
that the SF efficiency is thermally activated, as has
indeed been found for the external quantum effi-
ciency of tetracene/CuPc/C60 detectors (Jadhav
et al., 2011). In tetracene, SF is marginally endother-
mic, with ES ¼ 2.36 eV and ET ¼ 1.2 eV.
Simply generating triplets via fission cannot in-

crease the power output of a solar cell since, while
the current can be doubled, the voltage is reduced by
at least 50%. However, the power output of a solar
cell can be increased if a SF sensitizing layer contacts a
low energy gap D-A HJ that also harvests photons
into the NIR. The triplets generated from absorption
of high energy photons by the sensitizer transfer to
the HJ where they subsequently dissociate into free
polarons in the usual manner. This process is illus-
trated by energy level diagram in Fig. 7.192 for a
conceptual SF-sensitized OPV (Jadhav et al., 2011,

Triplets

CT State

kSkfis

kT

Singlet

Photoexcitation

Singlet
fission

Singlet
dissociation

Triplet
dissociation

Photocurrent

Figure 7.191 Steps from photoexcitation of a pair of pentacene
molecules, to singlet fission, ending with dissociation into an electron–
hole polaron pair at the interface with an acceptor molecule (in this
example, C60). The orange and purple regions indicate electronic orbitals,
and the dashed circles indicate the location of singlet and triplet excited
states. Rates (kfis, kS, kT) for each of the reactions are indicated (Congreve
et al., 2013).
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Figure 7.192 Energy level diagram of a conceptual singlet fission-
sensitized OPV showing the steps (1–5) leading to charge generation. The
dashed oval line shows the PP state which is a precursor to the free
electron (solid circle) and hole (open circle). The block arrow (3) indicates
exciton transfer to the HJ.
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Wu et al., 2014). The steps for charge generation
are: (1) photon absorption in the sensitizer and the
HJ layers. Singlets are generated in the sensitizer
(2a) and in the HJ (showing only absorption by the
donor for clarity, 2b) due to absorption of short
and long wavelength light, respectively. No trip-
lets are excited in either material since these are
optically dark states. That is, due to spin selection
rules they cannot be directly generated via absorp-
tion. The narrow excitonic absorption bands of
organics limit the minimum and maximum photon
energies that are absorbed. The minimum energy
absorbed, Emin, is determined by the optical energy
gaps of the materials comprising the D-A junction,
which also determines the open circuit voltage of
the device. The maximum photon energy (Emax) is
extended to the highest absorption energy of the
sensitizer. Over the spectral bandwidth of the sen-
sitizer, two triplets are generated for each ab-
sorbed photon. (3) Triplet exciton fission products
diffuse and transfer to triplet states in the D-A HJ
materials via the Dexter process (see Section 3.8.2).
This introduces a requirement that the T1 state of
the SF sensitizer be nearly equal to, or greater than
T1 of the D or A material that it contacts. Endo-
thermic transfer is also possible if ET of the sensi-
tizer is within a few kBT of the ET of the HJ
materials. The generated triplet and singlet ex-
citons arrive at the HJ where they form a PP, or
CT state (4), and subsequently dissociate into free
charges (5). Note that the HOMO energies of the
sensitizer and the donor should nearly align to
prevent trapping of photogenerated holes.
Following the detailed balance treatment in

Section 7.3.2, the thermodynamic limits to an ideal
SF device can be calculated (Hanna and Nozik,
2006). The total current generated is equal to the
difference of the optically generated current (jph) and
the recombination current (j0). In the absence of losses
(cf. Eqs. 7.137, 7.147 and 7.148),

jph ¼ q
ðEmax

EG

ηQY Eð Þϕs Eð ÞdE ð7:199Þ

and

j0 ¼ 2πq
c2h3

ð∞
EG

ηQY Eð ÞE2

exp E� qηQY Eð ÞV
� �

=kBT
� �

� 1
dE;

ð7:200Þ
with

jT ¼ jph � j0: ð7:201Þ

Here, ηQY is the quantum yield for exciton-to-charge
generation. For lossless SF, then ηQY ¼ 1 at ET < E <

2ET, and ηQY ¼ 2 at E > 2ET. In this simple case we
thus assume step-wise response to the incident pho-
ton energy.
The thermodynamic efficiency limit for SF OPVs

using these assumptions is plotted in Fig. 7.193
assuming an AM1.5G reference spectrum. The SQ
limit of 33.7% corresponds to ηQY ¼ 1. Note that this
is different than the limit in Section 7.3.2 (�31%) since
that earlier calculation assumed an ideal black body
source, which neglects the details of the AM1.5G
spectrum. For a SF-sensitized device, ηQY ¼ 2 and
the efficiency limit increases dramatically to 41.9%
while the energy gap at the peak efficiency red-shifts
to 0.93 eV from 1.34 eV. Note that these calculations
assume Eloss¼ 0. However, for organics, Eloss¼ 0.3–0.7
eV, and hence the maximum efficiency must be de-
creased accordingly (cf. Fig. 7.74).
Exploitation of the excited state multiplication pro-

cess sensitively depends on several factors. As noted,
the condition of ES � 2ET must be satisfied. To reach
maximum efficiency, ES should exceed 2 eV to
achieve an optimal triplet energy of �1 eV, according
to Fig. 7.193. Furthermore, the interaction requires
two strongly coupled molecules, which depends on
molecular shapes and their relative conformations to
ensure appropriate orbital overlap in the solid state
that leads to efficient correlated triplet pair produc-
tion. The coupling cannot be so strong, however, that
it prevents triplets from diffusing to the D-A junction.
That is, strongly coupled triplets may not separate, in
which case k

0
fis > kfis in Eq. 7.194. Finally, if the forma-

tion of uncorrelated triplets, 1 TTð Þ ! T1 þ T1, is slow,
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Figure 7.193 Thermodynamic power conversion efficiency limit under
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of singlet fission. Here, we assume the material energy gap is the triplet
energy. Adapted from Hanna and Nozik (2006).
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the reverse reaction back to S1 is again favored.
The trapped triplet may annihilate with polarons gen-
erated by the dissociation of excitons at the HJ, or
even with other triplets. Beyond these fundamental
considerations, the energetic alignment of the SF sen-
sitizer with the donor, large triplet diffusion lengths
and efficient energy transfer create additional con-
straints to SF in OPVs.

The observation of SF can be traced back to spec-
troscopic measurements made on the polyacenes, an-
thracene and tetracene (Singh et al., 1965, Swenberg
and Stacy, 1968, Geacintov et al., 1969, Johnson and
Merrifield, 1970). The transitions are endergonic,
meaning that they occur most efficiently from the
first vibronic excited state, and hence the probability
for SF increases with temperature (Singh et al., 1965).
The presence of SF in the polyacenes was inferred
from the low PL efficiency of tetracene, which was
attributed to strong singlet quenching by the nearly
resonant generation of two triplets (Swenberg and
Stacy, 1968). Since then, numerous materials have
been developed and the photophysical processes
leading to SF have been studied from both practical
and fundamental perspectives (Pope and Swenberg,
1982, Zimmerman et al., 2010b, Chan et al., 2012, Yost
et al., 2014, Busby et al., 2015, Ito et al., 2018). Given
the many factors that must be avoided to achieve high
performance devices, there have been few if
any reports where SF has led to improvement in the
photogeneration efficiency. In this context, two
methods have been used to exploit SF in detectors:
employing a SF sensitizer (i) in an all-organic OPV as
in Fig. 7.192 or (ii) in an organic-semiconductor QD,
hybrid HJ.

7.6.1 Fully organic singlet fission OPVs

An all-organic, pentacene-based SF OPV has been
demonstrated with an external quantum efficiency
>100%. The structure for the device active region is
shown in the inset of Fig. 7.194. It consists of an 8 nm
thick P3HT EBL on a PEDOT-PSS/ITO anode, fol-
lowed by a 15 nm thick pentacene (Pn) SF/donor
layer, a 35 nm thick C60 acceptor capped by a BCP
blocking layer immediately beneath the Ag cathode.
Both Pn and P3HT generate singlets. The P3HT sing-
lets transfer to the Pn where fission occurs, resulting
in potentially twice as many excitons that contribute
to the photocurrent. A MgF2 ARC is applied to the
substrate to minimize reflective losses at the glass/air
interface.

Lacking P3HT, the peak external quantum effi-
ciency is 24%. However, with all three layers, ηext ¼

82% at λ ¼ 670 nm. A very thin (15 nm) Pn layer is
employed to minimize losses in exciton diffusion
from the donor to the D-A heterointerface. As a result,
only 49% of the incident light at 670 nm is absorbed.
From this, along with modeling of the optical inten-
sity distribution within the OPV microcavity, the in-
ternal quantum efficiency is calculated to be 160% for
absorption in the Pn, and 150% for absorption in
P3HT. These > 100% efficiencies are not possible
without the presence of multiple exciton generation
per incident photon.
The external quantum efficiency is increased using

light trapping via illuminating the OPV through an
aperture that has a reflecting surface (see Section 7.7).
Thus, light that is not absorbed in the first pass
through the active region is reflected off of the Ag
cathode, returns to the aperture/mirror and has a
second opportunity for absorption. Using the ar-
rangement shown in the upper right inset in
Fig. 7.194, the peak external quantum efficiency in-
creases to 109%. The power conversion efficiency of
the SF device under 1 sun, simulated AM1.5G illu-
mination is 1.8% (Congreve et al., 2013), which is not
significantly different from 1.5% obtained using con-
ventional Pn/C60 OPVs (Yoo et al., 2004).
The high detector quantum efficiency provides

inferential substantiation for SF. A more direct sig-
nature is the photocurrent and/or fluorescence re-
sponse to an applied magnetic field. In a magnetic
field (B), Zeeman splitting of the states lifts their
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degeneracy. Under a weak magnetic field, the num-
ber of triplet states sharing some singlet character
increases from three to six, and then decreases to two
at high magnetic field (Groff et al., 1970). Thus, at
low fields, the photocurrent decreases due to en-
hanced singlet quenching with increasing B when
SF is present.
Writing the dependence of the fission rate on B as:

kfis Bð Þ ¼ χ Bð Þk0fis, the fractional change in photocurrent
with B is given by (Congreve et al., 2013)

δ Bð Þ ¼ j Bð Þ � j 0ð Þ
j 0ð Þ ¼

kSk0fis χ Bð Þ � 1ð Þ
2k0fis þ kS
� �

χ Bð Þk0fis þ kS
� � ;

ð7:202Þ

where, as above, kS is the fluorescence decay rate.
Here, χ(B) contains the functional dependence of the
fission rate on field. Now δ is maximized at
kS ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
2χ Bð Þp

k0fis, which from Eq. 7.202 leads to an ex-
pression for the triplet yield of

ηfis Bð Þ ¼
2k0fis

k0fis þ kS

¼
1� δ Bð Þð Þχ� 1±

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
δ Bð Þ χþ 2ð Þ � χþ 1½ �2 � 8δ2 Bð Þχ

q
δ Bð Þ þ 1ð Þ χ� 1ð Þ :

ð7:203Þ

The pentacene device using either PTCBI or C60 as
the acceptor, and with varying pentacene thicknesses
were placed in a low magnetic field (0.4 T). The re-
sulting changes in photocurrent, triplet yield, and ηint
are shown in Fig. 7.195. The photocurrent change in-
creases with Pn layer thickness, until approximately 1
nm (see Fig. 7.195a), after which it begins to decrease.
Equation 7.202 is used to extract the triplet yield in
Fig. 7.195b. At thicknesses of > 8nm, the yield ap-
proaches 200%, that is, every singlet generated in Pn
results in the formation of a triplet pair. Finally, using
the values of δ, and ηext and optical modeling, the
internal quantum efficiency reaches a maximum of
ηint ¼ 160% at a Pn thickness of 10 nm (Fig. 7.195c).
The roll-off at larger thickness is due to the generation
of triplets that recombine prior to charge separation at
the HJ due to their limited diffusion length in Pn. The
maximum ηint ¼ 200% is not achieved due to recom-
bination and other losses of the triplets. The results
are independent of the acceptor used (C60 or PTCBI),
indicating that the effects are entirely due to photo-
generation within the donor layer, consistent with the
SF process. Similar magnetic field dependences are
observed for tetracene-based devices (Wu et al., 2014).

7.6.2 Hybrid organic/QD singlet fission OPVs

An alternative design for harvesting triplets gener-
ated by SF is the hybrid organic–inorganic QD struc-
ture shown in Fig. 7.196 (Ehrler et al., 2012, Yang
et al., 2015). This is similar to the organic–Si detector
initially proposed by Dexter (1979). If transfer
across the organic/inorganic HJ is efficient (see
Section 4.7.3), this may ultimately be superior to SF
at fully organic HJs (Tabachnyk et al., 2014,
Thompson et al., 2014). The device in Fig. 7.196a
comprises a 16 nm thick TIPS-Pn SF sensitizing
layer solution-cast onto a pre-deposited layer of ei-
ther PbSe or PbS QDs of various diameters. The
active region is sandwiched between a TiO2/ITO
cathode and a Au anode. Photocurrent is due to
direct singlet exciton generation via absorption in
the QDs, or triplet generation via fission following
absorption by the TIPS-Pn S1 state (dashed line,
Fig. 7.196b). Up to 85% of the illumination intensity
incident on the QD layer is absorbed, which limits
the contribution due to SF to the remaining 15%
absorbed in the TIPS-Pn.
The external quantum efficiency spectrum contrib-

uted by only the TIPS-Pn is extracted from the calcu-
lated light fraction (via transfer matrix methods)
absorbed by this layer, with results in Fig. 7.196b for
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several different diameter PbSe and PbS QDs. As
shown in Section 7.2.2, the transition energy (given
in the figures) is directly related to the dot diameter:
the energy increases with decreasing dot size. Not-
ably, the PbSe QD absorption at 1.3 eV is greater than
the T1 energy of TIPS-Pn. In this instance, therefore,
the peak ηext is only 3%, or roughly half that of the 1.35
eV PbS and 1.0 eV PbSe QDswhere the corresponding
T1ðPnÞ ! 1SeðQDÞ transition is exothermic. Here 1Se

is the lowest electronic excited state of the QD (cf.
Fig. 7.50). Accounting for the limited absorption in
the TIPS-Pn layer, the internal quantum efficiency
spectrum is shown in Fig. 7.196c. It is inferred that a

maximum ηint ¼ 170% is obtained for the low energy
gap QDs, and the PbSe cell with a 1.3 eV energy has
ηint¼ 80%, presumably due solely to direct S1 transfer
from TIPS-Pn to the QD. The presence of SF was
confirmed using B-field measurements as previously
described for the Pn-C60 devices. When illuminated
with a simulated solar spectrum (conditions not speci-
fied), the TIPS-Pn/PbS cell had ηP ¼ 4.8%, FF ¼ 0.41,
and VOC ¼ 0.59 V (Yang et al., 2015). The voltage
increases with QD bandgap, consistent with its in-
creasedHOMO–LUMOoffset energywith the organic.
It remains unclear whether OPVs employing SF

will ultimately have improved power conversion
efficiencies compared to single or multijunction de-
vices. While the process has been realized in both
organic and colloidal QD systems, the most useful
application may yet be that originally envisioned by
Dexter, where the efficiency of conventional Si cells
is enhanced by depositing an organic fission
layer onto its surface. This sensitizing layer converts
singlets generated by high energy (blue) photons
into a pair of triplets, which augments the photocur-
rent generated by the inorganic cell (Dexter, 1979,
Einzinger et al., 2019). Many challenges must still be
overcome to find appropriate materials, morpholo-
gies and device structures before SF can be effective-
ly exploited in solar energy harvesting applications.

7.7 Light trapping and concentration

OPV cells are thin film devices comprising a substrate,
multiple organic and metal layers that form optical
microcavities. As such, OPVs trap light. As we have
shown in Section 7.1.2, the light reflected by the metal-
lic contact supports a standing wave that has more
than one opportunity to be absorbed within the device
active region. By the same process, the optical field can
suffer losses on reflection and scattering from the sev-
eral interfaces in the structure. However, the weak
microcavity of the thin film OPV is usually insufficient
to result in complete absorption of the incident solar
radiation. In Sections 7.4.2 and 7.5.2, we introduced
several methods that improve the absorption via op-
tical trapping that include application of ARCs, out-
coupling layers, ADRs, and plasmonic field focusing
from nanoparticles in the CRZs of multijunction cells.
Yet, even these light coupling schemes fall short of
increasing the absorption efficiency to�100%achieved
by conventional solar cell materials and structures. In
this section, we describe additional light trapping
schemes used to increase ηext.
The basic strategy of all light trapping or in-coupling

schemes is the same: to increase the optical path length
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(and hence, the photon lifetime) within the OPV. This
allows for increased light absorption in the thin active
layers. The requirements that are placed on all practical
schemes are nearly identical to those needed for white
organic light emitting devices. These are:

(i) Low cost over large areas. The primary application
of organic electronic appliances is for large area
and low cost devices. Solar energy harvesting is
a prime example of such an application, since a
solar cell is only effective if it captures a large
amount of sunlight whose power density is only
1 kW/m2. This demand for low cost electricity
places stringent demands on the light trapping
scheme, since it must not add significantly to the
solar module cost.

(ii) Insensitive to wavelength and incidence angle. The
useable solar spectrum extends from the near UV
(< 400 nm) to the NIR (>1.1 μm). In addition, the
sun follows a diurnal solar path (the day arc), re-
quiring that the time available for power gener-
ation is maximized, extending from solar angles
as low as 10–20° above the horizon near dawn
and sunset, to the azimuth at midday. Non-
tracking solar modules offer the lowest cost. Fur-
thermore, many solar trackers are unsuitable for
use in building integrated or building applied
PV. These conditions demand an optical trapping
scheme whose efficiency is relatively independ-
ent of the angle of incidence of the solar flux.

(iii) Non-invasive of the OPV active region. Great care is
taken to maximize the efficiency of solar cells
by a judicious choice of materials, processing
methods to achieve the desired morphology,
and multilayer device architecture. Optical trap-
ping designs are generally “added on” to the
device or to its substrate after device fabrication
is completed. Hence, it is beneficial to avoid
schemes that impact the design, or intrude
upon the structure of the OPV. To the extent
that this is possible, the method should be gen-
eral, such that it can be applied to any number of
device types, independent of the details of their
structure or film properties. This non-invasive
property creates significant added value to a
particular light coupling approach.

The effects of light trapping are illustrated for light
incident on a rough surface in Fig. 7.197. The light
enters a medium with index of refraction, n, and is
absorbed in the device active region before being
specularly reflected off of the back surface reflector
(e.g. a metal cathode). The unabsorbed light once
more scatters from the top surface or escapes. This
process occurs until all of the incident photons are

either absorbed or escape back toward the direction
of illumination. Assuming that the scattered light
intensity distribution over time is identical to its dis-
tribution in phase space, the distribution is said to be
ergodic, and hence we can treat the scattering using
statistical ray optics (Yablonovitch, 1982). Then, the
intensity of radiation from a black body within a
medium at frequency, ω, within a solid angle dΩ is

I ωð Þ ¼ n2

4π3
ω2

c2
h�ω

exp h�ω=kBTð Þ � 1
dΩdω: ð7:204Þ

This expression implies that the intensity within the
medium (Imed) is increased by n2 compared to the
incident light intensity, Iinc, viz.

Imed ωð Þ ¼ n2Iinc ωð Þ: ð7:205Þ
For simplicity we assume that n is frequency-
independent, and varies only slowly with position.
The back surface reflector (BSR) in the solar cell then
doubles this intensity to

Imed ωð Þ ¼ 2n2Iinc ωð Þ: ð7:206Þ
For a sample of thickness L, and absorption coefficient
α, the fraction of incident light that is absorbed is
obtained by integrating over the optical paths within
the volume, viz. (Yablonovitch, 1982)

f ¼ 2αLAincImed

AincIinc
¼ 4n2αL; ð7:207Þ

where we assume that α is wavelength independent,
and that the dependence of both Imed and Iinc on ω are
the same. Here, Ainc is the area illuminated by the
incident radiation. This is an important result since it
implies that the absorption in the film is increased by
a factor of 4n2 due to light trapped within its volume.
In organics, n � 1.5–2, resulting in an increase in
absorption by 9–16 simply by using an efficient light
trapping scheme. This increase provides flexibility in
the choice ofmaterials and structures where the charge
extraction and cell series resistance can be reduced by
using very thin cells that still absorb most of the

L

Figure 7.197 Light incident on a rough surface of a sample of thickness,
L, is scattered and reflected off of a back reflecting surface in a thin film
solar cell.
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incident radiation. Importantly, the high volume inten-
sity also leads to an increased open circuit voltage
according to Eq. 7.122. This, in turn increases the cell
power conversion efficiency (Eq. 7.119).

If the incident angle is restricted to the half-angle, θ,
the enhancement factor is similarly increased to
4n2=sin2θ (Campbell and Green, 1986). This restriction
can be implemented by using solar concentrators,
lenses and other external means, as will be shown in
the examples discussed below.

The absorbing medium in many thin film cells
based on inorganic semiconductors fills the entire
scattering volume as in Fig. 7.197. However, we
have seen that the active region thicknesses in OPVs
are typically L ≪ λ. In this case, the modal power can
be considerably enhanced even over that predicted by
Eq. 7.207. For example, by replacing the BSR with a
grating of period, Λ, the incident radiation can be
redirected into the relatively high index absorption
region surrounded by low index media (i.e. a glass
substrate). The modes confined within the waveguid-
ing active region are subsequently absorbed, generat-
ing photocurrent. An illustration of the geometry for a
waveguide employing a grating on one surface is
shown in Fig. 7.198a. The in-plane modes have propa-
gation vector k∥ 	 ω=c. Figure 7.198b is the absorption
enhancement factor for a square grating coupler
obtained using statistical coupled mode theory (Yu
et al., 2010). The enhancement is as large as 12n2 using
a sub-wavelength periodicity of Λ=λ 	 1. Numerous
modes exist at larger grating periods, although these
do not result in enhancement> 4n2 obtained in a non-
wavelength dispersive structure. Thus, there is con-
siderable potential benefit to be gained by employing
sub-wavelength structures within the OPV, although
these benefits may be outweighed by the increased
complexity and cost required in their fabrication.

In the remainder of this section, we introduce sev-
eral light trapping solutions demonstrated in OPVs.
Since light trapping and concentration schemes em-
ploying surface plasmons frommetal nanoparticles in
tandem CRZs, ARCs, and ADR stacks have already
been considered, we do not discuss them further here.

7.7.1 Light trapping using reflective apertures

The high quantum efficiencies for the SF device in
Fig. 7.194 were obtained using a narrow reflective
aperture, whose principle of operation of this
method is illustrated in Fig. 7.199a. In a conventional
device, the light is incident on the flat, distal surface
of the OPV, and is reflected once from the cathode.
The thin layers do not absorb all of the incident
radiation, which is subsequently lost to radiation

back toward the emitter (i.e. the sun). A mirror con-
taining an aperture can accept concentrated radiation
at a limited angle, θ. The light that is reflected from the
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Figure 7.198 (a) Modal propagation with in-plane wavevector k|| in a
guided wave structure of thickness, L, and back surface grating of
periodicity, Λ. (b) Absorption enhancement factor vs. Λ/λ. The shaded
region shows an absorption enhancement greater than the thick structure
with a roughened surface whose enhancement is 4n2 (dashed line) (Yu
et al., 2010).
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cathode and not absorbed in its second pass through
the active region is then once more reflected from the
mirror, providing additional opportunities for re-
absorption. If we ignore mirror losses, the potential
increase in photocurrent can be as high as 4n2=sin 2θ.
Effective light trapping occurs for an aperture diam-
eter, d, less than the total mirror diameter, D. Then the
incident light must be concentrated by a factor of
D=dð Þ2 to result in a net increase in absorption.
The benefit of employing the light trap has been

realized using an ITO/CuPc (15 nm)/PTCBI (6 nm)/
BCP:PTCBI (30 nm)/Ag OPV with results shown in
Fig. 7.199b (Peumans et al., 2000a). We have seen in
Section 7.4.1 that this device structure is capable of
achieving high efficiency even at very high intensities.
Indeed, the maximum efficiency of the conventional
structure is ηP¼ 1% up to intensities of at least 6 suns.
The use of a 10 sun concentrating aperture increases
the power conversion efficiency to ηP ¼ 2.4% due to
the increased opportunity for absorption enabled by
reflections from the mirror surface.
Practical implementation of this scheme requires

concentration of the incident radiation using mini-
Winston collectors or compound parabolic concentrators
(CPCs) that can be made from a metallized thermo-
formed plastic sheet, a polymer poured into a suitably
shaped mold, etc. (Winston and Hinterberger, 1975).
The example shown in Fig. 7.200a is a 10� concentra-
tor with an aperture of 10 μm, and a concentrator
opening of 100 μm. The reflectivity of the mirror

surface at the distal side of the glass substrate, the
cathode, and on the interior of the CPCs is R ¼ 0.95,
typical of a Ag mirror. Ray tracing simulations show
that the maximum intensity at the cell assuming a
hexagonal arrangement of concentrators never locally
exceeds 1.4 suns.
The light trapping efficiency, ηLT, is equal to the

ratio of the light absorbed in the OPV using the 10�
CPCs to that in the absence of the CPCs. This
efficiency is plotted vs. the total absorption effi-
ciency (ηA) of the active region in Fig. 7.200b. The
benefit of the light trap increases as ηA decreases,
with the advantage disappearing as ηA ! 1. For
nearly transparent layers with ηA ¼ 0.01, the ad-
vantage increases to ηLT > 15. Note that concentra-
tion with mini-CPCs requires solar tracking
throughout the day and year (Lee et al., 2015).
This increases the cost and size of the solar cells,
potentially eliminating advantages gained in their
use. Furthermore, solar tracking is not always prac-
tical in applications such as BIPV.
Microlens arrays (MLAs) that are focused into an

array of apertures can also serve as light traps, as
shown in Fig. 7.201. The incident illumination is fo-
cused by the microlenses onto the small diameter
apertures. By displacing the OPV below the aperture
plane, the light passing through the aperture de-
focuses, and the non-absorbed radiation reflected
back from the electrode returns to the mirror surface
where only the fraction of light directly incident on
the aperture escapes. The remainder then has a sec-
ond chance to be absorbed. This architecture depends
on alignment of the aperture array to the lens focal
points and that the light is normally incident to the
substrate plane. This demands precise solar tracking
to maintain the focal points in the center of each
aperture, regardless of incidence angle. Also, the
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Figure 7.200 (a) Design of a 10�mini-compound parabolic concentrator
attached to a mirrored aperture surface on the substrate of an OPV. The
reflectivity (R) of each surface is indicated. (b) Calculated light trapping
efficiency vs. absorption efficiency of the OPV layers (Peumans, 2004).
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Figure 7.201 Microlens array concentrators. The lens focal points are at
the aperture array located at the surface of an optical spacer layer (e.g. a
glass substrate) above the OPV active layers (Tvingstedt et al., 2008).
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focal plane of the hemispherical lenses describes an
arc such that off-normal illumination will both move
the focal point as well as elevate it above the aperture,
causing defocusing and a loss of illumination inten-
sity in the OPV active region.

Self-alignment of the focal points to the apertures is
achieved by using the MLA itself to pattern the aper-
ture array (see the process in Fig. 7.202). In step 1, the
polymer MLA (lens radius, r) is formed by emboss-
ing the polymer layer with a glass mold comprising
an array of hemispherical depressions, and then
curing by exposure to UV light. Alternatively, as
shown in Section 6.6.2, a thermally cured polymer
can be poured into the mold and then peeled off
and attached to the substrate (Möller and Forrest,
2001, Sun and Forrest, 2006). Next (step 2), a bilayer
photoresist is applied to the opposite side of the
substrate whose thickness is equal to the lens focal
length of flens ¼ r nlens= nlens þ 1ð Þ½ �, and is exposed
(step 3) through the lenses themselves using UV
light. The index of the lens (nlens) is assumed to
match that of the substrate, although suitable ad-
justments can be made if this is not the case. The
use of the lens array to expose the photoresist en-
sures accurate self-alignment. The photoresist is
then developed (steps 4 and 5) to form an undercut
pattern due to the different development rates of
the two resists comprising the bilayer. The reflect-
ive metal layer is deposited (step 6), and excess
metal is lifted off by dissolving the photoresist
(step 7), thus leaving behind the aligned aperture

array. The entire assembly can be attached to, or
integrated with the OPV, as shown in step 8.
A lensed aperture OPV has been demonstrated

employing 200 μm diameter microlenses with 90%
transmission in the forward direction (microlenses fa-
cing the illumination source), and 15% in the opposite
direction. Combining this with a 30 nm thick fluorene
copolymer donor (APFO Green-9):PC71BM (1:3) OPV
increased the cell efficiency by 25%. Most of the
improvement came from increased absorption in the
wavelength range from 500–750 nm where the BHJ
absorbed<50%, whereas the system was less effective
at shorter wavelengths where absorption reaches 90%
(Tvingstedt et al., 2008). This coupling improvement
can possibly be increased using a larger lens
radius-to-aperture ratio, although doing so requires
an improved optical quality of the lenses and more
precise tracking of the light source throughout the day.

7.7.2 V-traps

A V-trap is the combination of two opposing OPVs
forming a V-shaped substrate symmetrically dis-
posed about an opening angle, 2α (see Fig. 7.203a).
For only partially absorbing active regions, the inci-
dent light undergoes several bounces before exiting
the V, thus providing a longer optical path length that
increases with decreasing α. Fabrication of the trap is
straightforward. In Fig. 7.203b, the substrate is pre-
pared by beveling one edge to match it with an iden-
tical substrate. This sets the opening angle. The
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Figure 7.202 Example process for fabricating a microlens array that is self-aligned with the aperture array (Tvingstedt et al., 2008).
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reflective cathode is applied over the top of the device
active region, and the substrates are bonded to form
the V with the semi-transparent contacts facing the
inner side of the trap.
The number of bounces,Nmax, increases as the open-

ing angle is decreased, with the highest density of
illumination foundnear the vertex. Aplot of the optical
path length, Lopt, normalized to the active layer thick-
ness, L, along with Nmax vs. 2α is shown in Fig. 7.204.
The functions are step-wise in 2α, withNmax ! 1 as 2α
! 180°, corresponding to a planar substrate. In con-
trast, when the sides become parallel, we have
Nmax ! ∞, leading to an infinite optical path length.
Of course, the optical path length and number of
bounces only reaches these values if the absorption

on each bounce is negligible, suggesting that there is
an optimumangle that leads to the largest combination
of opening (and hence maximum solar acceptance),
and photocurrent. Furthermore, the length of the cell
increases with α. This introduces another trade-off be-
tween module depth, OPV size, and optical path
length. An important distinction between this trapping
scheme and that using apertures is that the V-trap is
not a concentrator. Hence, in principle it does not re-
quire solar tracking as long as the aperture is sufficient-
ly open (i.e. 2α � π=2) to capture most of the sunlight
generated during the day. The planar-V architecture
should be oriented in an east-west direction to capture
sunlight duringmost of the day, as long as the opening
angle is not too shallow as to create shadowing in the
early morning and late afternoon hours.
V-traps have demonstrated increased efficiency

when identical cells are used on both legs, with the
largest enhancements corresponding to cells with
the lowest absorption, or in spectral regions where
the cells are most transparent (Rim et al., 2007,
Tvingstedt et al., 2007). Alternatively, V-traps provide
opportunities to combine different cells on the
opposing planes, forming either parallel- or series-
connected tandem OPVs. This is shown in Fig. 7.205,
inset, for a device comprising a green absorbing
APFO-G9:PC61BM BHJ cell on one arm (Inganäs
et al., 2004) and a red absorbing APFO3:PC61BM
BHJ on the other (Tvingstedt et al., 2007). The absorb-
ance spectra of the two discrete, planar cells do not
significantly overlap (Fig. 7.205a), allowing the two
sections to be either connected in series or parallel
while maintaining current and voltage balance, re-
spectively. The spectra of the tandem cells folded at
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Figure 7.204 Optical path length normalized to the OPV active layer
thickness vs. “V” opening angle. Also shown is the maximum number of
bounces (Nmax) experienced by a ray incident along the axis bisecting the
V before it escapes (Rim et al., 2007).
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Figure 7.203 (a) Schematic illustration of V-trap OPVs with different opening angles, 2α. (b) Assembly of the V-trap (Kim et al., 2013).

Reprinted with permission from Kim, 2013, The Optical Society.
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either 45° or 60° are broadened, and are a superpos-
ition of spectral features of both subcells. Note that
the smaller opening angle results in increased absorp-
tion due to the longer effective optical path length.

The series and parallel-connected tandem cell j–V
characteristics under 1 sun illumination are shown in
Fig. 7.205b. The series-connected cell has an increase
in ηP from 2.0% to 3.7% on decreasing the opening

angle from 90° to 10°. The parallel junction performs
somewhat better since current balance is not required,
increasing from 3.3% to 4.4%. Finally, the external
quantum efficiency in Fig. 7.205c for the parallel-
connected cell exhibits the broad response character-
istics of both the long and short wavelength arms of
the V. Indeed, the efficiency is more than doubled for
the cell with a 10° opening angle compared to a con-
ventional planar tandem cell.
An additional degree of freedom offered by V-traps

with different cell types on each arm is that the orien-
tation toward the sun can be optimized to generate
the greatest total diurnal energy harvesting. Since the
red content of sunlight at Earth’s surface is larger in
the morning and early evening, it is advantageous to
orient the long wavelength-absorbing cell on the
upper half of the V toward the south (when in the
northern hemisphere). Simulations of total daily en-
ergy harvesting have found that the most efficient
combination of OPVs employing V-traps is using a
parallel connection to avoid problems with current
balance during the course of a day. Except for large
tilt angles where the cosine losses are significant, the
diurnal energy harvesting for a V-trap with a module
opening angle of α ¼ 70° can be as much as 1.5 times
greater than for an equivalent flat cell (Andersson
et al., 2011).

7.7.3 Nanoscale dielectric scatterers

Surface roughening leads to light scattering, which in
turns increases the optical path length within the OPV
active region. In Section 6.6.2 we found that 240 nm
diameter TiO2 spheres embedded in a transparent
organic film beneath the OLED increases the outcou-
pling by scattering light from the active region into
the substrate escape cone. Likewise, such a tactic can
be used to scatter light within an OPV, also resulting
in enhanced efficiency (Adams et al., 1993, Tang et al.,
2013). The high dielectric constant of the TiO2 within a
low index matrix can effectively randomize the ray
angles entering the active region.
Improved performance of both single and tandem

junction polymer OPVs has been demonstrated by
embedding 25–35 nm diameter TiO2 NPs in a PDMS
film, and then pressing the solution between two glass
slides to form a 300 μm thick, flexible, diffuse reflector
that is attached to the OPV (Tang et al., 2013). The
visible reflectivity of the films is varied from near
100% for a TiO2:PDMS weight ratio of 2:1 (the high
reflective, HR, film), to �85% for a ratio of 0.1:1 (the
low reflective, LR, film). The ratio can be adjusted to
full transparency as the TiO2 concentration is
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Figure 7.205 (a) Absorbance, (b) j–V characteristics, and (c) external
quantum efficiency spectra of planar green and red absorbing OPVs (αG,
αR ¼ 90°, respectively), and tandem cells at different V-trap opening
angles (αT). Inset in (a): V-trap structure with αT ¼ 45°, with the green
absorbing cell on the left and the red cell on the right (Tvingstedt et al.,
2007).
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decreased. Absorption in the TiO2 reduces the reflect-
ance to near zero at λ < 400 nm. The films can be
attached after the OPV fabrication is complete, their
response is relatively wavelength independent, and
they are lightweight and flexible. As such, scattering
layers satisfy many of the requirements of practical
light traps.
The external efficiency of a semitransparent (ST)

OPV comprising a TQ1:PC71BM (2:5) active region
sandwiched between an ITO/PFPA-1 bottom cathode
on glass (Tang et al., 2012) and a PEDOT:PSS anode is
shown in Fig. 7.206. The efficiency has a maximum of
45% at 380 nm, and a second peak of 38% at 475 nm.
Using a Ag mirror placed parallel to the glass sub-
strate, the efficiency at 475 nm increases to 52%,
whereas with the HR scattering film, it reaches 70%.
The increase obtained by using a mirror vs. the dielec-
tric film is due to the Lambertian scattering profile of
the latter, leading to the optical field intensification in
the in-plane direction as inferred from Fig. 7.197. The
enhancement factor, which is the ratio of the external
efficiency of the ST device with the scattering layer to
that lacking the layer is also shown in Fig. 7.206. There
is no enhancement at short wavelengths due to ab-
sorption by the TiO2, while at longer wavelengths
where the devices are most transparent, the enhance-
ment factor is >2.5. Absorption within the layers or
contacts decreases the enhancement by attenuating
the intensity of the light during multiple passes
through the OPV.
Scattering layers with adjustable transparency and

reflectance can improve current balance in series-
connected multijunction cells. An example tandem
structure is shown in Fig. 7.207, which is a

combination of two, semitransparent single junction
OPVs grown on different substrates. The OPV on
substrate 2 employs a high reflectance scattering
layer that sets up a standing wave within the stack.
A second, lower reflectance scattering layer is posi-
tioned between the cells. This limits the light pene-
trating to the upper cell while increasing the reflection
into the lower cell. Using the appropriate spectral
response and transparency of the LR layer, the current
generated in the two cells can be precisely balanced,
leading to a higher overall efficiency. In a parallel-
connected tandem, only one HR layer is required
since current balance is not essential.
A cell using the LR and HR TiO2/PDMS scattering

layers was assembled to implement this strategy. It
combined a short wavelength absorbing TQ1:PC71BM
top subcell and a second P3TI:PC71BM (2:3) longer
wavelength absorbing subcell adjacent to the HR scat-
tering layer. The device with the LR layer interposed
between subcells exhibited ηP ¼ 6.9%, but without this
balancing layer, the efficiency fell to 6.0% (Tang et al.,
2013).

7.7.4 Scattering via gratings and textured surfaces

Gratings are effective in coupling incident radiation
into waveguide modes (cf. Fig. 7.198), and hence can
significantly increase absorption. The gratings can be
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Figure 7.207 A tandem cell assembled from two semitransparent
OPVs separated by a low reflectance (LR) dielectric scattering layer to
balance currents in the series connected subcells, and a high
reflectance (HR) scattering layer to increase the optical path length
within the device.
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placed either beneath or on the surface of the detector,
but in either case, they must be in close proximity to
efficiently couple light into the absorptive active re-
gion. Also, 2D gratings are more efficient than 1D
gratings since they provide coupling independent of
the relative orientation of the sun to the solar module.
An illustration of an OPV with a grating on its reflect-
ive (metal) cathode surface is shown in Fig. 7.208. The
grating period is Λ, with depth, h. The diffraction
condition for the grating is

mλ ¼ nactΛ sin θi þ sin θdð Þ; ð7:208Þ
wherem ¼ 0;±1;±2… is the diffraction order, θi is the
angle of incidence, and θd is the diffraction angle. Two
values of m are shown in the figure (m ¼ 0 is omitted
since it corresponds to specular reflection at θi ¼ �θd).
For solar radiation in the spectral range of 300 nm < λ
< 500 nm, Eq. 7.208 is satisfied for m ¼ 0;±1;±2 at a
grating period of Λ ¼ 500 nm and n ¼ 2, whereas
when 500 nm< λ < 700 nm, thenm ¼ 0;±1. Note that
beyond redirecting light into the waveguide modes,
the diffraction angle for some radiation can also
exceed the angle for total internal reflection (TIR)
at the substrate–air interface (i.e. at sin θd � 1=nsub,
where nsub is the substrate index). This reflects the
mode back through the active layers, allowing a sec-
ond opportunity for absorption.

An example soft imprint stamping process (see
Section 5.6.4) used for forming gratings on the
surface of a P3HT:PC61BM OPV active region is
illustrated in Fig. 7.209. The first step is to fabricate
the 1D and 2D grating stamps by patterning a
photosensitive polymer using optical exposure via
a holographic interference pattern with a period,
Λ, equal to that required for the grating. Alterna-
tively, an inorganic master template can be coated
with a suitable photoresist and similarly exposed.

The master is then processed to create indentations
that replicate the grating pattern. For a 2D grating,
the master is exposed twice, the second exposure
made after rotating by 90° followed by develop-
ment. The master can be directly used as the print-
ing tool, or it can serve as a template by coating it
with an elastomer that is cured, and then removed
from the master to form the stamp. The advantage
of using a replica stamp is that its composition can
be made compatible with the processing of the
OPV grating. PDMS is a suitable option since it
can be easily peeled off from the active device
layers without damage owing to its high elasticity
(Stolz Roman et al., 2000, Niggemann et al., 2004,
Na et al., 2008).
Next, the active layer is spun onto the substrate.

Prior to curing, the stamp is pressed onto its surface
(Fig. 7.209a), followed by detachment, and then coat-
ing the surface with the metal cathode. The surface
and the active region are thus left with an impression
of the grating pattern as defined by the master. AFM
images of 1D and 2D grating patterns on the surface
of ITO/P3HT:PC61BM/Ca/Al OPVs using an azo-
polymer master and PDMS stamp are shown in
Fig. 7.209b. Patterns of similar dimensions are repli-
cated on themaster and the stamp, indicating the high
fidelity of the multiple transfer and stamping pro-
cesses (Na et al., 2008).
The fourth quadrant j–V characteristics of devices

with 1D and 2D gratings are compared with an analo-
gous, conventional (reference) OPV in Fig. 7.210. The
inset shows the corresponding external quantum effi-
ciencies for these same diodes. The jSC is increased for
the grating devices compared to the reference OPV
due to the increase in ηext, with a larger enhancement
achieved with the 2D grating. The power conversion
efficiencies are ηP ¼ 3.6%, 4.1% and 4.3% for the refer-
ence, 1D and 2D devices, respectively. One of the
drawbacks that decreases the advantage of this design
is having the metal cathode in such close proximity to
the waveguiding active region. We have shown in
Section 6.6.4 that optical modes efficiently couple
strongly to lossy plasmon modes in metal layers in
the near field. This loss channel significantly reduces
the light intensity in the OPV active region, and hence
reduces the photocurrent.
Gratings rely on wavelength-scale features to

couple incident plane waves into guided modes.
While in principle these structures can lead to an
increase of 12n2 in intensity within the waveguide,
more easily fabricated micron-scale textures can also
be beneficial, although they lead to a somewhat re-
duced optical coupling. An advantage of larger scale
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Figure 7.208 Illustration of grating coupling of incident light into the
active layers of an OPV. Grating orders m ¼ 1 and 2, and the diffraction
angle relative to the substrate normal, θd, are shown.
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features are their reduced sensitivity to wavelength
and incidence angle. Numerous texturing schemes
have been explored, including echelle reflectors
(Tvingstedt et al., 2012), multifaceted prismatic retro-
reflectors (Esiner et al., 2013), MLAs (Myers et al.,
2012), and substrates with sharp creases and folds
(Kim et al., 2012).
An example of a reflector with a large feature size is

the echelle prism reflector in Fig. 7.211. An echelle
grating is one with coarsely defined grooves that are
useful in scattering near-normal incidence light into

the in-plane direction. The reflector shown comprises
a series of right, triangular ridges standing 40 μm
from base to apex, with a pitch of 55 μm. It is formed
by micro-embossing an acrylic resin substrate, and is
then coated with a Ag reflective layer. The prism
array is attached to the back surface of a semitran-
sparent OPV. It functions by scattering unabsorbed
light into angles greater than TIR. By doing so, it traps
the light within the substrate plane until it is finally
absorbed. The asymmetric shape of the prisms is
chosen to prevent scattering back into the incident
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Figure 7.209 (a) Soft lithography stamping process for forming 1D and 2D gratings in a solution-cast OPV active region. (b) AFM images of (left) a P3HT:
PC61BM OPV surface with a 1D grating with Λ ¼ 500nm, h ¼ 20 nm, and (right) a 2D grating with the same dimensions (Na et al., 2008).
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direction, as would happen for equilateral ridges. The
shape is not unique; there are any number of macro-
scopic, asymmetric retroreflectors that can serve the
same purpose. However, a triangular shape is simple
to produce and uniformly coat with a reflecting layer
using vacuum deposition.

The external quantum efficiency of a semitranspar-
ent TQ1:PC71BM OPV compared with that using the
prism reflector, or a flat Ag mirror is provided in
Fig. 7.212a. The increased efficiency using the prism
reflector compared to that using a flat mirror is sig-
nificant, particularly at long wavelengths where the
active region is most transparent. This has been a

common theme of all light trapping methods con-
sidered; the enhancement is greatest when the light
requires a long optical path through thin active re-
gions to be fully absorbed. For this combination of
light traps and OPV active region materials, the ratio
of ηext of the echelle reflector to the planar mirror
reaches 1.5 at λ ¼ 700 nm, falling to 1.0 at λ < 400
nmwhere the active region absorption is quite strong.
Under illumination from an AM1.5 simulated solar
spectrum, the increase in jSC is 24% over the device
with the planar mirror.
The efficacy of many of the strategies described

thus far is sensitive to incidence angle, and hence
they require solar tracking throughout the day to
fully exploit their advantages. Large-scale texturing,
on the other hand, avoids this problem. For example,
in Fig. 7.212b we show the short circuit current of the
device with a flat mirror vs. one with the prism grat-
ing as a function of angle to a normally incident light
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Figure 7.211 (a) An array of four OPVs with a reflecting echelle light
trap attached to the substrate. Semitransparent top electrodes are shown
in red. (b) A SEM image of the echelle reflector. The prism pitch is 55 μm,
and the height is 40 μm (Tvingstedt et al., 2012).
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Figure 7.212 (a) External quantum efficiency spectrum of a
semitransparent TQ1:PC71BM OPV without a reflector, with a Ag mirror,
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current of the OPV with a flat Ag mirror and with an echelle reflector
rotated parallel and perpendicular to the structure ridge lines relative to a
fixed, normally incident light source (Tvingstedt et al., 2012).
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source, thereby replicating the response to the diurnal
solar path. The amount of energy harvested in a day
(which is proportional to the areas under the curves)
depends on the relative orientation of the blaze lines
and the axis of rotation, but in either axial orientation,
it is larger than that harvested using a planar mirror.
The largest energy benefit is accrued when the prism
ridges are aligned perpendicular to the rotation axis,
which is equivalent to aligning the prism lines along
the east–west direction.
MLAs attached to the substrate are another means

for using microscale texture to redirect light into
angles greater than that required for TIR. The effects
on the incident illumination using a MLA are illus-
trated in Fig. 7.213a. The lens array refracts the in-
coming light into directions that increase the optical
path length within the active region. To exploit their
benefits, the active layer position and thickness must
be adjusted relative to that of a device where MLAs
are absent. Thus, ray tracing combined with transfer
matrix modeling is necessary to find the optimum
device design (Myers et al., 2012).

Figure 7.213b shows that the MLA generates an
increased photocurrent at all incidence angles, elim-
inating the need for solar tracking. In this demonstra-
tion, a 100 μm diameter, close-packed array of
polymer microlenses with index of refraction n ¼
1.56 were fabricated using a PDMS mold. The mold
itself was fabricated by spreading the PDMS solution
over a raft of closely packed polystyrene micro-
spheres. Once cured, the microspheres are lifted off
using scotch tape. The polymer employed for the
array was then poured into the mold, and UV-cured.
The efficiency enhancement for a variety of solar cell
materials and structures is �15–20% compared to
similar devices lacking the lens arrays. This enhance-
ment is shown for the diurnal energy harvesting of a
SubPc (12 nm)/C60 (80 nm)/BCP OPV in Fig. 7.213b.
The enhancement compared to devices without the
array is approximately 15%, significantly increasing
at high angles where, unfortunately, the total energy
generation is quite small.

7.7.5 Luminescent solar concentrators

An interesting application of the properties of organ-
ics to increase the performance of inorganic solar cells
is via the use of organic luminescent solar collectors
(OLSCs) that reduce the solar cell area, and hence
module cost. The principle of operation of the OLSC
is explained using Fig. 7.214. An efficient luminescent
organic dye is dispersed in a transparent plate, for
example, glass or plastic. The dye molecules absorb

0.20

0.15

0.10

0.05

0.00
0 20 40 60 80

100

80

60

40

20

0

En
ha

nc
em

en
t 

(%
)

θ (deg)

j S
C
 (m

A
/c

m
2 )

jSC (θ = 0) × cos θ

w/ MLA
w/o MLA

With MLA

Without MLA

(1) (2)

Substrate

Transparent Electrode

Active Layer (s)

Reflective Electrode

Microlens Array (MLA)

(a)

(b)

Figure 7.213 (a) Illustration of a device with a MLA, showing
redirection of light from the curved lens surface. Dashed arrows show light
paths on a conventional, flat substrate. (b) Angular dependence of jSC for
a SubPc/C60 bilayer OPV with and without a MLA. The ratio of the currents
is the enhancement factor, shown at right (Myers et al., 2012).
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Figure 7.214 Configuration of two, stacked organic luminescent solar
concentrators. Light is incident on the concentrators and is absorbed by
fluorescent organic molecules in either a thin film (shown) or dispersed in
the bulk of the collector plate. The molecules re-emit, with a large fraction
of the emitted light trapped in the plate by TIR. The emitted photons are
waveguided toward the periphery where they are absorbed and detected
by inorganic solar cells. Stacking two such concentrators, one absorbing at
short and the other at long wavelengths can be used to cover the solar
spectrum (Currie et al., 2008).
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light incident on the large, flat surface of the plate,
and then re-emit light at their longer fluorescent
wavelengths into 4π solid angle. Light emitted within
the escape cone leave the plate from the top and
bottom surfaces, whereas other photons are trapped
by TIR and propagate along its length. Solar cells
positioned along the periphery of the plate absorb
the waveguided photons. By stacking two plates as
shown, short wavelength radiation can be absorbed
in one plate, and long wavelength radiation in the
other, thus filling in the gaps in the absorption spec-
tra of the luminescent dyes at the expense of doub-
ling the solar cell area required at the edges of the
waveguide slabs. The geometric gain, G, is the ratio of
the concentrator area to that of the PV cells. Since
there are propagation losses inherent in this ap-
proach, we define the flux gain, F, which is G correct-
ed for loss.

There are several benefits and shortcomings of
using OLSCs. The primary benefit is that this arrange-
ment does not require solar tracking. The only optical
coupling loss is due to cos θi, where θi is the incident
solar angle from normal. If the concentrator cost is
less than that of the solar cell, which is most likely the
case, then the solar cell cost is reduced by F. Short-
comings of OLSCs include incomplete absorption
over the relevant solar spectral band, a limited PL
quantum yield (PLQY) of the dyes, and reabsorption
of the emitted photons by other dye molecules in the
waveguide (Hermann, 1982). The first problem is
mitigated by making the concentrator suitably thick,
and by using a high concentration of the luminescent
molecules. The second is circumvented by using high
efficiency lumophores, although as we have seen in
Chapters 3 and 6, a high density of dopants generally
leads to reductions in PQLY due to concentration
quenching. The last challenge is met by selecting mol-
ecules with large Stokes shifts, that is, where the
emission spectrum is significantly red-shifted from
the absorption tail. Even when these conditions are
met, the geometric gain in single dye systems is only
between 3 and 4 (Batchelder et al., 1981). The stability
of organic dyes, particularly in the presence of UV
solar irradiation, is also a concern, although signifi-
cant advances in developing highly stable lumo-
phores for OLEDs have considerably reduced this
problem.

Reabsorption losses can be minimized in host-guest
luminescent systems, where the host molecule ab-
sorbs the incident radiation, and then transfers the
excited state to the lumophore with nearly unity effi-
ciency by FRET. The host absorption spectrum can be
adjusted to cover greater portions of the solar

spectrum, it can result in highly efficient PLQY of
the lumophore, and can also shift the absorption of
the lumophore to regions of the spectrum that only
weakly absorb the re-emitted photons. For example,
using metal–organic phosphors as the luminescent
molecule, the PLQY in doped systems can approach
100%, but the phosphors are very weakly absorbing
due to the disallowed T1  S0 transition, even in the
presence of strong spin-orbit coupling (Section 3.7.3).
Doped OLSCs have been demonstrated using both

fluorescent and phosphorescent molecular guest–host
systems (Currie et al., 2008). Example absorption and
emission spectra for the fluorescent laser dye, DCJTB,
and the phosphor, Pt(TPBP), are shown in Fig. 7.215a
and b, respectively. The dashed lines are the spectra
due to a 5.7 μm thick film of Alq3:DCTJB (2%) on a
glass substrate. The ratio of the peak luminescence
intensity to the absorbance of the film at that same
wavelength is the self-absorption ratio, S. Thus, S is an
effective measure of how lossy the dye system is due
to self-absorption of its emitted spectrum. For
this blend, S ¼ 80. Self-absorption is considerably
reduced by including a sensitizer molecule (rubrene)
that increases the Förster transfer efficiency from
the wide energy gap Alq3 to the red emitting
DCJTB. The presence of rubrene in a blend of Alq3:
rubrene (30%):DCJTB (1%) reduces the dopant con-
centration, and hence its absorbance, resulting in S ¼
220 (dashed lines). The greatest luminescence to ab-
sorption advantage is obtained using the very weakly
absorbing phosphor, Pt(TPBP). In Fig. 7.215b, we
show S ¼ 500 for a 5.8 μm thick Alq3DCJTB (2%):Pt
(TPBP) (4%) film.
The performance of the OLSCs has been measured

using single as well as double waveguide
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Figure 7.215 Absorption and emission spectra of an Alq3:DCTJB
(dashed line) and an Alq3:rubrene:DCTJB (solid line) film, and (b) an Alq3:
DCTJB:Pt(TPBP) film. S is the self-absorption ratio equal to the normalized
peak luminescence intensity to the absorption at that wavelength (Currie
et al., 2008).
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configurations. The efficiency obtained using the
films in Fig. 7.215a and b ranges between 30% for
the Alq3:DCJTB (2%):Pt(TPBP) (4%) film, to 50% for
both DCJTB blends. Approximately 20% of the losses
result from re-emission into the concentrator escape
cone, and the remainder from reabsorption. Combin-
ing the phosphorescent and rubrene-based fluores-
cent OLSCs in tandem with the red emitting
phosphor on the bottom, the concentrator efficiency
increased to 60% with emission extending to λ ¼
675 nm.
Crystalline Si solar cells have been mounted onto

one edge of a 100 � 100 � 1 mm glass substrate with
the external quantum efficiency and flux gains plotted
vs. geometric gain in Fig. 7.216a and b, respectively.
The geometric gain is varied by scanning a focused
incident light beam normal to the edge supporting the

solar cell. The lines showfits based onopticalmodeling
of the losses and the film optical properties. The effi-
ciency falls off rapidlywithG forfilmswhere reabsorp-
tion is strongest (i.e. for the DCTJB and rubrene:DCTJB
films), providing the least benefit from concentration.
Almost no losses are experienced by the Pt(TPBP) film
due to its very low self-absorption. The flux gain,
Fig. 7.219b rises rapidly until self-absorption domin-
ates. As previously, the phosphor-doped film shows
the possibility for high F along with large geometric
gains, potentially leading to very low cost solar mod-
ules. However, F � 10 was the maximummeasured in
the best cases, which is nevertheless a considerable
improvement over demonstrations employing single,
relatively highly absorbing fluorescent dye com-
pounds (Slooff et al., 2008). While considerable work
has been focused over the last several years on exploit-
ing the fluorescent concentrator concept, the efficien-
cies still remain too low tomake them cost competitive
with conventional Si cells that are now commercialized
for < US $0.50/Wp.
We found in Section 6.6.5 that the emission from

lumophores is most intense perpendicular to the
excited state dipole moment. Hence, the 20% loss
incurred due to emission within the escape cone of
the slab can be reduced if molecules are intentionally
aligned with their dipole moments oriented normal to
the plate surface. This orientation, however, also re-
sults in increased absorption since the ground and
excited state dipole moments are often approximately
aligned. Placing a diffuser in front of an oriented film
can randomize the light input wavevector. By using
the rod-shaped, green-emitting Coumarin 6 mol-
ecules dispersed in a liquid crystal scaffold on a
glass substrate, some degree of vertical alignment is
achieved, increasing the light trapping efficiency to
81% from 66% for an OLSC where the dye molecules
are randomly dispersed in a transparent polymer ma-
trix (Mulder et al., 2010).
A potentially interesting variant on the OLSCs

are those that absorb only in the UV or NIR spectral
regions. This results in visible transparency, which
may find applications as glass on windows, building
facades, etc. While the idea is attractive (Yang and
Lunt, 2017), there is a lack of NIR-absorbing and emit-
ting lumophores with reasonably high efficiencies. We
showed in Section 3.6 that the efficiency of organic
materials falls off rapidly with energy gap (the energy
gap law), making it unlikely that NIR OLSCs can
achieve performance metrics necessary for practical
applications. For example, OLSCs employing cyanine
dyes have only achieved ηP ¼ 0.4% using
edge-mounted Si cells (Zhao et al., 2014, Banal et al.,
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Figure 7.216 (a) External quantum efficiency and (b) flux gain vs.
geometric gain for the Pt(TPBP) (black line), rubrene:DCTJB (dark blue),
and DJTCB (light blue) OLSCs. Data in (a) are measurements using a Si
solar cell on one edge of the 100 � 100 � 1 mm plate with the
luminescent film on its surface. Lines are fits based on optical modeling
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2015).While UV-absorbing organicmaterialsmay pro-
vide higher efficiencies, their stability to short wave-
length solar radiation introduces additional concerns.

7.8 Reliability of organic photovoltaics

All solar cell technologies must possess three cardinal
attributes: (i) lowmanufacturing cost at high yield, (ii)
high efficiency, and (iii) long-term operational reli-
ability. In fact, all of these attributes can be reduced
to the primary consideration of low cost, since they all
act in concert to deliver a higher output power using
panels with the smallest area footprint at an accept-
ably low level of maintenance. In this section, we are
concerned with understanding the factors that deliver
long-term operational stability. In Section 6.7 we
introduced the basic methodologies used to deter-
mine the reliability of semiconductor devices. Life-
time test methods used to qualify OPVs must
account for the particularly challenging set of condi-
tions to which solar cells are exposed that are not
experienced by OLEDs or transistors. For example,
OPVs are used out-of-doors, bathed in intense broad-
band solar irradiation that extends from the UV to the
IR. The ambient temperatures can range from �40°C
to 100°C, and the humidity from �20% to 100%. To
meet the standards of established technologies, the
lifetime of OPVs must be at least 20 years as deter-
mined by the point at which their power conversion
efficiency decreases by 20% from its initial value (also
known as T80, see Section 6.7). Other extreme envir-
onmental factors such as exposure to dust, hail, and
wind loading, can apply significant stress to the OPV
module. At this point, there are few OPVs that have
been deployed in outdoor environments, since the
technology is still in its infancy. If successful, how-
ever, OPVs may find widespread, and perhaps ubi-
quitous use for power generation on buildings,
mobile appliances, and other applications where
they have the potential to provide significant value
over incumbent technologies. For this to occur, long-
term OPV reliability must be established.

The primary objective of reliability testing is to
identify significant failure mechanisms, and their ori-
gins. None of these mechanisms can be defined unless
high purity and stable materials sets are developed,
and packaging schemes are implemented that prevent
extrinsic, short-term failure. Once the primary deg-
radation routes are understood and resolved, qualifi-
cation of devices and modules can be undertaken by
exposure to the elements that possibly introduce new,
extrinsic routes to failure. As with OLEDs, we attri-
bute intrinsic failure mechanisms to aging of the

molecular constituents in the layer stack, contact deg-
radation, changes in morphology, and device archi-
tecture. Extrinsic failure mechanisms arise from
package failure, ingress of contaminants (e.g. O2 and
H2O) into the package, impurities within the mater-
ials left during processing, delamination of contacts
from the package, and so on.
Solar cell operational standards require a T80 of

10–30 years, a metric that is dependent on the applica-
tion. Here, Tx is the time for the power conversion
efficiency to drop to x% from its initial value. It is
impractical to qualify a new technology over even a
small fraction of these times. Hence, accelerated aging
protocols need to be established to accurately extrapo-
late the performance loss in the short term into the long
term. We found in Section 6.7 that degradation in
OLEDs can be predictably accelerated at elevated tem-
peratures and drive currents. Accelerated aging of
OPVs, with their use in out-of-doors venues, involve
parameters that can be applied in the laboratory, but
that also include aging tests that simulate the environ-
ment that is endured during actual field use. These
environments can have widely varying demands, de-
pending where the panels are deployed (e.g. in the
arctic or equatorial regions, on the sea shore, or in the
desert). This places demands on developing relevant
and standardized testing protocols that are appropri-
ate across technology platforms and their field of use.
Given this backdrop, efforts have been dedicated to

defining standardized test conditions that are suitable
for both laboratory, and for consumer-ready, qualifi-
cation of OPVs. Recommended test protocols have
been defined through a consensus study by the OPV
community via the International Summit on OPV Sta-
bility (ISOS). The test protocols fall into three categor-
ies; basic (Level 1), intermediate (Level 2), and
advanced (Level 3). The lowest level is meant for re-
search laboratories with only modest access to neces-
sary test equipment. It provides guidelines for those
labs such that results can be widely understood and
reproduced by independent investigators. Level 2 in-
creases the comprehensiveness and standardization of
the testing protocols that can lead to a unambiguous
comparisons by different laboratories. Level 3 is close
to, but not identical with standardized tests for
market-ready products. Each level also has a different
standard for shelf-life testing in the dark (D-1–D-3),
outdoors (O-1–O-3), laboratory weather testing (L-1–
L-3), thermal cycling (T-1–T-3), and solar-thermal hu-
midity cycling (LT-1–LT-3). The conditions used in
each of these testing regimes are summarized in
Table 7.28. Further details can be found in the consen-
sus report itself (Reese et al., 2011).
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Table 7.28 Test protocols for OPVs at different stages of development. (Reese et al., 2011)

Three levels

Basic (Level 1) “Hand held” measurements using the simplest equipment and few conditions
Intermediate (Level 2) Fixed conditions and protocols suited for most labs
Advanced (Level 3) Standardized tests applied in certified labs. Extended range of parameters to

monitor, etc.

Test type Dark Outdoor

Test ID ISOS-D-1 Shelf ISOS-D-2 High
temp. storage

ISOS-D-3 Damp
heat

ISOS-O-1
Outdoor

ISOS-O-2 Outdoor ISOS-O-3
Outdoor

Light source None None None Sunlight Sunlight Sunlight

Temp.a Ambient 65/85 °C 65/85 °C Ambient Ambient Ambient

Relative
humidity (R.H.)a

Ambient Ambient (low) 85% Ambient Ambient Ambient

Environmenta Ambient Oven Env. chamber Outdoor Outdoor Outdoor

Characterization
light source

Solar simulator or
sunlight

Solar simulator Solar simulator Solar simulator Sunlight Sunlight and
solar simulator

Loadb Open circuit Open circuit Open circuit MPP or open
circuit

MPP or open circuit MPP

Test type Laboratory weathering testing Thermal cycling

Test ID ISOS-L-1
Laboratory
weathering

ISOS-L-2
Laboratory
weathering

ISOS-L-3
Laboratory
weathering

ISOS-T-1
Thermal cycling

ISOS-T-2
Thermal cycling

ISOS- T-3
Thermal cycling

Light source Simulator Simulator Simulator None None None

Temp.a Ambient 65/85 °C 65/85 °C Between room
temp. and
65/85 °C

Between room temp.
and 65/85 °C

−40 to +85 °C

Relative
humidity (R.H.)a

Ambient Ambient Near 50% Ambient Ambient Near 55%

Environment/
setup

Light only Light and Temp. Light, Temp. and
R.H.

Hot plate/oven Oven/env. chamb. Env. chamb.

Characterization
light source

Solar simulator Solar simulator Solar simulator Solar simulator
or sunlight

Solar simulator Solar simulator

Loadb MPP or open
circuit

MPP or open
circuit

MPP Open circuit Open circuit Open circuit

Test type Solar-thermal-humidity Cycling

Test ID ISOS-LT-1 solar-thermal cycling ISOS-LT-2 solar-thermal-humidity
cycling

ISOS-LT-3 solar-thermal-humidity-freeze
cycling

Light source Simulator Simulator Simulator

Temp. Linear or step ramping between room
temp. and 65 °C

Linear ramping between 5 and 65 °C Linear ramping between −25 and
65 °C

Relative
humidity (R.H.)

Monitored, uncontrolled Monitored, controlled at 50% beyond
40 °C

Monitored, controlled at 50% beyond
40 °C

Environment/
setup

Weathering chamber Env. chamb. with sun simulation Env. chamb. with sun simulation and
freezing

Characterization
light source

Solar simulator Solar simulator Solar simulator

Loadb MPP or open circuit MPP or open circuit MPP or open circuit

a The ambient conditions are defined as 23 °C/50%RH in general, and 27 °C/65%RH accepted in tropical countries according to ISO 291(2008): Plastics
—Standard atmospheres for conditioning and testing.

b Open circuit refers to a simply disconnected device or device connected to a sourcemeter set to 0 current.
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Almost, but not all OPV tests have thus far used
Level 1 protocols. With the increased performance of
OPVs, both in terms of their electrical characteristics
and reliability, there have been more frequent reports
of Level 1 to Level 2, Level 2, and even field tests. This
is an indication that OPV technology is maturing, and
moving toward practical implementation.

Similar to OLEDs, the aging of OPVs often follows
a two-stage trajectory illustrated in Fig. 7.217. The
plot shows the dependence of a measured param-
eter, P (e.g. VOC, jSC, FF, ηP, etc.) on operating time.
The first stage of rapid but limited decrease is known
as the burn-in period. During this decline, from the
initial value of the test parameter (i.e. P0 at T0, or
alternatively, P100 at T100) the device undergoes ad-
justments to a condition that was not fully estab-
lished during fabrication. That is, burn-in may
result from early stage morphological annealing in-
duced by current generation, uptake of residual im-
purities in the film or package that cause finite
degradation until the impurities are exhausted, con-
tact annealing and so on. It is possible, although not
necessarily the case that the measured parameter
will decrease to even less than 80% of P0, corres-
ponding to P80 at T80. At some time, TS, the charac-
teristics take on a second, stabilized slope
corresponding to long-term aging. As long as PS is
not significantly less than P0, this long-term aging
defines the useful term of operation of the device.
Determining TS80, that is, the usable lifetime of the
solar cell during its stable phase of operation, is the
objective of most reliability experiments. However,

since TS80 in practical cells is too long to measure in
most laboratory settings. Hence, the aging process
must be accelerated. This is accomplished by either
elevating the cell temperature and/or the light in-
tensity (which can also increase cell temperature and
current) during the aging cycle. Here, temperature
and intensity are two potential acceleration factors.
For useful analysis, however, temperature and inten-
sity must be analyzed independently, which can be
done by aggressive cooling of the illuminated solar
cell, or measuring the temperature dependence of
degradation of the test parameter, and then subse-
quently measuring its intensity dependence at a
fixed temperature. The independently observed
thermal degradation is then used to separate out
the contributions due only to high illumination
intensity.
Accelerated aging must not be so harsh (i.e. by

exposure to an excessively high temperature or light
intensity) that aging processes not encountered under
normal operation are introduced. This results in
extrinsic degradation that may not provide an accur-
ate prediction of cell lifetime during standard operat-
ing conditions.
The two-phase aging can be modeled using a sum of

exponentials of the form (Section 6.7):

P tð Þ ¼ P0exp �t=τ1ð Þ þ Pexexp �t=τ2ð Þ; ð7:209Þ

where τ1 is the characteristic burn-in time constant,
and τ2 is the long-term degradation time constant.
Now, τ1 ≪ τ2 as is often the case, which allows for
accurate determination of the coefficient, Pex.
A representative set of aging data is shown in
Fig. 7.218. At the upper left, we find that FF(t) under-
goes rapid change during burn-in, and thereafter is
constant. From the FF data, therefore, we obtain the
time constant, τ1. Note that the identification of TS can
be somewhat arbitrary, except in cases such as this
one where τ1 ≪ τ2. The short circuit current, however,
does not show changes during burn-in, hence giving a
value of τ2 as well as an extrapolated value of jSC,ex at
t! 0. The open circuit voltage is apparently un-
changed from its initial value of VOC. The product of
all of these curves results in the time evolution of the
power conversion efficiency shown at the lower right.
For this device, the functional form of the efficiency is

ηP tð Þ ¼ ηP0exp �t
1
τ1
þ 1

τ2

� �� 	
þ ηP;exexp �

t
τ2

� 	
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Figure 7.217 Characteristic parameter aging trajectory for an OPV. The
initial value of a test parameter is P0 obtained at time T0. There are two
time constants for aging: Early rapid decay (called burn-in) that occurs
until the onset of the second, more stable degradation at time, TS. (with
parameter value PS). T80 and TS80 are the times that the measured
parameter is decreased to 80% of its initial value to P80 and PS80,
respectively.
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since τ1 ≪ τ2. The constants ηP0 and ηP;ex are easily
obtained from the functions from which they are
derived, or directly from the plot in Fig. 7.218.
Note that while an exponential decrease in per-

formance is suggestive of a process related to chem-
ical degradation, the long-term data in Fig. 7.218 can
arguably be just as well fit by a linear empirical
relationship, viz.

P tð Þ ¼ P0exp �t=τ1ð Þ þ Pex 1� t=τ2ð Þ: ð7:211Þ

An additional functional form, often used in fitting the
lifetime response of OLEDs, and that also has been
applied to small molecule OPVs is the stretched
exponential:

P tð Þ ¼ P0exp � t=τ1ð Þβ
h i

; ð7:212Þ

where β 	 1 is a fitting parameter. This functional
form does not distinguish between initial burn-in
and long-term degradation, and hence is more appro-
priate for fitting those degradation processes that
proceed monotonically from T100 to T0.

Once the various lifetime parameters in Eqs. 7.209,
7.211, or 7.212 are determined, it is then possible to
extrapolate the efficiency to TS80. As in previous
discussions on OLED reliability, there is an element
of faith that is needed to assume that there are only
two principal aging mechanisms captured by the
time constants, τ1 and τ2, and that a third set of
parameters are not needed to extend the extrapola-
tion to even longer times when additional failure
mechanisms possibly emerge. In addition, cata-
strophic failure due to package leakage or breakage,
or migration of a metal contact into the OPV active
region, etc., may also lead to an early death of the
devices that is not accounted for by the time con-
stants, τ1 and τ2. We will return to these extrinsic but
nevertheless important failure mechanisms in subse-
quent sections.
Ultimately, the value of a cell is determined

by the total energy that it delivers during its
usable life. This is known as the lifetime energy
yield, or E80, and is calculated using (Roesch
et al., 2015)
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E80 ¼
ðTS80

t¼0
ηP tð ÞPincdt; ð7:213Þ

where Pinc is generally taken to equal 1 sun intensity
(i.e. 1 kW/m2). The E80 calculated for the device in
Fig. 7.218 is presented in Fig. 7.219, yielding a TS80 ¼
1930 h and E80 � 58 kWh/m2.

There is no need to accelerate the aging of the cell
in Figs. 7.218 and 7.219 since the degradation is
sufficiently fast that the experiment is completed
within less than 1500 h, or 2 months. However, it
would not be possible to obtain the TS80 for more
durable cells, in which case the aging process needs
to be accelerated by increasing temperature and/or
intensity. If we assume that the post-burn-in decay
of the parameter, P, is due to a single kinetically-
driven process, for example, molecular fragmenta-
tion or reactions with other species in the active
region, it should follow an Arrhenius behavior
with activation energy, Ea. Then, the degradation
rate of parameter P is:

kdeg ¼ 1=τ ¼ k0exp �Ea=kBTð Þ; ð7:214Þ
where k0 is a constant. Ifwe assume that the decrease in
performance is a function of the incident power, then,

kdeg ¼ k0 Itest=Iref
� �γ

; ð7:215Þ

where γ is an empirical constant, Itest is the power
used during the aging tests, and Iref is that used dur-
ing normal operation (typically 1 sun). Then we can
define the aging acceleration factor between two differ-
ent powers and temperatures (I1; I2 and T1, T2,
respectively) using

A ¼ I1
I2

� �γ

exp �Ea

kB

1
T1
� 1

T2

� �� 	
: ð7:216Þ

The procedure for finding γ and Ea is similar to
methods discussed for OLEDs. For example, if the
decay constant is dominated by long-term degrad-
ation, then kdeg ¼ 1=τ2 is measured at several different
temperatures (Schuller et al., 2004). An Arrhenius plot
of kdeg vs. 1/T yields Ea, from which the temperature
dependence of A is found. This, in turn, yields τ in the
relevant operating regime and temperature. This pro-
cedure has been applied to a DBP:C70 (1:8) OPV em-
ploying a Bphen:C60/BPhen exciton blocking buffer
layer, with results for FF(t) at several temperatures
given in Fig. 7.220a. The data are fit by the biexponen-
tial in Eq. 7.209 from which the rate constants, k1 and
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k2 are extracted at each temperature. These are plotted
in Fig. 7.220b as a function of 1/kBT to obtain nearly
equal activation energies (Ea� 0.55 eV) for both burn-
in and long term operation. While it is unusual for the
activation energy to be the same over both time scales,
the apparent coincidence arises since both are affected
by BPhen crystallization; the short term loss in FF is
due to increased shunt currents across the junction
induced at high temperature, and the longer term loss
arises from increased recombination due to slow in-
trusion of BPhen into the active region (Burlingame
et al., 2016).
Similarly, the acceleration factor, γ, is found by

measuring the rate of degradation of the OPV param-
eters at several different intensities. To separately
measure mechanisms affected only by intensity, the
temperature dependence must first be eliminated by
cooling the devices, or by ensuring that the tempera-
ture dependence of the lifetime is minimal.
The degradation of DBP:C70 (1:8) cells compris-

ing a TPBi:C60 (1:1, 10 nm)/TPBi (3 nm) buffer
layer has been measured as a function of intensity.
Thermal stability is ensured by replacing the low
glass transition temperature BPhen (Tg ¼ 61°C)
blocking layer with TPBi, that has a substantially
higher Tg ¼ 120°C.
It is challenging to achieve high intensity exposure

using a standard solar simulator employing a Xe lamp.
Intensity-dependent aging experiments, therefore,
often use extremely high brightness (up to 70 suns)
LED light sources. The LED intensity does not fade
over the time scale of the experiment, although it has
a significantly different spectrum from that of the sun.
The spectra from cool-white andUV emitting LEDs are
shown in Fig. 7.221a superimposed on the AM1.5G
reference and the spectrum from a Xe-arc lamp con-
ventionally used to simulate solar radiation. The most
damaging spectral region for organics is theUV,which
is not represented by the broadly emitting LEDs.
Hence, the DBP:C70 devices are also exposed to irradi-
ation from a separate UV-emitting LED with a peak
wavelength of 365 nm. The absorption of the OPV
active region is minimal beyond 700 nm, thus the lack
of NIR spectral content does not impact the measured
lifetimes. Since active cooling is employed, the tem-
perature of the devices remains well below Tg of the
exciton blocking material (see Fig. 7.221b). Indeed,
the devices exhibited no temperature-dependent
aging up to T ¼ 130°C (Burlingame et al., 2016).
It is remarkable in itself that the OPVs can tol-

erate illumination at such the extreme intensities.
The device characteristics up to concentrated out-
door solar irradiances of 27 suns are provided in
Fig. 7.222. Since DBP:C70 OPVs typically have

efficiencies �8%, the current at 37 suns is >0.3
A/cm2. The j–V characteristics (Fig. 7.222a) show
that at the highest intensity, the forward and re-
verse currents are approximately equal, achieving
a maximum of �0.12 A/cm2. The symmetry of the
curves indicates that the current is limited by the
internal cell series resistance.
The slope of the short circuit current in Fig. 7.222b is

relatively constant until the highest intensity, indicat-
ing that the quantum efficiency is constant over this
range of intensities. However, in Fig. 7.222c, a roll-off
in VOC from its expected logarithmic dependence on
irradiance is observed, due to increased recombin-
ation from the accumulation of a very large density
of charge in the mixed active region. Finally, FF is
significantly decreased at high intensity (Fig. 7.222d),
again due to cell series resistance. This results in a
decrease in ηP from 6.5% at 1 sun, to 3% at 27 suns.
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Figure 7.223 shows the performance characteris-
tics of a population of TPBi-based OPVs aged at
several different illumination intensities. This popu-
lation shows no appreciable early stage (i.e. burn-in)
degradation (<3–5%) in any of its characteristics,
and hence only long-term aging data are shown.
There is some deviation in jSC and FF (Fig. 7.223b)
at 36.9 suns (36.9 kW/cm2) from the data taken at
lower intensities due to degradation of the ITO and
MoO3 anode buffer. That is, the reduction in effi-
ciency of the highest intensity data is primarily due
to loss of transparency of these metal oxides. This is
accompanied by an equally small loss in charge ex-
traction efficiency, as determined by measuring the
change in slope of the reverse-biased jph-V character-
istics both before and after aging (Burlingame et al.,
2019). The change in power conversion efficiency is
accurately fit by the stretched exponential function
in Eq. 7.212 using β ¼ 0.28 and τ ¼ 1.1 � 1010 h.
Surprisingly, no degradation is experienced up to
20 suns equivalent UV illumination (inset,
Fig. 7.223a), attesting to the remarkable stability of
the materials employed.

Figure 7.224a shows kdeg vs. Itest. Fitting the data
with Eq. 7.216 yields γ ¼ 2.5. The equivalent lifetime
under 1 sun (Iref) exposure can be extrapolated using γ
for the OPVs aged at each intensity. As shown in
Fig. 7.224b, the ηP at all intensities follows a similar
trend that results in a lifetime of T80 ¼ 4.9 � 107 h.
This extremely long lifetime is similar to operating
lifetimes that have been reported for phosphorescent
organic light emitting devices operated at 10 mA/cm2

(Burrows et al., 2000), which is comparable with 12.5
mA/cm2 generated at 1 sun intensity by the OPVs.
To convert the OPV lifetimes into outdoor lifetime

projections, we assume an average of 5 kWh/m2 of
sunlight per day (e.g. 5 h of equivalent AM1.5G radi-
ation), although value depends on location (e.g. 4.2
kWh/m2/day in Detroit, MI to 6.5 kWh/m2/day in
Phoenix, AZ) (Habte et al., 2017). Therefore, the
extrapolated T80 corresponds to > 2.7 � 104 yr, out-
door equivalent. While such lifetimes are not practic-
ally achievable given the presence of extrinsic failure
mechanisms such as contact weathering, package fail-
ure, and the possibility of late-onset degradation, the
extrapolation nevertheless suggests that the intrinsic
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stability of OPVs in an O2- and H2O-free environment
can substantially exceed the requirements of even the
most demanding applications.
The remarkable stability observed in theOPVs is due

to a combination of the photochemical stability of the
constituent materials, the morphological and thermal
stability of the blended organic layers, the rapid exciton
dissociation provided by the blended HJ architecture,
and the high purity of the thermally-evaporated organ-
ics. The only chemical weak point in either C70 or DBP
appears to be the single carbon-carbon bond in DBP
that connects its perylene core to its peripheral phenyl
groups. However, blending DBP into C70 compensates
for this weakness as no DBP fragments are observed in
the mass spectra of aged DBP:C70 films (Burlingame
et al., 2019). As we found in Section 6.7.4, long-lived
excitons can dissociate chemical bonds, a process ex-
acerbated by multi-exciton annihilation interactions

that result in highly energetic exciton species that are
destructive to organicmaterials. The blendedHJs based
on co-evaporation of the donor and acceptor materials
rapidly quench excitons via charge transfer, thereby
preventing the excitons from dissipating energy and
cleaving chemical bonds. Thermal stability of all the
materials, and the blend morphology play important
roles in the reliability of this particular materials
system.
Havingdescribed themethodologies commonly em-

ployed to quantify agingofOPVs, the remainder of this
section presents a few of the mechanisms leading to
performance degradation due to materials, contacts,
architectures and encapsulation. Only the latter source
is extrinsic, although it is no less important than intrin-
sic degradation routes since the reliability of thefielded
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OPVmodule ultimately depends on all of these factors,
regardless of origin. Several reviews on this topic pre-
sent many detailed discussions beyond the few cases
presented here (Grossiord et al., 2012, Jørgensen et al.,
2012, Voroshazi, 2014, Cheng and Zhan, 2016).

7.8.1 Materials and morphological degradation

While there are several sources for the decrease of
OPV performance over time, none is more fundamen-
tal than the degradation of the organic molecules
comprising the layer structure itself. Many organic
molecules are vulnerable to photooxidative reactions
that cause bleaching of their absorption bands after
exposure to light and air over a period of time (ranging
from minutes to days). Bleaching of several copoly-
mers employing donor–acceptor conjugated back-
bones in air under 1 sun, AM1.5G illumination (30%
relative humidity, RH) has been systematically inves-
tigated to determine which moieties are most

susceptible to damage. Several commonly used donor
and acceptor groups employed in block copolymer
donors are listed in Fig. 7.225 (Manceau et al., 2011).
The stabilities of these building blocks (arbitrarily de-
fined as the time for the optical density of the film to
decrease by �50% from its as-deposited value) range
from a few hours forfluorene to thousands of hours for
thiophene.
Several factors that affect stability can be summar-

ized as follows: (i) Polycyclic aromatic units within
the backbone exhibit high stability. This is consistent
with findings discussed in previous chapters where
molecules comprising C═C double bonds are not sus-
ceptible to photophysical damage. (ii) Conjugated
thiophene-containing structures such as P3HT tend
to have far longer lifetimes than, for example, fluor-
enes with their weak quaternary C bonds. Indeed, the
fluorenes appear to be the least stable of the family of
molecular units shown. (iii) Molecules with exocyclic
double bonds (e.g. vinyl groups in MEH-PPV) are
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susceptible to oxidative cleavage. The vinylene bonds
are vulnerable to side chain radicals cleaved during
aging. (iii) The composition of the side chains can
determine their ability to form radicals during photo-
oxidation. (iv) Bond energies lower than C═C, such as
C─N and C─O, are readily cleaved in the presence of
photoexcitation and oxygen. This is similar to what is
commonly observed in OLEDs, where molecules with
such bonds are more rapidly degraded than those
without.
There are two principal methods to reduce or even

eliminate photooxidative bleaching. The first, obvious
route is to eliminate oxygen by encapsulating the
OPV in a package that prevents ingress of atmospher-
ic contaminants. The second is to use a mixed or bulk
HJ that decreases the lifetime of the excited state from
nanoseconds typical of singlets, to picoseconds—a
time determined by charge transfer from the donor

to acceptor in the blends. Elimination of excited state
interactions has already been discussed in the context
of long-lived DBP:C70 OPVs. In contrast, neat films of
SubPc exposed to 1 sun, AM1.5G illumination in air
lose approximately 40% of their absorbance in only
2 h (see Fig. 7.226a). The three exposed phenyl rings of
the molecule that are vulnerable to reductive reac-
tions with radical oxygen or water in the atmosphere
may be one source of this effect. This is supported by
Fourier Transform IR (FTIR) spectra of SubPc
films exposed to light and air, where a C═O spectral
peak emerges over time (Burlingame et al., 2015).
However, when blended with C60 in a 1:4 mixture
(Fig. 7.226b), the change in absorbance is significantly
reduced, even in air. Charge transfer to C60 results in a
decrease in the SubPc singlet exciton lifetime, decreas-
ing the probability that the excited state undergoes
photooxidative bleaching. When the films are
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encapsulated in an ultrapure N2 atmosphere, oxygen
is eliminated and the absorbance is stable over time,
with the exception of a small decrease in C60 absorp-
tion at λ ¼ 350 nm, as seen in Fig. 7.226c.

The change in C60 absorption has been attributed to
photodimerization of adjacent C60 molecules. The
spherical shape of the molecule puts its bonds under
strain. Since two adjacent molecules are separated in
the film by �4.2 Å, the molecular bonds can break to
forma bridge, resulting in a 2+2 cycloaddition between
C═C double bonds. This results in a C120 dimer, or
even higher order oligomers. Further, FTIR spectra of
the films exposed to air suggest the formation of C60-
Ox-C60 oligomers (Wang et al., 2014). The oligomeric
reductions of C60 have been identified by Raman spec-
troscopy, and are shown in Fig. 7.230 (Lebedkin et al.,
1998). The ability of C70 to photopolymerize is signifi-
cantly less, since it has only 10 C═C bonds, compared
with 30 in C60. Hence, there are fewer equivalent orien-
tations that C70 can take that result in photooxidation.
Also, given its lower symmetry, not all C70 packing
arrangements lead to dimerization. The stability of
SubPc:C70 (1:4) films is inferred from the lack of
changes in absorbance over 2000 h, in Fig. 7.226d.

Photo-oligomerization results in a decreased
exciton lifetime due to recombination at chemical im-
purities within the film. This, in turn reduces the
exciton diffusion length, ultimately resulting in a de-
crease in ηext in bilayer structures. Recall from

Section 7.1.4 that the process of exciton diffusion to
the HJ is described in steady state by

D
∂2N xð Þ
∂x2

� kexN xð Þ þ GðxÞ ¼ 0; ð7:217Þ

whereD is the exciton diffusivity,N(x) is their density
as a function of position, x, from the HJ, kex is the total
exciton recombination rate, and G(x) is the generation
rate (cf. Eq. 7.87). During device operation, a fraction
of non-radiative exciton recombination events results
in the formation of C60 oligomers. The fraction of
monomers remaining at time, t, is then

Γ x; tð Þ ¼ M x; tð Þ½ �
M0½ � ¼ 1� Γ∞ð Þexp �kFN x; tð Þt½ � þ Γ∞;

ð7:218Þ
where [M(x, t)] is the monomer concentration at
time t, [M0] is the initial monomer density, kF is the
oligomer formation rate, and Γ∞ is the percentage of
monomers that are unable to oligomerize due to their
particular energetic and chemical environments. In-
cluding the effects of C60 oligomerization, Eq. 7.217
becomes

D
∂2N x; tð Þ

∂x2
� kex;1 þ kF
� �

Γ x; tð Þ þ kex;n 1� Γ x; tð Þð Þ� �
�N x; tð Þ þ G x; tð Þ ¼ 0;

ð7:219Þ
where kex,1 is the exciton recombination rate on C60

monomers and kex,n is the rate on the oligomers.
The dependence of external quantum efficiency on

aging time for the SubPc/C60 HJ OPV is shown in
Fig. 7.228a, along with a schematic of the device struc-
ture in the inset, Fig. 7.228b. The spectral changes are
only evident in the portions of the spectra related to
C60; the SubPc peak at 600 nm remains nearly un-
changed. The most pronounced decrease is centered
at 450 nm, corresponding to the C60 CT state (see
Section 7.4.1). The disappearance of this feature is
consistent with oligomerization: if two adjacent C60

molecules share a CT state, this state will vanish once
the molecules form a dimer.
Themeasured ηext at 450 nm vs. aging time is shown

in Fig. 7.228b. Burn-in results in a decrease in effi-
ciency by nearly 50% after 5 h, which is followed by
a much slower, exponential roll-off. The fit to the data
using the quantitative analysis of Eq. 7.219 is shown
by the line, using a C60 singlet recombination rate of
106 s�1 (Kuhnke et al., 1997), kex,n¼ 6� 106 s�1, and an
oligomerization rate of 80 s�1. Further, it is assumed
that the asymptotic concentration of monomers is
Γ∞ ! 0, that is, there is complete oligomerization of

C120

C120O

C120O2

O

O

O

Figure 7.227 Possible C60 oligomers formed during exposure to air and/
or illumination (Lebedkin et al., 1998).
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the C60 over time (Burlingame et al., 2015). Note that
the functional form of the analysis is strikingly similar
to the sum of exponentials, with the burn-in rate
controlled by that for oligomerization.
Laser desorption induced time of flight mass spec-

troscopy was used to determine the relative concen-
tration of molecular species and reaction products in
the aged films. From this study, it was determined
that Γ∞ ¼ 10:4% was reached during aging. Com-
plete oligomerization, in practice is not possible
since individual molecules become isolated from
each other during the formation of intervening oligo-
mers. In any case, the formation of a high concentra-
tion of oligomers with considerably shorter exciton
lifetimes than in monomers results in a concomitant
decrease in diffusion length. In a bilayer structure,
this decreases the external efficiency accordingly.
Once the monomer population is effectively exhaust-
ed, the OPV efficiency decline translates into a slow
aging process having a different origin.
Beyond photo-polymerization, the chemical

changes during burn-in may have contributions
from complexation with the donor, or morphological
changes within the blends. For example, reactions
between the donor polymer, PCDTBT, and PC71BM

have been implicated in 40% loss of efficiency during
burn-in. Comparisons of encapsulated (oxygen-free)
devices using this BHJ blend employing a conven-
tional PEDOT:PSS anode with Al/Ca cathode struc-
ture, or an inverted ZnO NP cathode with a MoOx/
Ag anode, showed the same efficiency loss before
leveling off into a more gentle aging rate with an
extrapolated T80 ¼ 7 years (Mateker et al., 2015).
With no apparent dependence on contact arrange-
ment, morphology or exposure to oxygen, it is as-
sumed that the aging is due to changes in the bulk as a
result of increased resistance from recombination in the
active region. An additional observation is that regio-
random and amorphous PCDTBT films degrade more
rapidly than regioregular and more crystalline films,
presumably due to the higher density of the latter
morphologies that impedes intercalation by residual
impurities left after film preparation.
Self-terminating chemical reactions must be

responsible for burn-in since they occur over only
a limited duration. The C60 photo-oligomerization in
SubPc/C60 OPVs is one such self-terminating process.
A combination of FTIR and electron spin resonance
has shown that the early stage degradation of
PCDTBT:PC71BM BHJs is due to a combination of
complexation with the fullerene, and polymerization
(Tournebize et al., 2014). The weak C─N bond be-
tween the carbazole group and its octane side chain
in PCDTBT cleaves under illumination following the
reaction pathway in Fig. 7.229. It is notable that even
after 1500 h exposure to light in vacuum, the film
absorbance does not change significantly, eliminating
the possibility for photooxidation. The resulting car-
bazole radicals can undergo trapping by the fullerene.
Scavenging of the N─CH(C8H17)2 radicals by cross-
linking with PC71BM effectively terminates the reac-
tion. The result is a stable film chemistry and morph-
ology whose properties are unchanged by further
exposure to light over exceptionally long periods, as
found by the long-term stability of OPVs employing
this materials combination. No such termination oc-
curs in the pure polymer films, where formation of
long chain polycarbazole moieties continues to
completion.
The foregoing has shown that fullerenes are

implicated in several burn-in mechanisms, namely
dimerization and complexation. Furthermore, its
small diameter and symmetrical shape can lead to
time-dependent morphological changes in blends
with donors that also change the properties of the
active region. Considerable care is used to achieve
the optimum morphology in BHJs that promotes effi-
cient exciton dissociation as well as low resistance to
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charge extraction. While the former requires an intim-
ate and nearly homogeneous blend of donor and
acceptor molecules, the latter property is optimized
by the development of longer-range structural order
within the bicontinuous D-A network. These appar-
ently conflicting purposes and morphologies have
led to the development of mixtures containing both
amorphous and nanocrystalline, phase-separated re-
gions. The separation of two solids from a blend into
coexisting phases is known as spinodal decomposition.
This is accomplished through the choice of
molecular structures, the use of additives, thermal
annealing, etc. The resulting morphologies are meta-
stable. The addition of heat or illumination, there-
fore, can supply sufficient energy to cause structural
reorganization. The concomitant rapid change in
OPV characteristics due to spinodal decompositon
has been observed in, for example, PffBT4T-2OD
(also known as PCE11):PC61BM (1:1.2) active region
OPVs (Li et al., 2017a). The separation of two solids
from a blend into two coexisting phases is known as
spinodal decomposition. This process appears to be
active in the PCE11:PC61BM system.

The effects considered thus far are associated with
fullerene acceptors. By replacing fullerenes with
NFAs, dimerization, complexation, and morphologic-
al changes experienced by fullerenes are eliminated.
This has been found to be the case for P3HT:IDTBR
(Scheme 2) D-A OPVs. The aging data along
with those of a P3HT:PC61BM BHJ are shown in
Fig. 7.230. Both devices are fabricated by doctor-
blade application of the active material blends in
ambient. They form an inverted architecture with a
ITO/ZnO bottom cathode, and a PEDOT:PSS/Ag

anode (Gasparini et al., 2017). The burn-in transient
that results in a 30% reduction in ηP of the PC61BM-
based OPV during the initial 500 h of operation is
absent in the IDTBR-based device. Almost all of the
change responsible for the loss in PC61BM OPV effi-
ciency is due to a reduction in jSC, that we have
previously shown is due to photo-oligomerization.
While there is no burn-in loss in the NFAs, both
devices suffer from a long term monotonic decay in
FF and jSC, resulting in T80 � 5000 h for the NFA-
based cell. Hence, reducing burn-in loss does not
guarantee that the reliability of the devices will meet
the demands required of practical solar cells.

7.8.2 Contacts and other interfaces

Contact stability is a key determinant of device oper-
ational lifetime. This has been shown to be true for
OLEDs, and it is equally true for OPVs. Contacts must
form a very low and stable injection barrier where the
cell series resistance does not increase over time. The
contact should not undergo reactions with the organic

N

N

+

Carbazolyl radical

CHR2.

CHR2

N
H

N

N

H
Pure polymerBlend

N

λ > 300 nm

Figure 7.229 Scission of the carbazole group in PCDTBT in the presence of light results in the production of carbazolyl and CHR2 (R ¼ C8H17) radicals.
These can be trapped by the fullerene in the BHJ blend (left), or in the pure polymer, forming polycarbazoles indicated by the blue lines (right) (Tournebize
et al., 2014).
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layers, it should be free of pinholes, physically robust
(i.e. it should adhere strongly to the organic thin
films), and should be resistant to change when ex-
posed to trace contaminants remaining within the
package following device fabrication. Since contact
quality depends on so many factors, it is difficult to
separate contact-related aging phenomena that are
intrinsic (e.g. due to metal–organic interactions) or
extrinsic (e.g. arising from contamination or physical
defects). Hence, in studying OPV aging, its environ-
ment must be tightly controlled to enable a clear
understanding of the mechanisms for degradation.
Contact diagnostics are similar to those employed

in OLEDs (cf. Section 6.7.2). These include pulling or
peeling off the contact using scotch tape, microscopic
imaging to identify physical defects, thermal imaging
to locate hot spots due to current crowding, and EL
and PL imaging of the OPV active region. Dark re-
gions under forward bias indicate a high rate of non-
radiative recombination that do not generate photo-
current when reverse biased. Thus, monitoring the EL
intensity over time provides a quantitative measure-
ment of how the active OPV area is evolving. If the
ratio of the time dependent photocurrent to EL inten-
sity, EL(t), given by R tð Þ ¼ jSC tð Þ=EL tð Þ, is constant, it
is likely that the loss of contact area is the source of
degradation in the OPV. In contrast, when R(t) < 1,

then there are additional sources of EL loss due to
recombination in the bulk of the active region beyond
a simple reduction in contact area (Seeland et al.,
2011). The photoluminescence intensity is also a func-
tion of bulk recombination, and hence PL imaging of
the OPV can be used along with EL to separate con-
tact from trap-related recombination within the BHJ.
Figure 7.231 shows a plot of ηP vs. the residual

active area of a p-i-i ZnPc: C60 cell with the structure
shown in the inset after extended exposure to simu-
lated solar illumination. The device is capped by a
degassed, 175 μm thick PET film attached to the glass
substrate by a bead of UV-cured epoxy along its
edges. As discussed in Section 6.7.5, PET and similar
polymer films do not form a substantial barrier to
atmospheric constituents, which undoubtedly ac-
count for many of the defects that grow during ex-
posure. The residual area over time is determined
from the total EL intensity obtained under forward
bias. An image of an aged contact is shown in the top
inset, Fig. 7.231. The linear relationship between ηP
and the active area indicates that R(t) = 1. That is,
the degradation in efficiency is due to the loss of
active area, possibly due to infiltration of water
through pinholes in the Al contact.
Example EL and thermal images of 0.5 cm2 contacts

to PCDTBT:PC61BM OPVs after aging are shown in
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Fig. 7.232. Immediately following fabrication in a con-
trolled, clean environment, the devices show feature-
less contact images, with no evidence for pinholes or
hot spots that would arise from current non-
uniformities (Seeland et al., 2011). However, numer-
ous features emerge over time. They appear whether
the devices are stored in the dark or operated at
elevated temperatures. The integrity of the package
and the choice of contact metal impact the degree and
rapidity of defect formation. The packages comprised
two glass layers bonded at their periphery using
thermo-setting epoxy. It is found that a bareAl cathode
exposed to air during aging exhibits several pinholes
(dark spots, Fig. 7.232a) and hot areas (white regions,
Fig. 7.232b), along with variations in EL intensity
across the device. In contrast, packagedOPVs employ-
ingTiOx/Al cathodes are almost featureless after aging
(Fig. 7.232c and d). The pinholes tend to grow with
time since they allow water and oxygen to enter the
active region, as well as by oxidizing the Al contact.
This promotes photobleaching of the active region.
This increases the contact resistance around the perim-
eter of the pinhole, causing an increase in local tem-
perature andmetal delamination. Preventing exposure
to atmosphere in the packaged devices eliminates
many of these problems. Interestingly, the devices
close to the edges of the package (i.e. near the epoxy
seal) had a noticeably higher defect density than de-
vices near the center. This suggests the solar cells are
vulnerable to environmental exposure; presumably

devices near the edge are contaminated by diffusion
fromwater and oxygen sooner than are devices deeper
within the package. Indeed, the devices near the edge
may themselves getter oxygen and water, fixing it at
locations distant from the other, longer-lived OPVs.
The OPV characteristics do not age nearly as fast

for the TiOx/Al cathodes as for the bare Al cathodes,
evenwhen packaged. Finally, TiOx/Ag contacts show
a much higher concentration of non-uniformities
than do the Al contacts. Silver rapidly migrates
through the organic layers, creating current shunts
that render large areas of the device inactive (Roesch
et al., 2013, Song et al., 2015). The shunts result in
the large bright regions across the device area in
Fig. 7.232e and f.
The TiOx buffer placed immediately beneath the

metal contact serves multiple purposes illustrated in
Fig. 7.233. As described in Section 7.4.1, the buffer acts
as an optical spacer, an exciton blocker and electron
transporting medium, and it protects the active region
from damage during metal contact deposition. The
electron-conducting TiOx extends the device lifetime
since it is considerably denser than the organic layers,
and as such it forms a barrier to oxygen and water.
Furthermore, since the layer is oxygen-deficient, it can
scavenge oxygen from both the active region as well
as from the interface with the metal contact (Lee et al.,
2007). The metal oxide layer deposition from solution
is illustrated in the right inset, Fig. 7.233. A precursor
of Ti(IV) isopropoxide (TiOR ¼ Ti[OCH(CH3)2]4) is
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Figure 7.231 OPV efficiency vs. active area determined via EL imaging under 1 sun intensity white illumination. Top inset: Example contact image showing
dark spots. Bottom inset: p-i-i OPV structure used in the experiments. The BF-DPB layer is p-doped with C60F36. Adapted from Klumbies et al. (2014).
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hydrolyzed by mixing with 1-methoxyethanol and
ethanolamine. After spin casting the solution onto
the OPV surface, it is annealed in air at 80°C for 10
min to form a 30–40 nm thick film.
The ability of TiOx to act as a barrier and as an

oxygen getter is inferred from the data in Fig. 7.234,
where TiOx was used to protect polyfluorene (PF)
films that are highly vulnerable to photooxidation
(cf. Fig. 7.225). The samples prepared for this test
were: glass/PF, glass/TiOx/PF, glass/PF/TiOx, and
glass/TiOx/PF/TiOx. Figure 7.234a, upper panel,
shows the PL intensity of PF for the freshly prepared
samples. The bare PF film shows the emergence of a
strong, secondary emission peak at 550 nm after

exposure to air at 150°C (Fig. 7.234a, lower panel).
The peak intensity is dramatically reduced, or even
eliminated for the glass/PF/TiOx, and glass/TiOx/
PF/TiOx samples. Hence, the TiOx cap retards oxida-
tion. The peak intensity for the glass/TiOx/PF sample
is below that of the bare PF film. Thus, even when
oxygen permeates the PF, it can be captured and ren-
dered inactive byTiOx buried beneath its surface. These
findings are reinforced by the XPS spectra of the O1s

peak normalized to C1s in Fig. 7.234b for bare and
cappedPFfilms after 48 h exposure at high temperature
in air. The spectra were obtained after removal of the
cap. They show that there is very little oxygen in the
capped film compared to the bare PF, indicative of
the barrier-forming properties of the buffer.
When the active region is heated above the glass

transition temperature of a constituent material, the
blend can locally separate, with one or more molecu-
lar constituents migrating toward the contacts. In
some cases this introduces a barrier to charge extrac-
tion at the electrodes. Figure 7.235 shows the aging
schedule of two PC61BM-based BHJ devices in the
conventional, top cathode configuration. One device
employs the donor P3HT with a Tg ¼ 56°C, and the
other uses PCDTBTwith Tg¼ 125°C and 130°C for the
thin film and bulk, respectively. In acquiring the data,
the devices are brought to temperature and held for
3 h before the temperature is raised by another 10°C,

(a)

(b)

(c)

(d)

(e)

(f)

Figure 7.232 Thermal (grayscale) and electroluminescent (color) images
of 0.5 cm2 PCDTBT:PC61BM OPV contacts following aging under different
conditions. (a, b) Unpackaged devices employing TiOx/Al contacts aged
for 1100 h at 1 sun intensity, (c, d) Packaged devices employing TiOx /Al
contacts aged for 1150 h at 1 sun intensity. (e, f) Packaged devices
employing TiOx /Ag contacts aged for 1150 h at 1 sun intensity. The
temperature is highest in the white regions of the thermal images. The EL
images range from red (most intense) to blue (no EL). Red boxes in (c) and
(e) indicate regions where ηext of the devices were measured (Roesch
et al., 2013).

Reprinted from Solar Energy Materials and Solar Cells, 117, Roesch, R.,
Eberhardt, K.-R., Engmann, S., Gobsch, G. & Hoppe, H., Polymer solar cells
with enhanced lifetime by improved electrode stability and sealing, 59-99,
Copyright 2013, with permission from Elsevier.
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all the while monitoring VOC. When T � 57°C for the
P3HT-based OPV, there is a noticable decrease in VOC

during the holding period. This is observed at 127°C
for the device comprising PCDTBT. The changes in
VOC, therefore, occur at or very near to the Tg of the
respective materials. By peeling off the cathode using
scotch tape following the tests and then replacing it,
the original device characteristics are recovered. The
decrease in VOC at Tg appears to be indpendent of
cathode material, including MoO3/Ag and PEIE/Ag.

These findings suggest that the donor migrates to
the cathode and forms a very thin barrier to electron

transport from the acceptor. However, this inference
is not directly supported by spectroscopic evidence. It
is notable that the changes in VOC are not encountered
in inverted devices, where the cathode is on the sub-
strate surface. In that configuration, the donor would
selectively migrate toward the top surface that is
capped by the anode, thus eliminating the formation
of the energy barrier to electrons at the cathode
(Sachs-Quintana et al., 2014).
To summarize this discussion, the aging charac-

teristics of OPVs are strongly influenced by the con-
tacts, that can be protected by encapsulation
impermeable to atmospheric exposure, particularly
to O2 and H2O. There are numerous pathways to
failure originating from the choice of active region
and contact metals, the chemical interactions at the
interfaces between them, and their reaction with
contaminants. Furthermore, combining materials
with substantially different bulk moduli and coeffi-
cients of thermal expansion creates strain that results
in morphological defects such as voids and fracture
induced by changes in temperature or mechanical
flexing. The effects of stress on various device re-
gions are illustrated in Fig. 7.236. The value of or-
ganic electronic devices, and particularly OPVs, is
partially due to their ability to be scaled to very large
sizes, and to be fabricated on flexible, lightweight
and often stretchable surfaces (Lipomi and Bao,
2011, Savagatrup et al., 2015). These substrates can
introduce significant stresses on organic films and
their encapsulants that are not ordinarily experi-
enced by brittle, inorganic semiconductors.

7.8.3 Encapsulation

While we have seen that materials, morphologies,
device architectures, interfaces and contacts all play
roles in determining reliability of OPV modules, ul-
timately, these features are vulnerable to deterior-
ation if exposed to the environment. The modules
must last for at least 20 years in environments
that range from bitter cold (�40°C) to extremely hot
(100°C), and from arid to tropical. The modules may
be subjected to bombardment by sand and hail, and
severe wind loads as well as heavy coatings of snow.
The list of environmental hazards is extensive, placing
extreme demands on organic thin film solar cells that
are comprised of what are generally believed to be
rather fragile, carbon-based semiconductor materials.
Thus, cell and module packaging must withstand the
most adverse circumstances while also being low cost.
Fortunately, a great deal of experience has

been gained in packaging from the manufacture of
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long-lived OLED displays and lighting appliances. Of
course, the environments encountered by OLEDs are
not nearly as challenging as for solar cells, but flexible
and lightweight encapsulation schemes, along with
sophisticated methods for their evaluation have been
developed. Many of these solutions are described in
Section 6.7.5. We extend that discussion here, focus-
ing on technologies adapted specifically to packaging
and large-scale manufacturing of OPVs.
Adverse environmental exposure can lead to cata-

strophic package failure. Figure 7.237 shows the

failure of a UV-cured, epoxy sealed glass package
used to encapsulate small molecule OPVs in
Fig. 7.220. The devices were continuously aged
under open circuit conditions out-of-doors at Sde
Boqer in the Negev Desert, Israel. The data from
four devices shows a spread in diurnal efficiencies
with the devices held at a fixed angle of 30° relative
to the horizon. Rainfall on day 108 damaged the
package seal, initiating a rapid decline in efficiency.
This was due to a similarly rapid reduction in jSC,
with VOC and FF largely unaffected by the package
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failure. The vulnerability to variable weather events is
but one of many challenges that must be overcome by
environmentally robust, yet inexpensive encapsula-
tion technologies.

Flexible packagesmust have at least one transparent
surface. This can be provided by a plastic foil with an
inorganic barrier layer that retards or eliminates pene-
tration into the active device region (Dennler et al.,
2006). In Sections 5.8 and 6.7.5, we discussed the pro-
cess of contaminant ingress through multilayer barrier
coatings embedded in polymer substrates. By inter-
leaving impermeable, thin inorganic layers between
organic layers, the contaminant must diffuse along an
extended, circuitous path between defects in succes-
sive layers before it enters the cavity containing the
active device (Graff et al., 2004). While the multilayer
cannot prevent the eventual entry of contaminants
since there is always a finite density of defects in
every film, the time needed to reach the device may
be sufficiently long to enable the intended application.
An alternative, impermeable flexible encapsulant is
very thin glass, although this is quite fragile and pos-
sibly unsuitable for solar cell applications. The second
surface may or may not need to be transparent, and
hence a second plastic barrier, or metal foil, respective-
ly, can be employed for this purpose.

A coating is characterized by its water vapor trans-
mission rate (WVTR) and oxygen transmission rate
(OTR) (see Section 5.8). Suitable coatings for long-
lived operation needed in OPVs have WVTR �
10�5–10�6 g/m2-d and OTR < 10�1 cm3/m2 d atm.
TheWVTR of a package can be determined using a Ca
sensor layer. A water sensitive test coupon comprises
a thin Ca layer deposited on a glass substrate. In the
example device in Fig. 7.238, top inset, the active re-
gion (here represented by a single C60 layer, lower

inset), followed by the BPhen exciton blocker and Al
contact are deposited on the Ca surface. Calcium
corrodes by contact with two water molecules to
form Ca(OH)2 (Cros et al., 2006). The complete hy-
drolysis requires 1.4 g(H2O)/cm3(Ca). Thus, the 60
nm thick layer is converted to Ca(OH)2 by 8.4 μg/
cm2 of H2O. Since Ca is a conducting, opaque metal,
and Ca(OH)2 is a transparent insulator, water pene-
tration results in significant changes in both its optical
and electrical characteristics.
The Ca test was used to investigate the barrier

formed by the Al/Bphen layer of the devices in
Fig. 7.231 when exposed to 50% relative humidity
(RH) at 65°C. Figure 7.238, upper inset, shows a micro-
graph of the Ca layer (as viewed through the glass
substrate) in the region surrounding a small defect in
the Al cathode. The defect is apparently a pinhole
located at the center of the corroded area that allows
water to penetrate to the Ca layer, locally converting it
to Ca(OH)2. The corroded area grows as the water
content increases. Interestingly, the amount of water
penetrating to the test layer is proportional to its ra-
dius, not the area of the defect. This results since the
water molecules must diffuse laterally to reach areas
not directly beneath the defect itself. The extent of the
diffusion region, therefore, depends on the length of
the defect periphery. Another finding is that the
amount of water in the OPV active region at T50 is
2.0 μg/cm2, independent of the exposure of the de-
vices to a combination of temperatures between 38°C
and 65°C and relative humidity between 11% and
90%. This is unsurprising since the damage to a con-
stant volume of active material by H2O is ultimately

η
P 

(n
or

m
.)

Package 
failure

1.2

1.0

0.8

0.6

0.4

0.2

0.0
0 20 40 60 80 100 120

Time (d)

Figure 7.237 Normalized ηP for a population of four DBP:PC71BM
OPVs vs. time spent outdoors. Package failure occurred on day 108. After
Burlingame et al. (2016).

4

2

0
0 2 4

Defect Radius (μm)

W
at

er
 In

gr
es

s 
(1

0–9
 g

.d
–1

)

corroded area

Ca

defect

65°C/50 % rh
100 μm

barrier

device

Al (100 nm)
BPhen (6 nm)

C60 (100 nm)

Ca (60 nm)

glass

Figure 7.238 Water vapor transmission rate vs. defect radius. Upper
inset: Micrograph of a defect in the center of a corroded area. The defect
itself is much smaller than the yellow corroded area. Lower inset: Test
coupon used to measure WVTR. After Klumbies et al. (2014).

7.8 RELIABILITY OF ORGANIC PHOTOVOLTAICS 775



determined only by the concentration of H2O within
that volume (Klumbies et al., 2014).
Table 7.29 shows the WVTR of several different

encapsulant lids that are epoxy-sealed to a glass sub-
strate carrying the devices in Fig. 7.231. The device
without an encapsulant only has BPhen/Al cathode
as a barrier, whereas there are several different pack-
age lids employing different combinations of PET and
reactively sputtered zinc-tin-oxide (ZTO). The triple
barrier layer comprises two, 100 nm thick ZTO layers
forming a sandwich with a 500 nm SiOxCyHz plasma-
deposited polymer layer. The package employing a
glass lid has the lowest WVTR due entirely to water
penetration of the thin UV-cured epoxy bead around
its periphery.
A population of devices encapsulated by these

different lids were exposed to 1 sun intensity illu-
mination at RH ¼ 5.5% using ISOS-L-1 conditions
(i.e. at open circuit, see Table 7.28). The normalized

short circuit current vs. total water penetration for
the devices is shown in Fig. 7.239a. There, jSC tð Þ fol-
lows the stretched exponential of Eq. 7.212, indicat-
ing that there is no discernable difference between
burn-in and long term degradation: the device per-
formance monotonically depends on the amount of
water to which it is exposed. In the figure, the T50 of
each device was different; curves to the left have lower
WVTR, and hence have a larger T50, than curves to the
right.
With only the exception of the glass lid device, the

shape of the curves is approximately the same, with
almost no change in jSC until a threshold is reached,
after which the device rapidly degrades. This sug-
gests that once a threshold concentration of H2O has
entered the active region, rapid degradation follows.
The water volume that is required to reach T50 for
each encapsulation is indicated in the plots. Degrad-
ation occurs at smaller water ingress as theWVTR of a
package is reduced. For both the glass and 245 nm
thick ZTO-coated PET, the amount of water pene-
trating to the device is insufficient to lead to complete
degradation (i.e. to T0) over the 1150 h duration of
the experiment. The thick, single layer ZTO is more
effective than even the three-layer ZTO/organic/
ZTO barrier. Presumably, when the ZTO reaches
a critical thickness, the total defect area drops
dramatically (da Silva Sobrinho et al., 2000). Never-
theless, some formation of defects is unavoidable.
Thus, as expected, the best performance is obtained
for the fully glass encapsulated OPV.
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Table 7.29 Water vapor transmission rates into the devices in Fig. 7.231
using different package lids (Hermenau et al., 2012)

Encapsulation WVTR (g/m2 d)

None 6.9

125 μm PET 0.43

125 μm PET + 100 nm ZTO 0.02

125 μm PET + triple barrier layer 0.0014

75 μm PET + 245 nm ZTO 3.7 � 10�4

Glass 3.9 � 10�5
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The result in Fig. 7.239a is counterintuitive. Why
would a lower WVTR require less water to degrade
the device (albeit over a longer time) than if the bar-
rier to water penetration is reduced (i.e. in a device
with no encapsulation)? This apparent contradiction
is understood if there is more than the single barrier to
water. One barrier (the encapsulation) is far more
resistive to water penetration than the secondary bar-
rier (the cathode). The time to penetrate the lid is much
longer than to overcome the 100 nm thick Al cathode,
and hence the former dominates the time to device
failure. Once the moisture enters the package, how-
ever, it rapidly moves into the device active volume,
since the cathode presents only a small additional time
delay. SinceWVTR is a measure of the conductance of
the barrier to water, the total resistance to water pene-
tration of the two barriers is simply: 1=WVTRtotal ¼
1=WVTRlid þ 1=WVTRAl. Using WVTRAl ¼ 8 � 10�4

g/m d, the data in Fig. 7.239a are replotted to account
only for the transmission of the lid,WVTRlid, as shown
in Fig. 7.239b, where all the curves now overlap
(Hermenau et al., 2012). This corroborates the hypoth-
esis that the devices fail once a fixed amount of water
has entered the package.

Encapsulations employing a plastic lid or sub-
strate still fall well short of the performance of
glass packages, with none showing the endurance
required for operation longer than a few weeks or
months when tested using ISOS-D-3, L-2, and L-3
conditions (Corazza et al., 2014, Voroshazi, 2014).
Furthermore, sensitivity to UV light of many poly-
mers results in their discoloration and embrittle-
ment, leading to additional routes to package and
device failure. We have seen that even the epoxy
seal can fail catastrophically when exposed to ad-
verse environments commonly encountered out-of-
doors, and has a WVTR that in itself is too high for
exterior use. Until these problems are solved, it is
expected that OPVs will not be found in the most
demanding conditions now dominated by commod-
ity Si solar cells. There are many large niche appli-
cations, however, that do not require such a high
degree of robustness. As discussed in previous sec-
tions, building integrated PV such as power gener-
ating windows, and even in some building applied
PV applications, the harsh conditions faced by large
power generating plants can be avoided. These
niches are potentially enormous, and the low cost,
lightweight, flexibility and most importantly, the
semitransparency of OPVs are possibly the best
choice for filling these needs.

7.9 Scaling up to modules

The primary challenges in scaling to modules are the
reduction of series resistance, and the adaptability
of the process to volume, low-cost and high yield
manufacturing. We have briefly touched on both of
these topics in previous sections. Series resistance
primarily originates from the transparent contact. In
Section 7.4.2 we have shown that there are several
approaches to reducing series resistance while main-
taining transparency, but none supersede the per-
formance of ITO due to its combination of high
transparency and conductivity. Yet ITO substantially
limits the ability to scale the devices to modules due
to both its high sheet resistance and cost. Further-
more, ITO is a brittle metal oxide, limiting the bend-
ing radius that can be tolerated before cracking. While
deposition of OPVs on flat glass substrates may pro-
vide a solution for specialized applications, a consid-
erable focus of research has been on developing
continuous roll processes. While this is the path to
realizing low cost, volumemanufacturing, the flexible
packaging required for R2R production are not suffi-
ciently robust to withstand harsh exterior environ-
ments over long periods.
Here we discuss contact designs used for large

modules, and some of the features of current R2R
manufacturing. For this latter topic, we rely on the
discussions of both Chapters 5 and 6, while in the
following we describe only those issues that are spe-
cific to the scalable manufacture of organic solar cell
modules in a continuous web environment. Batch
manufacturing on large glass plates is a well-
developed technology for the display industry.
In the context of multijunction cells in Sections 7.1.2

and 7.5, the power losses due to cell series resistance
follow

�Ploss ¼ I2Rser: ð7:220Þ
Thus, series-connected cells in modules are preferred
over parallel-connected cells to minimize losses. An
illustration of a typical cell arrangement in a module
is shown in Fig. 7.240. The module consists of a 5 � 5
array of individual cells in a series-parallel circuit. The
series strings are along the columns, and are connect-
ed in parallel by the bus bars at the front and back of
the module. Sub-electrode metal contacts overcoat the
exposed ITOedges tominimize contact series resistance
(Park et al., 2010b). The use of a combination of series
and parallel connections prevents the voltage from get-
ting so high that arcing, or difficulties in interfacing
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with the control circuitry, become problematic. Thus,
for a single cell operating at its MPP voltage,VM, the 25
OPV array output voltage is 5VM.
The series circuit is realized by connecting the

anode of one OPV with the cathode of the adjacent
device, as shown in detail in Fig. 7.241. The step
made by the cathode from the bottom ITO contact
on one cell to the top of the organic layer creates
optically inactive regions that allow for alignment
tolerances, and provide a sufficiently large anode-
cathode contact to minimize series resistance.
The aperture ratio, or geometric fill factor, is
GFF ¼ Acell=Atot, where Acell is the active area of the
cell, and Atot is the total footprint occupied by each
solar cell including inactive regions. For a cell of
width, W, and length, L, then from Fig. 7.241 we
have GFF ¼ L= Lþ�Lð Þ, where �L is the distance
between cell active regions along the x-direction.
The module power conversion efficiency is

ηP;module ¼ ηP;cell·GFF ¼ ηP;cell
L

Lþ�L
: ð7:221Þ

One of the challenges in module design and fabrica-
tion is to minimize �L.
Power loss due to series resistance of an individual

cell was calculated in Section 7.3.3. The analysis for
a module extends that treatment to account for add-
itional losses due to the layout of the series-connected
array. In addition to the series resistance of the con-
tacts of the individual cells, power losses in the mod-
ule also must include contributions from the anode

and cathode bridges of lengths LBA and LBC, respect-
ively, and the contact resistance of the cathode-anode
contact (Hoppe et al., 2012).
If we consider the cell itself to be a distributed source

generating an incremental current at point x (see
Fig. 7.241) of dI V; xð Þ ¼ j Vð ÞWdx where W is the
contact width, then the total current at x is
I V; xð Þ ¼ j Vð ÞWx. It follows that the incremental
change in resistance is dR ¼ R□dx=W, yielding a total
power loss from the contact sheet resistance, R□, of

�Psheet ¼ R□

W

ðL
0

I Vð Þ2dx ¼ R□

W

ðL
0

j Vð ÞWx½ �2dx

¼ I Vð Þ2 R□L
3W

� 	
:

ð7:222Þ

Thus the total sheet resistance from the contact of
length L is

Substrate

Organic active layer
Metal cathode

0

Transparent anode

x
ΔL

LBC LBA

L

Figure 7.241 Schematic of the series connection of an OPV of active
region length, L, to its neighbors. Note how the cathode must be
deposited to connect the bottom transparent anode to the top of the
organic active region.

Glass

Al cathode

Al cathode

Organic Film

Sub-electrodeParallel
connection

Series
connection

Organic Film

Sub-electrode

ITO

(a)

(b)

Figure 7.240 (a) Edge and (b) top views of an OPV module connected in a series-parallel circuit (Xiao et al., 2015).
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Rsheet ¼ R□L
3W

: ð7:223Þ

A similar analysis yields the bridge resistances of

RBA;C ¼ R□A;C
�L
3W

; ð7:224Þ

where it is assumed that both the anode and cathode
(subscripts A and C, respectively) bridge lengths are
equal, but their sheet resistances, R□A;C, are not. The
contact between the anode and cathode also contrib-
utes resistance,

RC ¼ ρC
3

W�L
; ð7:225Þ

where ρC is the contact resistivity.
These resistances can be independently measured

on the substrates used in the modules. Similarly, the
device properties are derived from their j(V) charac-
teristics. From the latter, ηP,cell is calculated in the
usual manner. Finally, the module efficiency is
found from Eq. 7.221.

This analysis is used to optimize the layout by
minimizing both �L and R□ through appropriate
materials choices, device structure, etc. It has been
applied to P3HT:PC61BM solar cells to evaluate the
performance of different anodes (ITO, PEDOT:PSS)
and substrates (PET and glass). Table 7.30 lists meas-
ured values of R□ and ρC. With these parameters in
hand, along with the characteristics of the individual
OPV cells, the module efficiency is calculated as a
function of L and�L assuming ITO bridge lengths of
LBA¼�L/3 andW¼ 5 cm. The results are plotted for
Rser (which is the sum of Eqs. 7.223–7.224), FF and ηP

in Fig. 7.242. The result is for ITO on glass, with a
maximum individual cell efficiency of 4%. The re-
duction in ηP with L and�L is due to the reduction in
FF, since both jSC and VOC are largely unaffected by
the series resistance. The Rser is almost entirely dom-
inated by the ITO sheet resistance, increasing with
the length of the anode bridge and the cell. It is noted
that the cell efficiency in the module drops by over
30% as the cell length is increased to 2 cm, and the
distance between cells to 0.5 cm. Not surprisingly in
view of Table 7.30, the erosion in efficiency is far
more pronounced for ITO on PET, and by using
PEDOT:PSS to replace ITO (Hoppe et al., 2012).

Figure 7.243 shows data from a module comprising
a 5� 5 array of 1 cm2 tandem cells in Section 7.3.3 (see
Fig. 7.84 and 7.240). The dominant contribution to the
series resistance from ITO is reduced using a Ag sub-
electrode bus bar around 95% of the device perimeter
(Park et al., 2010b), thereby reducing the total contact

resistance to only 30% of that for a 1 cm2 cell without
sub-electrodes. Furthermore, a sub-electrode is em-
ployed around each individual cell in the array.

Table 7.30 Sheet and contact resistivities for common materials used in
OPV modules (Hoppe et al., 2012)

Material Layer thickness R□ (Ω/sq.)

Al 135 0.16

ITO on glass 150 12.5

ITO on PET 150 50

PEDOT:PSS PH1000 150 100

Material ρC with Al (mΩ cm2)

ITO on glass 11

ITO on PET 17

PEDOT:PSS PH1000 200
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FF (%)

ηP (%)
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Figure 7.242 Efficiency of P3HT:PC61BM solar modules as functions of
individual cell lengths, L, and separation distances, �L, assuming LBA =
1/3�L (Hoppe et al., 2012).
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A photograph of the module fabricated by shadow
mask patterning on a glass substrate is shown in
the inset of Fig. 7.243a. For a column of five discrete
cells connected in series, VOC = 8.45 V, which is
within 0.5% of the sum of VOC for 5 individual
cells, while the short-circuit current of a column is
7.5 mA, the same as for the total discrete cell cur-
rents. The I-V characteristics of these components
measured under 1 sun, AM1.5G simulated illumin-
ation are shown in Fig. 7.243a. The characteristics
indicate that resistive losses are minimal in the
module compared to that of the individual cells
due to a combination of the use of tandem cells,
sub-electrodes, and an optimized circuit layout. The
difference between the experimental and fitted I–V
characteristics for the module is due to differences
in individual device performances from variations
in film thickness and contact resistances across the
module. Under simulated AM1.5G illumination at
one sun intensity, the module output power is 162
mW with ISC ¼ 36 mA, VOC ¼ 8.45 V, and FF ¼
53%, corresponding to ηP ¼ 6.5%. Correcting the
efficiency for a GFF � 0.46, the module efficiency
is ηP,module ¼ 3.0% (Xiao et al., 2015). The vacuum
deposition process results in a 100% discrete cell
yield, as shown in Fig. 7.243b. The efficiency of the
discrete cells range from 6.7% to 7.2%, with a vari-
ation less than 10% across the module.
There are two principal remedies to closing the gap

between the cell and module efficiencies. The individ-
ual cells must be kept as small as possible without
unduly affecting GFF due to gaps between cells, and
the anode resistance must be reduced. We found in
Section 7.4.1 that there is not a lot of improvement
expected by replacing ITO with alternative materials
such as Ag nanowires. Hence, an attractive approach
used in OLEDs and in OPVs is to embed a thin metal
grid (laid out as streets and avenues, or honeycombs)
in the ITO or PEDOT:PSS layer (Zhou et al., 2014).
This can significantly reduce sheet resistance, al-
though it increases fabrication complexity since the
transparent layer added to the gridmust planarize the
surface to avoid non-uniformities in the subsequently
deposited device active regions.
Large volume manufacturing that will ultimately

make OPVs a viable technology has been extensive-
ly explored for solution-processed materials. Rapid
module production is achieved by continuous R2R
thin film deposition on flexible plastic (generally
PEN or PET) substrates. Several solution-based R2R
deposition methods have already been discussed in
Chapter 5, and are reviewed elsewhere (Krebs, 2009).
Patterning of the electrode on the substrate is the most

challenging step, since the other layers including the
organic and counter-electrodes are deposited over the
full surface. The final step is encapsulation, which also
must be done in the R2R environment to avoid slow-
ing the rate of material output. Indeed, continuous
deployment of reels of substrate material requires
that all layer depositions and patterns, independent
of material or film thickness, must occur at the same
rate, again to avoid slowing or intermittently halting
the fabrication process.
Several example electrode patterning processes

are shown schematically in Fig. 7.244. Transparent
electrode processes are provided in Fig. 7.244a–c,
and opaque substrates used for devices with trans-
parent top contacts are in Fig. 7.244d and e. The
layers are applied in ambient on a continuous, 305
mm wide PET web. The most common anode is ITO,
which is also the most difficult to pattern. The sub-
strate in Fig. 7.244a is supplied with a full surface
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Figure 7.243 (a) Experimental (circles) and calculated (solid lines) I–V
characteristics of a discrete, 1 cm2 tandem OPV on the module (black),
a column of 5 cells connected in series (light blue), and the entire
module (dark blue) under 1 sun illumination. Inset: Photo of the OPV
module. (b) Efficiency distribution of discrete OPV cells across the module
(Xiao et al., 2015).
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coating of sputter-deposited ITO. Screen printing is
used to apply an etch resist, which is stripped by wet
chemical or dry processing, and then the remaining
resist is removed, also via plasma processing. The
ZnO cathode layer is applied from solution via slot-
die coating. This, and other coating and patterning
methods are described in Section 5.6. A simpler pro-
cess employs only two layers (Fig. 7.244b). Here,
PEDOT:PSS is applied via rotary screen printing,
which comprises a cylinder with a screen whose
pattern matches that to be transferred. The solution
is continuously pushed through the screen with a
squeegee, after which the film is dried. Again, the
ZnO is applied by slot-die coating, with the pattern
slightly offset from the underlying PEDOT:PSS to
allow for contact to this layer. Figure 7.244c shows the

patterning of a Ag NP grid cathode. It begins by flexo-
printing of the Ag NP or Ag nanowire solution. Flexo-
printing employs a soft stamp whose raised areas de-
fine the pattern. Ink, in this case the Ag NP solution, is
continuously applied to the stamp roller, and is trans-
ferred to the substrate as it is rolled through (Krebs,
2009). Then the PEDOT:PSS and ZnO layers are added
as before.
Reflective substrate coatings start, as shown in

Fig. 7.244d by application of Ag contacts on the edge
of the sheet using flexo-printed Ag NPs. The cathode
stripes are subsequently patterned using slot-die coat-
ing, and completed by a layer of ZnO. A simplified
version of this process replaces the Ag stripes with a
composite solution of Ag nanowires (NW), plus ZnO
using rotary screen printing.

1. ITO full layer
(e.g. vacuum sputtering)

2. Etch resist
(screen printing)

3. Etching/stripping
(+ cleaning)

4. ZnO
(slot-die coating)

2. ZnO
(slot-die coating)

3. ZnO
(slot-die coating)

3. ZnO
(slot-die coating)

1. PEDOT:PSS
(rotary screen printing)

2. PEDOT:PSS
(rotary screen printing)

1. Ag grid
(flexo printing)

1. Ag contacts
(flexo printing)

1. Ag contacts
(flexo printing)

2. AgNW/ZnO hybrid
(rotary screen printing)

2. Ag stripes
(slot-die coating)

(a)

(b)

(c)

(e)

(d)

Carrier foil

Figure 7.244 Several processes for patterning either (a–c) transparent or (d, e) opaque reflective electrodes. The demonstrations of these methods are on
a 305 mm wide PET web. Details of each process are provided in the text (Hösel et al., 2014).
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A further method of patterning that can be inte-
grated into theR2R system is laser scribing. Laser thermal
ablation can selectively remove layers at several stages
of the fabrication sequence, depending on the layer
absorption spectrum and the laser wavelength. This
process can result in cuts only a few microns wide,
potentially achieving GFF > 98%. Laser ablation has
been used tomake small (3–10 devices)moduleswith a
500 kHz train of 350 fs pulses at peak energies of 16 μJ
and 6.4 μJ at the fundamental wavelength of 1040 nm
and thefirst harmonic at 520 nm, respectively. The two
wavelengths are selectively absorbed within different
layers of the structure. It is estimated that the laser can
produce modules at a rate of 1 m/s in a volumemanu-
facturing facility (Li et al., 2014).
Photographs of the results of each of the printing

processes in Fig. 7.244 are shown in Fig. 7.245.
There are six modules on each 12” � 12” sheet.
Solution-processed R2R coating proceeds at rates
that vary from < 1 m/min to up to 100 m/min.
The layer thickness control and patterning reso-
lution tend to decline as the translation speed is
brought into the upper range. As noted previously,
the printing processes must be capable of dispens-
ing adequate amounts of materials at the requisite
web translation speed, and the equipment must be
kept free of excess material accumulation and clog-
ging during the manufacturing cycle. The rate of
cell fabrication is limited by the slowest step in the
continuous chain.
A compilation of performance of single devices

and modules fabricated by the methods in
Fig. 7.244 is provided in Table 7.31. The devices em-
ploy various transparent conductive electrodes and
donor polymers. The active regions are BHJ blend

films with PC61BM as the acceptor. The performance
of both the single cells produced on a laboratory
scale “mini-roll coater”, as well as the larger mod-
ules fabricated on the 305 mm system fall short of
similar devices produced by batch mode processing.
There are many reasons for the drop in efficiency,
many of which have already been touched on. The
increased contact resistance, loss of active area be-
tween cells, compromises made in choice of print-
able electrode materials and substrates, all conspire
to decrease solar cell performance. Additionally, the
R2R process proceeds in ambient. A consistent find-
ing for all semiconductor devices, not just organics,
is that ultrahigh purity source materials and an ab-
sence of contamination in the processing environment
are essential ingredients for achieving high perform-
ance and long-term device stability. Exposing active
materials to the atmosphere, which in itself is a poorly
defined environment that changes from day to
day, initiates the photooxidation process before the
devices are encapsulated. The substrates, too, need to
be baked out prior to use to eliminate moisture and
other contamination that can outgas into the encapsu-
lated device. Ultimately, this demand for high purity
and avoidance of environmental contamination must
be included at all stages of device fabrication up to, and
including encapsulation.
There is considerably less information available for

R2R processes based on vapor deposition of small
molecules. There are a handful industry reports of
production of OPVs by multiple, interconnected vac-
uum deposition chambers in a single R2R system.
Active area efficiencies of 7.7% over areas of approxi-
mately 4600 cm2 have been reported with a GFF ¼
66% (Uhrich et al., 2017).

(a) ITO/ZnO (b) PEDOT:PSS/ZnO (c) Ag grid/PEDOT:PSS/ZnO (d) Ag stripes/ZnO (e) AgNW/ZnO hybrid 

Figure 7.245 Images of 12” � 12” motifs (bottom row) and details of modules on the motifs (top row) produced in ambient using the processes in
Fig. 7.244 (Hösel et al., 2014).
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An adaptation of R2R deposition is the integration
of two different vapor deposition technologies into a
single, laboratory system. The system combines
high vacuum thermal evaporation with organic
vapor phase deposition. This takes advantage of the
versatility of VTE to grow complex layer systems,
and the morphological control and very high depos-
ition rates suitable for mass production using
OVPD. A schematic illustration of the integrated sys-
tem is shown in Fig. 7.246.

The system connects the VTE and OVPD systems
via a translation chamber comprising a series of
rollers that transports a 75 mm-wide flexible, tem-
pered steel web. The use of steel eliminates problems
of registration due to stretching, warping and heat-
ing of thermally sensitive substrates such as
PET. This allows for attachment of a polymer or
thin glass substrate onto the web without concern
for its thermal ormechanical properties, norwhether it
might be damaged during translation. The web is held
stationary, or translated at up to 2.5 cm/s speed during
deposition in either growth chamber. An actively
cooled pusher arm is extended to shift the web from
the translation chamber that contains the roller mech-
anism, into the OVPD growth position. A continuous
coolant flowwithin the armmaintains the substrate at
low temperature while in the hot OVPD chamber. The
OVPD chamber itself comprises a cylindrical quartz
reactor enclosed in a horizontal furnace. Quartz barrels
contain the source boats. The organic source materials
are volatilized by the flow of hot inert (N2) gas that

carries the molecules downstream where they are ad-
sorbed on the cooled web film.
During VTE growth, the gate valve between the

OVPD chamber and the translation chamber is closed,
and the VTE chamber is pumped to 10�7 torr. Before
OVPD operation, the gate valve is opened and the
pressure throughout the tool is equalized to the
OVPD base pressure of 10�2 torr. Shadow masks at
both the VTE and OVPD growth positions allow for
contact and film patterning.
This system has demonstrated an rms film rough-

ness of only 0.40 nm even at growth rates of approxi-
mately 16 Å/s at translation speeds of 1.7 cm/s. Both
single junction and tandem OPVs have been grown
in this system, requiring web translation between the
VTE and OVPD chambers twice for the tandem cells.
A comparison of several devices (both single and
tandem junction) grown while stationary and while
translating at 0.3 cm/s is provided in Table 7.32.
There is no significant difference between devices
grown by R2R with the PET substrate either trans-
lating during growth, or halted at the growth pos-
ition before moving on to the next. Also, the device
characteristics are comparable to those grown by
conventional VTE. All devices, however, are some-
what inferior to those grown on glass substrates due
to the lower sheet resistance of ITO on glass com-
pared with PET.
While this is only an early demonstration of R2R

growth using vapor deposited small molecules in
an integrated system, it is encouraging that very

Table 7.31 Performance of OPV cells and modules fabricated by R2R processing in ambient based on patterned electrode and donor polymer
compositions. Each device employs a PC61BM acceptor (Hösel et al., 2014)

Single cells, mini-rollcoater processed

Patterned electrode Donor polymer VOC (V) jSC (mA/cm2) FF ηP (%) Area (cm2)

PEDOT:PSS P3HT 0.52 6.35 0.48 1.61 0.2

PEDOT:PSS PBDTthd-DTBTa 0.69 7.64 0.53 2.82 0.4

Ag grid/PEDOT:PSS P3HT 0.53 7.98 0.52 2.24 0.7

Ag P3HT 0.55 7.67 0.57 2.45 1.4

Ag NW P3HT 0.52 9.6 0.55 2.75 0.7

Ag NW PBDTthd-DTBTfa 0.71 11.01 0.50 3.9 0.7

ITO PDTSTTz-4b 0.67 10.46 0.47 3.29 0.8

Modules, R2R processed

PEDOT:PSS P3HT 8.88 13 0.48 1.83 30 (16 cells)

Ag grid/PEDOT:PSS P3HT 4.2 41 0.60 1.82 57 (8 cells)

Ag NW P3HT 4.19 63.7 0.53 2.46 57 8 cells)

a Carlé et al. (2014).
b Helgesen et al. (2013).
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different growth processes can be integrated in a
single deposition tool. Combining solution and vac-
uum deposition in a continuous web-based growth
line provides additional opportunities to realize
high efficiency devices that are hybrid combin-
ations of several different processes (Griffith et al.,
2016). Indeed, we have seen that the combination of
solution and vapor processed subcells in a tandem
architecture can lead to high fabrication yields and
efficiencies (Che et al., 2018b). Thus far, however,
hybrid solution and vapor-grown systems have not
enabled the continuous throughput of substrates as
has been done in fully solution or vapor deposition
R2R systems. It is possible to extend the laboratory
system in Fig. 7.246 into a continuous process
(as opposed to one where the substrate moves
back and forth between growth chambers). Further,
it is feasible to integrate high vacuum and solution-
processed deposition systems using differentially
pumped plenum chambers between system mod-
ules operating at different pressures. However,

significant challenges related to device perform-
ance, encapsulation and contact resistance must
first be overcome before large volume manufactur-
ing of OPVs via R2R technologies becomes
practical.

7.10 Summing up

In this chapter, we have shown that organic thin film
materials are ideally suited for high performance
optical detection in applications requiring flexibility,
light weight, and low cost. Intense and narrow
exciton spectra enable thin organic active regions
that only absorb in selected wavelength bands.
This is distinct from the behavior of inorganic semi-
conductors whose broad energy bands absorb from
the band edge, deep into the shorter wavelength
spectral regions. The narrow absorption spectra of
organics opens up new possibilities for use of OPDs
as wavelength selective sensors designed to capture
only those regions of the spectrum needed for a

Carrier gas inlet

Glass barrel

Source boat
VTE growth position

Plug valve
VTE source

VTE chamber

Masks

Wind roller

Coolant

Unwind roller

Translation chamber

VTE pusher positionOVPD pusher position

OVPD growth position

OVPD chamber

Figure 7.246 Cross-section schematic of the roll-to-roll (R2R) system integrating VTE with OVPD. A magnified view of OVPD source barrel containing the
organic source boat and plug valve is shown (Qu and Forrest, 2018).

Table 7.32 Device performance of single and tandem junction OPVs fabricated by conventional VTE growth, and in the R2R system combining VTE and
OVPD (Qu and Forrest, 2018)

Substrate Dep. No. of junctions Trans. speed (mm/s) jsc (mA/cm2) Voc (V) FF ηP (%)

Glass VTE 1 0 15.1 0.92 0.70 9.7

PET VTE 1 0 14.7 0.92 0.65 8.8

PET R2R 1 0 14.5 0.92 0.65 8.6

PET R2R 1 3 14.4 0.92 0.64 8.5

PET R2R 2 0 8.6 1.77 0.58 8.9
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given application, while otherwise being transpar-
ent. OPDs have other characteristics that are super-
ior to their inorganic counterparts. Their thin active
regions lead to short charge transit times that allow
for very high bandwidth, high quantum efficiency
operation. And the ability to deposit films on a var-
iety of flexible, large area substrates makes them
useful as position sensors. The range of applications
that can benefit from the unique attributes of OPDs
is limitless.

While OPDs have these distinctive features, a pre-
ponderance of effort in exploiting the optical detec-
tion properties of organics has focused on their use
as solar cells. Their selective absorption spectra
makes them attractive for application to power-
generating windows that are semitransparent in the
visible, yet absorb strongly in the UV and NIR. Thus,
high efficiency coupled to semitransparency, long
lifetime, flexibility and low cost on large substrates
has driven intense worldwide interest in OPVs as a
potentially important contributor to solving human-
kind’s clean energy supply crisis. Of no less import-
ance is the environmental sustainability of OPVs.
The materials used in the cells and modules are
often recyclable, and do not present undue toxic
hazards that are frequently drawbacks of other
solar technologies. Use of toxic materials in solar
panels creates a disposal challenge at the end of
their useful life; concerns that are largely absent in
OPVs. The very low temperatures used in OPV fab-
rication compared to those required for thin film
inorganic semiconductor processes coupled with
the relatively low cost of source materials, suggests
that OPVs will eventually be cost competitive with Si
(Mulligan et al., 2015, Gambhir et al., 2016).

The efficiencies of OPVs are also fast becoming
competitive with far more mature solar cell tech-
nologies, and their long-term stability also appears
to be reaching toward the 10–20 year benchmark
required for low cost solar energy generation. All of
these features suggest that there is indeed a very
promising future for OPVs. To date, however, this
promise has not been realized. The fabrication of
solar cell modules based on either solution or vapor
deposited materials has yet to yield performance
that is near to that obtained on the laboratory
bench. This is due to the many compromises that
are made in the choice of materials, processes, and
encapsulants when moving to large volume manu-
facturing. Many years of research and development
still need to be invested to completely overcome
these hurdles. Moreover, this is not the type of re-
search that can be done in small laboratories. It will

take significant investment by industry and/or gov-
ernments to resolve many of the most challenging
manufacturing issues. The investments needed are
of a scale similar to those made in moving OLEDs
from laboratory curiosities into today’s massive or-
ganic global display market. The outstanding, differ-
entiating attributes of OPVs makes these
investments almost inevitable. We just do not
know when.
Finally, and perhaps most important of all, is

that research on OPVs and OPDs has revealed
the richness of the phenomena involved in photo-
induced charge generation in disordered media.
The multistep process that starts with the absorp-
tion of a photon to generate an exciton, followed
by its diffusion to an energy discontinuity at the
donor–acceptor HJ, leading to efficient charge
transfer, and finally the generation of a free PP
have been a subject of deep fascination since long
before the first efficient bilayer OPV was demon-
strated. The linkages found between the physical
processes of optical absorption, energy transport
and charge generation with materials composition
and thin film morphologies, have impacts on our
understanding of disordered solids that go far be-
yond their particular applications in photodetec-
tion. Indeed, many of the insights developed in
understanding light generation in OLEDs have fur-
thered our understanding of the complementary
process of light detection in organic detectors. It
is this foundation of knowledge that will ultimate-
ly open doors to devices and applications that
have yet to be imagined. Thus, for practical and
fundamental reasons alike, the pursuit of high ef-
ficiency OPDs and OPVs has created a watershed of
knowledge that will continue to grow in the years
ahead, all the while bringing this exciting technology
closer to a transformative new generation of devices
that will help to provide abundant, clean energy to fill
humankind’s ever increasing demands.
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Problems

1. In Section 7.1 we showed that photogeneration in an
excitonic photoconductor results in a charge density
given by Eq. 7.20, viz.:

nph ¼ jrec
krecD

1� 2dqni

D
1� ηIQE

� �

� 1� 2dqni

D
1� ηIQE

� �� �2

þ 4qηIQE
jX
jrec

" #1
2

9=
;:

(a) Derive this expression.
(b) Derive an expression for nph in a doped

semiconductor with n0 > p0 and μe � μp
(p) Plot nph vs. D and for n0/p0 from 1 to 105.

2. The expressions such as in Problem 1 are for the charge
density in steady state.
(a) Set up the time dependent rate equations for nph(t)

assuming that the illumination is a harmonic function
at frequency ω. Assume that the semiconductor is
intrinsic.

(b) What is the characteristic time constant for the return
to equilibrium of the photoconductor for a step
function optical pulse that terminates abruptly at
t ¼ 0? Plot the decay transient. What variables is it
most sensitive to?

(c) What is the gain–bandwidth product of the
photoconductor in (a) and (b)?

3. The expressions for noise in photoconductors in
Section 7.1.1 assume a single charge carrier (electrons)
and deep traps that act as recombination centers. Derive
expressions for the shot and Johnson noise for two cases:
(a) The electron and hole mobilities are equal.
(b) The traps are shallow, that is, they reside close to a

frontier energy level, at or just below the Fermi energy.
4. For a symmetric heterojunction, that is, where the trap

density of states (HTA, HTD with characteristic trap
temperatures of TtA, TtD) are equal on each side of the
junction,
(a) Derive the ideal diode equation for a symmetric

heterojunction, including an expression for the
saturation current, jsym0, assuming that the HOMO
and LUMO densities of states are equal to NS.

(b) Show that the open circuit voltage for the symmetric
junction is given by

qVOC ¼ �EHL � nSkBTln
kreckPPr

kPPd þ kPPr

� �
qa0N2

S

jph

� 	
:

5. The transfer matrix method in Section 7.1.4 was
developed for light incident normal to the substrate.
(a) Derive the scattering and phase matrices, Ijk and Lj,

respectively, for light incident at an angle, θ, from
normal.

(b) Plot the total light absorbed in a layer of thickness 10 nm
sandwiched between an Al contact and a 0.1 mm thick
glass substrate as a function of angle, θ. The layer has
~n ¼ 1:7þ i1:0 at the wavelength of λ¼ 500 nm.

6. Derive the generalized transfer matrices Ijk and Lj for:
(a) Layers with an rms surface roughness, σ.
(b) Layers with an rms index inhomogeneity, �n.
(c) Layers with both surface roughness and index

inhomogeneities as in (a) and (b).
7. Plot the first, second, and third order transitions vs.

diameter for quantum dots in air composed of:
(a) InP
(b) InAs
(c) In Fig. 7.52, verify that the three peaks correspond to

the 1S–1S, 1P–1P, and 1D–1D transitions for a
spherical PbSe dot of diameter 2ρ ¼ 6.5 nm. The
effective masses of electrons and holes in PbSe are
approximately m�e ¼ 0:12m0 and m�h ¼ 0:07m0,
respectively. (See Fig. 7.50 for the definition of the
transitions.)

8. By integrating over the relevant half space, show that the
étendue is given by fω ¼ πsin2θsun.

9. Calculate the approximate spectral mismatch factor for
the OPV in Fig. 7.79a (denoted ST) using:
(a) A Si detector with a KG3 filter (see Fig. 7.81).
(b) A Si detector with a KG5 filter.
(c) Assuming that the device has jSC¼ 15 mA/cm2, FF¼

0.72, and VOC ¼ 0.92V at SRC measured under a
solar simulator whose spectrum is given in
Fig. 7.79b using a KG3 filter, what is its power
conversion efficiency?

(d) For the device in (c), what is its peak external
quantum efficiency and responsivity?

10. The j–V characteristics of inorganic and organic
junctions are governed by two different equations; the
Shockley equation for the former and the excitonic ideal
diode equation for the latter. The power conversion
efficiency of a photodiode operated in the photovoltaic

mode is proportional to the fill factor, FF ¼ VMIM
VOCISC

,

where VM and IM are the voltage and current at the
maximum power point, and VOC and ISC are the open
circuit voltage and short circuit current taken from the
j–V data in the fourth quadrant. Assume a saturation
current density of jsat.
(a) Write an approximate expression for the maximum

fill factor expected for a Shockley diode as a function
of ideality factor, n.
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(b) Plot themaximum FF vs. n over the domain n¼ [1,3].
(c) As in part b, for an excitonic diode over n ¼ [1,4],

assume that the polaron pair dissociation efficiency is
approximately given by Frenkel-Poole emission.

That is, kPPd ¼ KFexp

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q3F=πε

p
kBT

! 
. Here, K is a

constant, and the electric field is given by F ¼ |V �
Vbi|/d, where Vbi is the built-in potential and d is the
total HJ layer thickness. Which device (organic or
inorganic) has a higher FF and thus power
conversion efficiency? For simplicity, assume only
one type of charge trap exists in the non-ideal (n
>1) case.

11. Rewrite Problem 10a for:
(a) A device with series resistance, Rser.
(b) Now recalculate FF vs. Rser for n = 2.
(c) What is the difference in shape of the reverse j-V

characteristics of an excitonic HJ assuming
Onsager–Braun or Frenkel–Poole emission theory
for kPPd. Be quantitative (i.e. calculate these curves
and plot on a normalized scale of j=j0 over a voltage
domain of 0 to �5 V). Consider both the voltage and
temperature dependences.

12. In Section 7.3.1, we considered the effects of series and
shunt resistance on solar cell efficiency. Starting with the
ideal diode equation of excitonic junctions,
(a) Derive an expression for VM in Eq. 7.126, including

the effects of Rser and Rshunt.
(b) Plot in the j–V characteristics in the limit of Rser ¼ 0

and Rshunt¼∞ in the 4th quadrant for kPPd=kPPr ¼ 10
and 100, with nS ¼ 1.5 and VOC ¼ 1 V, and jSC=j0 ¼
102 and 104 with jSC ¼ 10 mA/cm2. How do these
differ from the curves in Fig. 7.71?

(c) Derive the expression for FF in Eq. 7.131.
13. A D-A heterojunction detector has �EHL = 0.3 eV.

Assuming equal masses for electrons and holes, and a
density of states of N ¼ 1021 cm�3 eV�1 for both the
donor and acceptor, for a device whose characteristics are
dominated by generation and recombination in the dark:
(a) Plot the fourthquadrant j–V characteristics of theOPV

in the dark and under 1 sun illumination assuming a
uniform ηext¼ 70% from λ¼ 400 nm to 1 μm, and ηext
¼ 0 elsewhere. Assume the work functions of the
cathode and anode contacts are equal.

(b) Now assume that there is a second internal junction
within the device whose polarity is opposite to the
first junction (perhaps due to a second HJ, or a poor
contact). Assuming the saturation current of this
second junction is j02 = 0.1j01, where j0(1,2) are the
saturation currents of the respective junctions, plot
the j–V characteristics under the same illumination
conditions as in (a).

14. Figure 7.100 suggests that the j–V characteristics of a
double junction formed by a multistep cascade have an
“S” shaped appearance that can be modeled as two
back-to-back diodes.
(a) Draw the full equivalent circuit of the double

junction, assuming that one junction has saturation

current, j01 and the other has current j02. Each has a
shunt resistance, Rshunt1 and Rshunt2 and the internal
resistance of the layer connecting the two junctions is
Rser. Make sure you include an element for the
photocurrent, jph.

(b) Show that the j–V characteristics are given by:

j ¼ j01 exp qV1=n1kBTð Þ � 1½ � þ V1

Rshunt1
� jph

¼ �j02 exp qV2=n2kBTð Þ � 1½ � þ V2

Rshunt2
:

For this expression, we assume that Va ¼ V1þ
V2 þ jRser, and that only junction 1 generates
photocurrent. Here, subscripts 1 and 2 refer to the
different junctions.

(c) In the special case where jRshunt2 >>V2, show that:

j ¼ j01 1� j
j02

� �n2=n1

exp qVa=n1kBTð Þ � 1

" #

þ V1

Rshunt1
þ n2kBT

qRshunt1
ln 1� j

j02

� �
� jph

(d) Letting Rshunt1 ! ∞ plot the j-V characteristics over
the domain V ¼ (�1,1) V of a device with j01 ¼ 10
μA/cm2, j02 ¼ 0.1 mA/cm2, jph ¼ 5 mA/cm2, and
n1 ¼ n2 ¼ 2. Does it show an “S” like characteristic?
Why or why not?

15. Consider a series-connected multijunction OPV with
three different absorbing cells with Gaussian absorption
profiles centered at 500 nm, 750 nm, and 900 nm. The
charge recombination zone is both electrically and
optically lossless, and the saturation current is 10�6 A/
cm2 for each subcell. Assuming that the peak external
quantum efficiencies are 65%, 80%, and 90% with
FWHMs of 50 nm, 100 nm, and 125 nm, respectively,
then calculate:
(a) The efficiency of the triple junction cell assuming that

the optical fields are centered within the appropriate
subcell, assuming FF ¼ 70% and Eloss ¼ 0.5 eV for
each subcell.

(b) From front to back, what is the optimal position for
each cell?

(c) What is the optimal thickness of each subcell to
maximize light absorption? For this, assume that each
device is a mixed or bulk heterojunction structure.

16. In Fig. P7.16 are shown the fourth quadrant j–V
characteristics under 1 sun, AM1.5G illumination of
three subcells used in a multijunction cell.
(a) Make a table that lists the jSC, VOC, FF, jM, VM, and

PM of each cell.
(b) Consider a tandem cell comprised of Subcells A and

B. Construct the j–V characteristics of the tandem
and put its jSC, VOC, FF, jM, VM, and PM data in
your table. Also list the power penalty, �ηP for the
tandem. Which cell limits the performance?

(c) Repeat (b) for a triple junction cell comprised of
subcells A, B, and C.
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17. Singlet fission results in the generation of three possible
correlated triplet pair states, 1(TT), 3(TT), and 5(TT).
(a) Using bracket notation, write down the spin

wavefunctions for the 9 possible triplet pair states.
Clearly define themeaning of all of thenotations used.

(b) Derive Eqs. 7.202 and 7.203 for the change in
photocurrent and fission efficiency as functions of
magnetic field.

(c) Plot the functions in (b) vs. magnetic field, from B¼ 0
to the saturation field (i.e. where δ and η become
approximately independent of B).
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CHAPTER 8

Organic thin film transistors

“God made the bulk; the surface was invented by the devil.”

Wolfgang Pauli, Nobel Laureate in Physics

Organic materials are excitonic materials. In this regard, they would seem to be ideally suited for
optoelectronic devices, such as OLEDs, OPVs, and photodetectors. But what about their uses as purely
electronic materials? Specifically, do organics hold promise as a platform for thin film transistors useful
solely for electronic applications? In this chapter we address just this question.
As the epigram to this chapter implies, organic thin film transistors (OTFTs) differ from the other devices

that we have considered in that they are controlled by the surface, rather than the film bulk. By this we mean
that the charge flows between source and drain contacts along the organic semiconductor/dielectric interface.
From many decades of engineering of conventional semiconductors, it is indisputable that surface physics,
and particularly surface charge transport is far more complex than analogous phenomena in the bulk. The
complications are inherent in the 2D nature of interfaces, introducing defects and lattice reconstruction that
occurs at surfaces. Hence, the understanding and optimization of OTFTs necessarily implies that we examine
the complex microscopic properties of organic semiconductor/gate insulator interfaces.
The chapter opens by introducing basic transistor architectures and the theory of their operation. This

discussion relies on the understanding of charge transport in organics that was developed in Chapter 4, and is
now extended to consider interface transport. Next, we elucidate all of the many forms that OTFTs take, since
the positions of the gate, source and drain contacts relative to each other and to the films on which they are
deposited determine the device attributes. Also, we take this opportunity to discuss several different variants,
such as split and dual gate OTFTs, and a different type of transistor altogether: the vertical transistor that is
analogous to a vacuum tube triode. Unlike the OTFT, vertical transistor properties depend on the film bulk
rather than its surface, making it more akin to the devices in the previous two chapters.
Our discussion of transistor operating principles and architectures is followed by consideration of the

phototransistor. While this hybrid between a transistor and a photodetector can exhibit optical
responsivity considerably greater than a photodiode owing to its inherent gain, enhanced photosensi-
tivity comes at the expense of a smaller bandwidth of operation and a somewhat more complex
structure. However, its ability to be integrated into circuits with increased functionality beyond that
of a simple photodetector can make it attractive for specialized applications where bandwidth is not a
dominant concern. The treatment of phototransistors necessarily draws heavily on discussions and
definitions used in understanding photodetectors. Hence, the reader is referred to Chapter 7 to fully
appreciate the phototransistor discussion presented here.
The performance of organic transistors, like all electronic devices, depends almost entirely on the materials

used. The OTFTs are operated with few exceptions in the accumulation mode, whereby charges are drawn
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8.1 Thin film transistor basics

The organic thin film transistor (OTFT) is a metal–
insulator–semiconductor field effect transistor, or MISFET,
whose basic configuration is shown in Fig. 8.1. It is a
three terminal device comprising a source (S) and a
drain (D) contact made to a thin film semiconducting
channel. An insulating layer (the gate insulator) is in
contact with at least one surface of the semiconductor.
The gate contact (G) is located on the opposite side of

the insulator, bridging the gap between S and
D. Figure 8.1 also defines several important geometric
factors: the gate width (W) is typically much larger
than its length (L). The channel thickness is d, and the
insulator thickness is ti. Charge is introduced into the
channel by injection from the source contact due to a
potential difference from the source to the gate, VGS.
Then conduction in the channel occurs by applying a
voltage between source and drain, VDS. Since the

into the channel by the potentials determined by the gate and drain voltages. The carrier type can be either
electrons or holes, depending on the metal/channel work functions, and which carrier type has the highest
mobility. We find that nearly equal performance has been obtained for n- and p-channel devices, and
indeed ambipolar transistors supporting both carrier types have been demonstrated and employed in high
performance circuits. We will discuss the introduction of materials with high mobilities and low voltages
that have been employed in complementary logic circuits and oscillators, and that operate in the kilohertz
to megahertz regimes with acceptable noise margins.
No discussion of devices is complete without considering stability, that is, the ability of the OTFTs to

maintain high performance over long periods of operation, in adverse environments and under stressful
conditions. Many of the electrical characteristics of OTFTs, such as threshold voltage, drain current, field
effect mobility, and output conductance, drift over time. In most cases, exposure of the gate insulator, the
channel, and the insulator/channel interface to a humid environment is responsible for many, but not all, of
the device instabilities. Encapsulation can delay, but not completely eliminate water from entering the device
active regions, hence providing only a limited degree of device stability over time.
We close out our discussion of OTFTs with a description of a few of the impressive applications and

circuits that have been demonstrated. In the relatively short time since their introduction, the perform-
ance of OTFTs has surpassed even that of amorphous Si devices in terms of mobility, stability, and
operating voltage. However, to be adopted in practical applications, we must clearly define the
competitive advantage that OTFTs offer over conventional thin film solutions such as amorphous
or polycrystalline Si, or metal oxide transistors. Without such clarity of purpose, OTFTs simply become
yet another “technological solution looking for a problem!” In this context, OTFTs have a considerable
potential to occupy new application spaces that are inaccessible to incumbent inorganic transistor
solutions as a result of their ability to be fabricated on ultrathin (�1 μm) substrates over very large
areas by volume, roll-to-roll (R2R) fabrication processes. In our discussion, we therefore focus on
applications that require large area circuits such as for tactile, gas and optical sensing, and for the
emerging area of imperceptible, biocompatible devices for medical diagnostics, entertainment, and
robotics. In spite of this promise, we must keep in mind that OTFTs have yet to be adopted on any
significant scale by the electronics manufacturing industry; a situation different from that experienced
by OLEDs, and to a much lesser extent by organic solar cells.
Ultimately, the widespread adoption of organic transistor technology remains uncertain. This is not a

question that can or should be answered in this book: that is left to the marketplace and the consumer to
decide. Independent of that question, however, there is little doubt that research and engineering of OTFTs
has led to a deeper understanding of charge transport in organics, and to the development of highly
sophisticated small molecule and polymer conductive media. This in itself has led to improvements in
optoelectronic devices such as OLEDs and OPVs that rely on highly conductive charge transport layers to
achieve high performance.
For the ensuing discussions, we assume that the reader has at least a passing acquaintance with the basics of

transistor design and operation. There are many excellent texts available that can provide that background
knowledge, as well as affording a deeper appreciation for this very broad topic than can be presented here.
Some of these references are found in Further reading.
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amount of charge injected into the channel depends on
the gate voltage, the source-drain current, ID, is modu-
lated by the magnitude of VGS. Thus, field effect tran-
sistors are essentially gate-controlled resistors.

The sign of the charge that carries the drain cur-
rent determines whether the OTFT is a p- or n-
channel device. In most organics, the channel itself
is undoped, although it may have a residual concen-
tration of holes or electrons that determine the pos-
ition of the Fermi energy at equilibrium (see
Chapter 4). This is a different operating regime than
for an inorganic MISFET where the channel region is
doped n- or p-type, and hence the semiconductor
bulk, or body, supplies the carriers at the insula-
tor/semiconductor interface. For example, the high
hole mobility in pentacene makes this material use-
ful in p-channel OTFTs. A negative voltage at the

gate draws holes to the semiconductor/insulator
interface, while a negative voltage at the drain
leads to conduction within the channel. These are
the same bias conditions used for an inorganic
p-channel MISFET. The density of charge in the
channel is largely unrelated to the background
charge concentration. Indeed, in OTFTs it is import-
ant that the background charge concentration be
very small such that, at VGS ¼ 0 (corresponding to
the transistor “off” state), the channel leakage is also
very small. Hence, the OTFT operates in the charge
accumulation mode. It is normally off, that is, in the
absence of a negative gate voltage there is ideally no
charge in the channel, and hence no current can flow
from source to drain. A normally off transistor is
known as an enhancement mode device.
The device pictured in Fig. 8.1 has a bottom gate-

top source-drain contact configuration, or briefly, it is
a bottom-gate/top-contact (BG/TC) transistor. How-
ever, as shown in Fig. 8.2, many other possible archi-
tectures realized by placing the gate and channel
contacts on either the same or opposing sides of the
channel semiconductor. The BG/TC transistor is pos-
sibly the easiest to fabricate, and hence is the most
common architecture since it allows the S and
D contacts to be deposited through a shadow mask.
We have found in Chapter 4 that deposition of metals
onto organics can damage the metal/organic inter-
face, introducing traps that can lower the injection
barrier, and hence the contact resistance. Another
commonly employed architecture is the bottom
gate/bottom contact (BG/BC) configuration. This
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Figure 8.1 Schematic perspective of an organic thin film transistor.
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Figure 8.2 Possible OTFT configurations. Clockwise from top left: bottom gate/bottom contact (BG/BC), BG/TC, TG/BC, and TG/TC.
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places all contacts on the same surface of the
semiconductor, which allows for photolithographic
pattering to achieve very short gate geometries.
The gate contact is accessed by extending it beyond
and parallel to the source and drain contacts. The
selection of a particular architecture is ultimately
based on the choice of materials, the patterning
method, and the demands placed by the circuit on
its intended application (e.g. high current, high band-
width, low noise, etc.).

8.2 A brief history of OTFTs

We begin our tour through the history of OTFTs with
the invention of the field effect transistor itself. This
can be traced to a patent by Lilienfeld who proposed,
but did not demonstrate a “device for controlling
electric current” employing CuS as the channel ma-
terial, and Al2O3 as the gate insulator (Lilienfeld,
1933). The first realization of a thin film transistor
grown on an insulating substrate employed a vapor
deposited microcrystalline film of CdS as the semi-
conductor, Au as the gate electrode, and SiO as the
gate insulator. This TG/BC structure was fabricated
on a glass substrate. As shown in Fig. 8.3, it bears all
of the attributes of modern OTFTs (Weimer, 1962).

The door to OTFTs was opened by depositing a
merocyanine channel on interdigitated S and D con-
tacts patterned onto a 300 nm thick SiO2 gate insula-
tor. This combination of materials used a 1 Ω cm p-Si
substrate that served as the gate electrode. The BG/BC
configuration is shown in Fig. 8.4 (Kudo et al., 1984).
The device dimensions were L ¼ 20 μm, W ¼ 7 mm,
and d¼ 40 nm. The device did not enter the saturation
regime, nor did the channel pinch off, even at +15 V,
indicating excessive background conduction of the
merocyanine dye. A small hole field effect mobility of
�10�5 cm2/V s was extracted from the device charac-
teristics in the unsaturated, or linear regime. Hence,
while this device has the elements of an OTFT, it did
not show clear transistor operation.
Apparently, the first report of an OTFT that showed

all of the characteristics of a functioning transistor
exhibiting both linear and saturated drain current char-
acteristics, used a conjugated polythiophene thin
film channel in a BG/BC configuration (see Fig. 8.5)
(Tsumura et al., 1986). The polythiophene film was
deposited on a SiO2 gate insulator (ti ¼ 300 nm) on a
4–8 Ω-cm n-Si substrate gate contact. The film was
electrochemically de-doped in solution to ensure a
non-conducting channel in the “off” state. The en-
hancement mode OTFT had dimensions of L ¼
10 μm, W ¼ 2 mm, and d ¼ 140 nm. The drain-current
characteristics have three characteristics that are ex-
pected of all practical enhancement mode FETs: (i) a
linear onset of ID vs. VDS extending up toVDS≃VGS. (ii)
At higher VDS, the ID becomes independent of VDS as
the transistor enters the saturation regime at pinch-off.
(iii) The drain current, ID ! 0 as VGS ! 0. A hole mo-
bility of �10�5 cm2/V s is inferred from analysis of
these characteristics.
Within three years, a vacuum-deposited (vs. solu-

tion processed) small molecule thin film of α-sexithio-
phene (α-6T) OTFTwas demonstrated (Horowitz et al.,
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Figure 8.3 Microcrystalline CdS TFT on a glass substrate in cross-
sectional (top) and plan (bottom) views. Note how the gate contact overlaps
the source and drain to minimize channel resistance (Weimer, 1962).
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Figure 8.4 Plan (top) and cross-sectional views of the merocyanine
OTFT (Kudo et al., 1984).
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1989). The devices were in a BG/TC configuration,
again using n-Si as the gate contact and substrate,
and a 300 nm thick SiO2 gate oxide. The OTFT had
dimensions of L¼ 90 μm,W¼ 310 μm, and d¼ 70 nm.
The as-deposited films exhibited excessive channel
conductivity, and hence required de-doping by heat-
ing in air for 3 h at 120°C after deposition. Following
de-doping, the enhancement mode transistors exhibit-
ed a saturation-regime mobility of �10�4 cm2/V s,
which was the highest reported up to that time.

The next significant advance in OTFTs was made
by replacing the Si gate coated with an SiO2 gate
insulator by a metal electrode and an organic dielec-
tric, cyanoethylpullulan (CYEPL) in the structure
shown in Fig. 8.6, inset (Garnier et al., 1990). The
BG/TC structure starts with a 25 μm thick, flexible
poly(parabanic acid) (PPA) substrate. A 1 mm wide
by 20 mm long Au gate contact stripe is then vacuum
deposited, followed by solution drop deposition of
CYEPL. Depositing an α-6T channel and Au S and D
electrodes completed the L ¼ 50 μm, W ¼ 5 mm,
and d ¼ 50 nm OTFT. This structure has several
characteristics that distinguished it from previous
work. A metal strip replaced the conducting substrate
used previously as the gate contact. This allows for

applying different gate biases to different transistors
integrated on the same substrate, which is required in
almost all electronic circuit designs. Further, the use
of a plastic substrate allows for bending and twisting
without changing the device characteristics, as shown
in Fig. 8.6. This takes advantage of the inherent flexi-
bility of van derWaals bonded solids, arguably one of
the most important characteristics of organic electron-
ic devices. And finally, the high quality of the organic
insulator/channel interface resulted in an unprece-
dented high hole field effect mobility of 0.43 cm2/V-s.
This represents at least a 100-fold improvement over
previously demonstrated devices, and indeed made
this OTFT competitive with amorphous Si thin film
transistors then in use in LCD back-planes. The high
mobility also leads to a low VGS � 10 V compared
with previous devices where VGS � 50 V was com-
mon (cf. Fig. 8.5). This early, high performance OTFT
considerably heightened interest in the technology,
and subsequently led to its further rapid
development.
As seen in Chapter 4, charge mobility in organics is

strongly dependent on disorder. Dynamic disorder
that arises from coupling of phonons to the molecular
solid presents an intrinsic limitation to the bulk mo-
bility of 1–5 cm2/V s in molecular solids. Static dis-
order due to structural defects or impurities,
however, has an exogenous origin, and can reduce
the charge mobility even further. This led, in subse-
quent years to, finding deposition conditions and
pure materials that generated more ordered thin
films, and even single crystals to achieve high field
effect mobilities. We will show below, however, that
field effect mobilities obtained in single crystal OTFTs
are not significantly higher than in polycrystalline
organic transistors. While single crystal OTFTs have
been helpful in understanding the limits to perform-
ance of organic electronic devices, practical devices
must be manufactured over large substrate areas
using conventional thin film deposition from the so-
lution or vapor phases.
The introduction of pentacene, which readily forms

crystalline regions under a wide range of deposition
conditions, has led to significant increases in field
effect mobilities in OTFTs (Lin et al., 1997a). Indeed,
a dependence of mobility and transistor on-off cur-
rent ratio (i.e. the ratio of the drain current in the
transistor “on” state in saturation to the “off” state
where no charge is accumulated under the gate, see
Section 8.3.2) is directly traced to both pentacene
nanomorphology and the purity of the source mater-
ial. When deposited onto a substrate at elevated
temperatures (60–120°C), pentacene molecules tend
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to stand up, forming π-stacks along the in-plane dir-
ection. This orientation results in a high hopping
mobility between molecules along the channel. The
pentacene BG/TC OTFT employing a SiO2 insulator
and a doped Si substrate gate contact showed a hole
mobility of 0.7 cm2/V s. Importantly, the on-off cur-
rent ratio of the transistor was increased from previ-
ous reports of from �103–104 to 108. A high on-off
current ratio is essential for obtaining large display
backplane arrays that deliver a suitably high contrast
between the pixel on and off states, as well as a large
noise margin in logic circuits (see Section 8.3.4).
High mobility was attributed to nanocrystalline

order achieved via vacuum deposition on heated
substrates, and the on-off ratio to the high purity
(and hence a low background charge density) of the
material that reduced the off-state leakage current.
This result was improved by functionalizing the
SiO2 surface with a self-assembled, space-filling
monolayer of octadecyltrichlorosilane (OTS) prior
to deposition of a 30 nm thick pentacene channel
onto the heated (90°C) substrate. The OTS reduces
the surface energy relative to pentacene. Growth
on OTS produces dendritic crystals separated by
grain boundaries that are at a lower density and

perhaps smaller than achieved by pentacene
growth directly on SiO2. The gaps are filled in
by subsequent deposition of an additional 20 nm
of pentacene after the substrate is cooled to room
temperature. This BG/BC SiO2 gate insulator OTFT
showed a mobility of 1.5 cm2/V-s and an on-off
drain current ratio of 108 (Lin et al., 1997b).
The dependence of mobility on surface and bulk

morphologies was demonstrated for pentacene-based
OTFTs grown by organic vapor phase deposited
(OVPD, see Section 5.4.2) on a SiO2 insulator, with
and without an OTS monolayer. Growth by OVPD
allows for considerable control over morphology via
variations in the chamber temperature and pressure,
source temperature and gas flow rates. Hence, it
provides an ideal platform for studying the effects
of morphology on device parameters. Figure 8.7
shows scanning electron micrographs of 70–100 nm
thick pentacene films grown by OVPD on a thermally
grown SiO2 on an n-Si substrate, with and without an
OTS layer pre-deposited onto the oxide surface
(Shtein et al., 2002). The crystallite size increases
from 0.5 to >5 μm as equilibrium growth conditions
are approached at high substrate temperatures, high
chamber pressures and low growth rates. Under these
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conditions, arriving molecules have more freedom to
move along the surface, where they find low energy
attachment sites before being buried by subsequently
arriving molecules. The crystallite boundaries are
readily apparent in the images of Fig. 8.7a–c.

OVPD growth was used in fabricating BG/TC
OTFTs whose resulting hole field effect mobilities
are shown in the figure. Increasing the grain size
results in at least a tenfold increase in mobility due
to the reduction in the number of grains, and possibly
the width of the grain boundaries. In addition, the
purified pentacene channels yielded a drain current
on-off ratio of �105. However, even the largest crys-
tallites grown near equilibrium do not extend all the
way across the gate length of 45 μm. If this were the
case, even higher mobilities might be achieved.

Growth on an OTS-functionalized surface results in
a considerably smaller-scale surface texture but high-
er mobilities. Indeed, non-equilibrium growth results
in mobilities of up to 1.6 cm2/V s compared to the
device grown near equilibrium with a field-effect
mobility of μFE ¼ 0.6–0.9 cm2/V-s. Both of these mo-
bilities are higher than for films grown on bare SiO2.
The on-off ratio also increased to �107 compared to
the bare SiO2 devices. Apparently, the textures on the
film surfaces in Fig. 8.7d and 8.7e are not due to grain
boundaries. X-ray diffraction analysis of the films
shows that the OTS forces the first few monolayers
of pentacene to lie flat on the substrate plane, as well
as creating denser films with fewer grain boundaries.

The flat-lying pentacene may lead to improved order
in the subsequently deposited layers that ultimately
transport charge within the channel.
Higher mobility OTFTs employed organic polymer

gate insulators with a vacuum deposited pentacene
channel. The BG/TC transistors used a Si gate contact
and substrate, followed by either cross-linked PVP or
PVP-co-HEM. The pentacene channel and contacts
were deposited on the polymer surface. Transistors
with dimensions of L ¼ 130 μm and W ¼ 170 μm,
yielded a hole field effect mobility of approximately
μFE ¼ 3 cm2/V s for both insulators as compared to
similar devices employing SiO2 (Klauk et al., 2002).
In this brief history, we have only discussed high

mobility in hole conducting channels. In Section 8.6
we discuss several polymers and small molecules
leading to both hole and electron dominated OTFTs.

8.3 Operating principles and definitions

The previous sections have described several promin-
ent features of OTFTs. We have provided the basic
layouts and several operating parameters such as the
field effect mobility and on-off current ratio that char-
acterize the most basic device attributes. In this sec-
tion, we develop the theory of operation of the thin
film transistor. The treatment provides the relation-
ships between device geometry, materials character-
istics and equivalent circuit performance in both
transient and steady-state modes of operation.

1 μm 

(a) 10°C, 0.25 torr, 3.0 Å/s (b) 40°C, 6.0 torr, 1.0 Å/s  (c) 65°C, 10.5 torr, 0.3 Å/s 

(d) 10°C, 0.25 torr, 3.0 Å/s (e) 40°C, 6.0 torr, 1.0 Å/s (f) 65°C, 10.5 torr, 0.3 Å/s

Pentacene on SiO2

Pentacene on OTS-treated SiO2 

towards equilibrium

μFE = 0.06 cm2/V·s
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Figure 8.7 Scanning electron micrographs of pentacene thin films grown by OVPD on (a–c) thermally grown SiO2 and (d–f) OTS pretreated SiO2. The
conditions for OVPD growth for each film (left to right) are substrate temperature, chamber pressure and growth rate. The films on the right are grown
closer to thermodynamic equilibrium than on the left (Shtein et al., 2002).
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The usefulness of a transistor technology, whether
it is based on inorganics such as Si or GaAs, metal
oxide transistors, nanostructures such as carbon
nanotubes (CNTs), or OTFTs, depends entirely on
the application it is intended to serve. The application
places several demands on the transistor, including:

(i) Current capacity. Is the current that can be de-
livered by the transistor per gate area consistent
with the needs of the load? For example, for
the OTFT to drive an OLED in a display back-
plane, the transistor circuit must have a foot-
print no greater than that of the emitting device
(�104 μm2) while delivering sufficient current to
achieve the required display brightness
(�1 mA/cm2 for a luminance L > 1000 cd/m2).
The relationship between output (i.e. drain) cur-
rent, and device and materials parameters is
therefore a central consideration in transistor
design.

(ii) On/off current ratio. When used as a switch, and
even in analog circuit applications, the drain
current in the on state must be several orders
of magnitude higher than in the off state. For
digital circuits, this ensures reliable, low noise
operation of a logic circuit consisting of a cas-
cading chain of gates. That is, the transistor
must be capable of distinguishing between a
high vs. a low input state without error, to
ensure that its output responds accordingly
for the next gate in the chain. The distinction
between on and off (or logical high and low
states) is quantified by the circuit noise margin
(Section 8.3.4). Further, the off state is deter-
mined by the channel leakage current. This
sets the noise floor in both analog and digital
circuits below which an output signal cannot
be reliably detected.

(iii) Operating voltage. Most low power dissipation
circuits today operate at �5 V or less. The
supply voltage can be higher than this, al-
though the transistor can be assigned only a
portion of the total available voltage to allow
for other circuit elements to function.

(iv) Uniformity. Device turn-on, or threshold volt-
age, must be confined to an acceptably small
variance from device to device in large circuits,
otherwise the margin for failure that depends
on triggering logic gates becomes too small
for reliable operation. The primary quantities
that determine the operating point are the tran-
sistor threshold voltage, sub-threshold slope, and
transconductance.

(v) Gain. In both analog and digital circuits, the
voltage gain of each stage must be sufficient
to compensate for losses, and to drive subse-
quent circuits. The transistor transconductance,
as determined by the charge mobility in the
channel, must be sufficiently high for this
purpose.

(vi) Frequency response. Determined by both the
transistor geometry (e.g. gate area and
hence gate capacitance) and the transcon-
ductance, the transistor must operate at fre-
quencies sufficient to deliver the required
circuit bandwidth.

(vii) Noise. The transistor noise in an analog circuit is
amplified at each stage, and can eventually
overwhelm the small input signal. For ex-
ample, the input current noise of a transimpe-
dance amplifier must be smaller than the
smallest detectable signal of a photodiode de-
signed to detect a small photon fluence. In a
digital circuit, the output noise current of a
transistor should not be so high as to mistaken-
ly trip the logic state of the following gate. The
dynamic range of the amplifier is the ratio of the
lowest detectable signal determined by the
input transistor noise floor, to the maximum
signal before the amplifier deviates significant-
ly from a linear response.

(viii) Stability. The transistor must be stable over
time, otherwise at some point the output char-
acteristics drift outside of the margins where
the circuit can reliably operate.

In this section, we establish a theoretical framework
for determining whether or not a particular transistor
architecture or material meets the demands of its
target application. Our discussion begins at the most
general level, considering all operational modes of
MISFETs. However, as previously noted, OTFTs pri-
marily (but not exclusively) operate in the
accumulation-enhancement regime, and hence the
discussions primarily focus on this common situation.
Within this framework, we identify the applications
that are most suitably addressed by OTFTs, and
which can be better served by alternative transistor
technologies.

8.3.1 Metal–insulator–semiconductor contacts

The key to understanding OTFT operation is the
metal gate–insulator–semiconductor (MIS) capacitor. In
Fig. 8.8 we show the energy level diagram for a MIS
capacitor comprising a metal contact and
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semiconductor with work functions, ϕM and ϕS, re-
spectively. In this example, ϕM < ϕS. When the metal,
insulator and semiconductor are brought into contact,
charge flows until equilibrium is established. Then the
Fermi energy, EF, across the device is level, resulting
in bending of ELUMO, EHOMO, and the vacuum level,
EVAC, near the dielectric/semiconductor interface.
This induces a dipole of energy, �, in the insulator,
and depletion of holes within the semiconductor.
From inspection of this diagram:

ϕMS ¼ ϕM � ϕS ¼ ϕM �
1
q

χþ ELUMO � EFð Þð Þ ¼ qVbi;

ð8:1Þ
where χ is the electron affinity of the semiconductor
and Vbi is the built-in potential. It is convenient to
define the surface potential,

qψS ¼ qϕMS �� ¼ qVbi ��; ð8:2Þ
as the band bending at the semiconductor/insulator
interface. In the special case where ϕM ¼ ϕS, Vbi ¼ 0
and the bands are flat throughout the semiconductor
channel. This is known as the flat-band condition. The
device in Fig. 8.8 achieves flat-band when the poten-
tial applied to the metal (i.e. the gate potential in a
transistor) is VGS ¼ ψS.

In MIS systems, there are several sources of trapped
charge both within the insulator and at the interfaces.
Specifically, trapped charges per area due to fixed
(�QF) and mobile (�QM) ions in the insulator bulk,
and interface traps (�QIT), contribute to a change in
gate voltage. The presence of charge traps in

equilibrium also contributes to the energy level bend-
ing, and hence affects the surface potential in the
channel. Defining the sum of all charges trapped at
defects both within the bulk and at the surfaces of the
insulator as �Qi ¼ �QF + �QM + �QIT (each term of
which can be either positive or negative, depending
on the polarity of the trap at equilibrium), the built-in
potential becomes

V0bi ¼ Vbi þ�Vbi ¼ ϕMS þ
�Qi

Ci
; ð8:3Þ

where the insulator capacitance per area in the ab-
sence of traps is

Ci ¼ εiε0
ti

: ð8:4Þ

Here, both Q and C are normalized to the contact
area, and εi and ε0 are the relative dielectric constant
of the insulator and the permittivity of free space,
respectively.
Control of the channel charge and potential by the

gate voltage in an MIS capacitor is shown in Fig. 8.9,
assuming ϕM ¼ ϕS and �Qi ¼ 0. The energy level
diagrams are shown at the top of the figure, and the
charge distributions are shown at the bottom. Gener-
ally, the charge density in the organic is small, but
rarely is it zero. In the MIS capacitor, we assume the
organic is infinitely thick with a background hole
density, p > 0.
At VGS¼ 0, the device is at thermal equilibrium and

the bands are flat. At VGS < 0, holes accumulate at
the surface at density +QS. This is the accumulation
regime. Under a small positive bias less than the
threshold voltage, that is, at VGS < VT, charge is
depleted from the insulator/semiconductor interface,
leaving only fixed bulk charge, �QB, due to the re-
sidual holes in the channel. At VGS > VT the Fermi
level in the semiconductor moves above mid-gap and
the minority charge concentration at the surface sur-
passes the majority carrier concentration. In this case,
the semiconductor is said to be inverted, where the
number of electrons, n > p. Note that this description
is general. However, due to the low background
charge concentrations in undoped organics, typically
only the accumulation regime is accessed by applying
a negative gate voltage.
The inversion condition occurs when the free

charge at the interface (i.e. electrons in Fig. 8.9) equals
the holes in the bulk, and therefore creates a neutrality
condition. This is the depletion-inversion transition
point, and from inspection of Fig. 8.8, occurs when
qψS ¼ 2 EF � EIð Þbulk where the last term refers to the
values of EF and EI in the channel bulk. Here, EI is the
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Figure 8.8 Equilibrium energy level diagram of a metal–insulator–
organic contact where the organic is p-type.
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intrinsic level energy. The gate voltage at the transi-
tion point is the threshold voltage, VT, and is defined
by satisfying the condition for the total surface charge:

QS ¼ �Ci VGS � VTð Þ ¼ 0: ð8:5Þ
In the absence of channel doping, then

VT ¼ 2
q

EF � EIð Þbulk ¼ 2ψB; ð8:6Þ

where ψB is the Fermi energy relative to the intrinsic
level in the bulk of the semiconductor. The charge
density in the bulk of the semiconductor is given by
(see Eq. 4.266ff.)

QB ¼ �qNAw ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2qNAεSε0 2ψBð Þ

q
; ð8:7Þ

where NA is the density of residual acceptors in the
bulk. The total threshold voltage is thus

VT ¼ 2 ψB þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qNAεSε0ψB

p
Ci

 !
� 2ψB þ

qNAd
Ci

: ð8:8Þ

The expression to the far right is valid for a lightly
doped organic of thickness d that is completely de-
pleted at VGS ¼ 0. This situation is the most common-
ly encountered in organic semiconductors.
A qualitative plot of the surface charge, log(|QS|),

vs. the surface energy qψS for an MIS capacitor is
provided in Fig. 8.10. This plot shows how the gate
potential controls the charge density at the semicon-
ductor/insulator interface. The electron surface charge
density for an MIS capacitor with an electron-rich
semiconductor bulk follows

QS ¼ qnS ¼ qnpS0exp �qψS=kBTð Þ; ð8:9Þ
where nS is the surface electron density, (with the
total charge density in the channel of nB ¼ nS�y
where �y is the width of the charge layer at the
insulator/semiconductor interface), and npS0 is the
electron surface charge density at equilibrium. For an
undoped semiconductor, QS increases exponentially
in both the accumulation and strong inversion re-
gimes. In weak inversion, the charge density increases
only slowly with ψS, whose exact functional depend-
ence is found from a solution to Poisson’s equation in
the channel (Sze, 1981). Importantly, at flat band, the
semiconductor is in equilibrium where the number of

(a) (d)(c)(b)

VGS = 0 VT > VGS > 0VGS < 0 VGS >VT

+QS +QM +QM
-QB

w

-QM -QB -Qs

Figure 8.9 Gate voltage control of hole concentration at the organic/semiconductor interface in an MIS capacitor. (a) Flat band condition (thermal
equilibrium) where ϕM¼ ϕS. (b) Accumulation, (c) depletion, (d) inversion at VGS > VT, the threshold voltage. Diagrams at bottom show the charge at each
side of the insulator.
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thermally generated holes and electrons are equal,
thus resulting in the absence of a net charge at the
interface.

The capacitance of the gate under accumulation is
simply the geometric capacitance of the insulator in
Eq. 8.4. At high frequencies where the surface charge
cannot respond to the a.c. signal, Ci is added in series
to the capacitance of the depletion region in the chan-
nel bulk, CB. Then, the total capacitance is

CT ¼ εSεiε0
εSti þ εiw

; ð8:10Þ

where εS is the semiconductor dielectric constant, and
w is the depletion region width. As is often the case
in organics, the background charge density is small,
and the thin semiconductor is completely depleted
(w! d). At low frequency, the interface charge fol-
lows the variation in voltage, and the capacitance
returns to Ci once inversion is reached.

8.3.2 OTFT operation

Figure 8.9 illustrates several bias regimes at a MIS
junction. Since organics have a low background
charge density, charge is drawn into the channel via
injection from the S contact by applying a bias, |VGS|
> |VT|. Furthermore, the channel is “normally off”
when no charge exists at VGS ¼ 0. This corresponds to
enhancement mode operation. For the unusual case
where the channel is heavily doped, it can be conduct-
ing at VGS ¼ 0, in which case it is “normally on.” This
is the depletion mode of operation, which is rarely
exploited in OTFTs due to the difficulty in obtaining
sufficiently high free charge concentrations via
doping.

In the accumulation-enhancement mode, at |VGS|
> |VT|, injected charge in the channel diffuses along
the insulator interface to the drain. Figure 8.11 shows
the OTFT along the length of the gate at different VDS.
The illustration shows the extent of the conduction
region from VDS ¼ 0 (Fig. 8.11a), to VDS ¼ VDSsat

(Fig. 8.11b), that is, the point at which the drain po-
tential leads to a pinch-off of the charged layer at the
drain. At small VGS, therefore, the channel current is
in the linear regime when ID vs. VDS approximately
follows Ohm’s law. In this regime, the channel resist-
ance is relatively independent of VDS. At |VDS| ¼ |
VDSat|, the current demanded by the drain potential
can no longer be supplied by the source without
increasing VGS needed to increase the charge density
at the insulator interface. This creates a depletion
region between the pinch-off point and the source,
preventing the drain current from increasing further.

Thus, when |VDS| > |VDSat|, the free charge recedes
a distance, �x, from the drain (Fig. 8.11c). The drain
current is pinned at IDsat assuming there is no series
resistance contributed by the depleted gate region.
Since the drain current is constant at higher voltages,
this is known as the saturation regime. The various
current regimes along with the ID vs. VDS characteris-
tics of an n-channel OTFT (where both VGS and VDS

are positive) are shown in Fig. 8.12.
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Figure 8.11 Channel conduction (accumulation) layer under different
VDS for VGS > VT, that is, the area under the gate has a high density of
charge that enables drain current flow from the source. (a) VDS ¼ 0, (b)
VDS¼ VDSsat at pinch-off, and (c) VDS > VDSsat. The undoped channel bulk
is depleted beyond the accumulation region.
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The OTFT operation can be modeled using the dis-
tributed resistive/capacitance network in Fig. 8.13.
The equivalent circuit approximates the channel by a
series of N incremental resistances, δr. Similarly, the
gate dielectric consists of a parallel network of incre-
mental insulator capacitances, δCi. The voltage at point
x from the source along the channel of length, L, isV(x).
For simplicity, we ignore the effects of S and D contact
resistances, which can be significant (see below).
For calculating device characteristics, we make

several assumptions. (i) The charge mobility at the
interface, that is, the field effect mobility, μFE, is inde-
pendent of electric field under all bias conditions. We
have found in Chapter 4 that this is in fact not the case
in disordered organic solids where a density of con-
ductive states extends from the HOMO or LUMO into
the energy gap. As the charge density increases with
VGS and VDS, the filling of these tail states pushes the
mobility edge toward the frontier orbital energies,
resulting in an increase in μFE. Hence, it is widely
observed that μFE is higher than the bulk mobility
of the channel material that is typically measured at
much lower charge densities than exist at the insula-
tor/channel interface. (ii) Only drift current is con-
sidered; diffusion current contributions are ignored.
(iii) The channel is lightly doped, or undoped, that is,
EF � EI at VDS¼ 0. This condition also implies that, in
the absence of gate leakage, the channel leakage is
negligible when the transistor is in the “off” state.
(iv) The electric field normal to the gate contact (in
the y-direction) is considerably larger than from
source to drain. This is the gradual channel approxima-
tion that applies when ti ≪ L, which is almost always
true for OTFTs. (v) We start by assuming ambipolar
conduction in the channel (Schmechel et al., 2005).
Ambipolar implies that both electrons and holes can
transport current. Except in special cases where the
material has a nearly equal electron and hole field
effect mobility, that is, where μFEn � μFEp, or in blends
of electron and hole conducting constituents, the
OTFT shows unipolar conduction where ID is carried

by only a single charge type. Once the full ambipolar
treatment is developed, it is readily simplified to
model unipolar operation.
In an ambipolar OTFT, the total charge at the

insulator/channel interface at x is

QS xð Þ ¼ q pS xð Þ � nS xð Þð Þ ¼ Ci V xð Þ � VGSð Þ: ð8:11Þ

Here, pS(x) and nS(x) are the respective surface charge
concentrations (cf. Eq. 8.9). At this point, we neglect
the threshold voltage and assume that jVGSj � jVTj.
This simplification allows us to consider a different
threshold for electrons (VTn) and holes (VTp); factors
that will be included below.
Since the channel in the linear regime behaves as a

resistor with total resistance Rtot, then from Fig. 8.13 it
follows that

V xð Þ ¼ VDS
R xð Þ
Rtot

; ð8:12Þ

where the resistance at x as measured from ground
(i.e. from the source contact) is

R xð Þ ¼
ðx
0

dx

qW μFEppS xð Þ þ μFEnnS xð Þ
h i ð8:13Þ

and Rtot ¼ R Lð Þ. Substituting Eqs. 8.12 and 8.13 into
Eq. 8.11 yields the change in surface charge vs. dis-
tance along the channel:

dQS xð Þ
dx

¼ CiVDS

Rtot

1

qW μFEppS xð Þ þ μFEnnS xð Þ
h i : ð8:14Þ

Figure 8.14 illustrates the accumulation region for
holes injected from the source and electrons from the
drain (i.e. VDS < 0). To good approximation, we can
assume that all electrons and holes that meet at point
x0 recombine. Hence, we have the following condi-
tions for the charge distributions:

QS xð Þ ¼ qpSðxÞ 0 � x< x0
QS xð Þ ¼ �qnSðxÞ x0 � x< L

ð8:15Þ
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δCi δCiδCiδCiδCiδCi
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Figure 8.13 Equivalent circuit used in calculating the large signal OTFT
operating characteristics.
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Figure 8.14 Ambipolar OTFT showing the accumulation region under
bipolar charge injection.
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That is, the accumulation region is divided into two
zones, one that conducts only holes and the other,
electrons. With this, we can simplify Eq. 8.14 in the
region x < x0:

dQS xð Þ
dx

¼ CiVDS

Rtot

1
qWμFEpQS

; ð8:16Þ

with an analogous relationship for electrons at x � x0.
Integrating Eq. 8.16 up to the point x gives

jQS xð Þj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
CiVGSð Þ2± 2Ci

μFE

VDS

Rtot
x

s
; ð8:17Þ

where the “+” sign refers to holes (in which case
μFE ¼ μFEp), and “�” to electrons (where μFE ¼ μFEn).
Since VðLÞ ¼ VDS, and using Eqs. 8.11 and 8.17 we
can eliminate QS(L):

Rtot ¼ 2L
μFEWCij2VGS � VDSj : ð8:18Þ

Finally, we calculate the drain current characteristics
using Ohm’s law, ID ¼ VDS=Rtot, along with our solu-
tion for Rtot in Eq. 8.18. First, let us consider the case of
a unipolar transistor where μFE = μFEn >> μFEp. Then
electrons populate the inversion region when VGS,
VDS > 0. Including the threshold voltage, VT, we
obtain in the linear region:

ID ¼W
L
μFEnCi VGS � VT � VDS

2

� �
VDS,

0 � VDS � VDSsat

VGS >VT

� �
:

ð8:19Þ

Equation 8.19 describes the unipolar drain current
characteristics of the OTFT in the linear regime at
VDS <VGS � VT . In this regime, the drain current fol-
lows Ohm’s law, that is, ID � VGS � VTð ÞVDS ∝VDS.

The saturation current at VDS >VDSsat ¼ VGS � VT

is fixed at its value at VDSsat. Since the conduction is
unipolar, saturation occurs when x0 ¼ L and

IDsat ¼ W
2L

μFEnCi VGS � VTð Þ2; VDS >VDSsat

VGS >VT

� �
:

ð8:20Þ

The saturation current scales linearly with the di-
electric capacitance, and not surprisingly, the mo-
bility. The capacitance is proportional to the ratio
εr=ti. Therefore, the choice of both the organic semicon-
ductor and dielectric determines the magnitude of the
current, and ultimately the gain that the transistor can
source.

Two further quantities are useful in characteriz-
ing transistor performance. The first is the transcon-
ductance, gm (units of [A/V] ¼ [S]), which quantifies
the modulation of the drain current due to changes in
VGS. The transconductance is related to the transistor
gain. Thus, for a constant VDS,

gm ¼ ∂ID
∂VGS

����
VDS

¼
W
L
μFEnCiVDS VDS � VDSsat

W
L
μFEnCi VGS � VTð Þ VDS >VDSsat

:

8>><>>:
ð8:21Þ

As noted, high gain is also dependent on materials,
requiring a high Ci and μFE. The second quantity is the
output, or drain conductance, gD, equal to the slope of
the ID vs. VDS characteristics. The output conductance
ultimately determines the output impedance of the
transistor, and hence the maximum circuit gain that
can be achieved. In the absence of drain or source
contact resistances:

gD ¼ ∂ID
∂VDS

����
VGS

¼
W
L
μFEnCi VGS � VT � VDSð Þ VDS � VDSsat

0 VDS >VDSsat

:

8<:
ð8:22Þ

In realistic devices, it is not possible to have a vanish-
ing output conductance in saturation. Diffusion,
generation-recombination, and other parasitic cur-
rents such as gate insulator leakage contribute to the
channel current originating within the transistor de-
pletion region. Leakage depends on both VGS and
VDS, and hence gD ! gDsat VGS;VDSð Þ at VDS >VDSsat,
where gDsat is the output conductance in the satur-
ation region. Furthermore, the source (rS) and drain
(rD) resistances differ from zero. Their inclusion in the
analysis leads to expressions for themeasured values of
gm and gD (g0m and g0D, respectively) of (Chou and
Antoniadis, 1987)

g0m ¼
gm

1þ rSgm
ð8:23Þ

and

g0D ¼
gD

1þ rS þ rDð ÞgD
: ð8:24Þ

Thus, for rS ! 0, then g0m ! gm. In contrast, in the
saturation regime for large leakage (corresponding
to gDsat large), then g0D ¼ rS þ rDð Þ�1, that is, the out-
put conductance is limited by sum of the source and
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drain resistances that includes a combination of both
undepleted channel and contact resistances.
From the expressions for ID in both the linear and

saturation modes, we can extract several important
features of the OTFT. The dependence of ID on VGS at
fixed VDS (known as the transistor transfer characteris-
tics) in these two modes is shown in Fig. 8.15. Accord-
ing to Eq. 8.19, ID in the linear regime at fixed VDS is
proportional to VGS with an intercept atVGS = VT, and
a slope equal to gm (cf. Eq. 8.21). The field effect mo-
bility, therefore, is extracted from gm. Similarly, in the
saturation regime (Eq. 8.20), a plot of

ffiffiffiffiffiffiffiffiffi
IDsat

p
vs. VGS

yields ffiffiffiffiffiffiffiffiffi
μFEn

p , with an intercept of VT. In practice, the
mobility should be obtained from the saturation ra-
ther than the linear regime data, since the latter may
be diluted by series resistance and channel leakage
that are less significant as the current is increased into
saturation. Deviations at high ID in both plots are due
to series resistance, field-dependent mobility and
other non-ideal effects.
The value of μFE can alternatively obtained from a

plot of gD vs. VGS at VDS ¼ 0. From Eq. 8.22, the slope

is
W
L
μFEnCi and the intercept at VGS ¼ 0 gives VT. This

measurement is reliable only if the interface charge
density is small, since charging or discharging of traps

as the Fermi energy is swept through the energy gap
with VGS reduces the slope, affecting the mobility
measurement.
We have noted previously in this discussion as well

as in Section 4.4.3, that the field effect mobility is not
the same as the bulk mobility for several reasons that
should be apparent from the foregoing analysis. The
field effect mobility is associated with conduction
along the organic/insulator interface, and hence is
influenced by the presence of charge trapped at the
interface. It is also influenced by contact resistances
(Eqs. 8.23 and 8.24), the exceptionally high density of
charge in the OTFT that leads to filling of the Gauss-
ian density of states (DOS), and static disorder within
the channel. This has led to numerous reports of un-
physically high single crystal mobilities extracted
from the transistor transconductance.
The accuracy of the measurements have been

studied using rubrene single crystal OTFTs whose
structure is shown in Fig. 8.16a, and a photograph
is shown in Fig. 8.16b. The rubrene crystal was
grown by physical vapor deposition in flowing Ar
in a heated reactor tube. The crystal was attached
to the SiO2 gate dielectric pretreated with OTS,
used to improve its adherence to the dielectric.
The I1=2Dsat vs. VGS characteristics in the saturation
regime (VDS ¼ �20 V) are shown in Fig. 8.16c.
There is a noticeable kink in the characteristics at
VGS ¼ �6 V, which differs from expectations from
the theory of Eq. 8.20. The mobility extracted from
the data atVGS<�6 V gives μFEp¼ 0.9 cm2/V s, which
is more than six times lower than 6 cm2/V s at�6 V<

VGS < 0. A survey of the literature shows that
the discontinuity in the transfer characteristics can re-
sult in differences of greater than a factor of ten in the
field effect mobilities measured using the d.c. output
characteristics. This finding is independent of whether
the device is based on single crystals or polymers, and
for both carrier types (Bittle et al., 2016, Choi et al.,
2018).
Figure 8.17 shows fits to the ID vs. VDS characteris-

tics in both the linear and saturation regimes of tran-
sistors employing the two different values of the field
effect mobility from Fig. 8.16. The fits to the lower
mobility obtained at a more negative gate voltage
(Fig. 8.17a) are considerably more faithful to the data
than using the higher mobility, suggesting that this
latter value is significantly overestimated. Analysis
of the transistor performance based on voltage-
dependent mobility measurements and admittance
spectroscopy indicates that the transition from the
high to low mobility regimes is accompanied by an
abrupt decrease in contact resistance. At low gate bias,
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Figure 8.15 Drain current vs. VGS in the (a) linear and (b) saturation
regimes of an enhancement mode OTFT. Also shown are the threshold
voltage, VT, and linear extrapolations to the characteristics (dashed line).
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the contact resistance is dominated by thermionic
emission of charge at the source contact, and is ap-
proximately equal to the channel resistance. As the
gate voltage is increased, a high density of charge
accumulates under the contact, reducing the injec-
tion barrier by the onset of field emission into the
channel. With further increases in gate voltage, the
resistance remains constant, at value of more than
two orders of magnitude smaller than the channel
resistance. In this case, the contact resistance no
longer significantly impacts the mobility measure-
ment. Indeed, when contact resistance effects are
included, the mobility is independent of voltage
equal to it value at VGS < �6 V. The anomalous
differences between the field effect and bulk mobili-
ties are thereby reduced, although these two quan-
tities characterize two very different conduction
regimes. Hence, it should be apparent that measure-
ments of very high mobilities from the d.c. transistor
characteristics should be treated with considerable
caution (Choi et al., 2018).

Returning to the more general solution for ambipo-
lar conduction, the recombination point, x0, is deter-
mined by modeling the accumulation region as a
voltage divider comprising two resistances, Rp and
Rn (Schmechel et al., 2005):

Rp ¼ 2x0
μFEpWCijVGSj ;

Rn ¼ 2 L� x0ð Þ
μFEnWCijVDS � VGSj

ð8:25Þ

with a total channel resistance of Rtot ¼ Rp þ Rn and
jVGSj=Rp ¼ jVDS � VGSj=Rn. Thus,

x0 ¼ LV2
GS

V2
GS þ

μFEn

μFEp
VDS � VGSð Þ2

: ð8:26Þ

As expected, x0 depends on the relative magnitudes of
μFEn and μFEp. Here we have assumed that holes are
injected at x ¼ 0 and electrons at x ¼ L. As μFEn

increases relative to μFEp, x0 decreases until μFEp ! 0,
corresponding to x0 ! 0, that is, the electron-rich ac-
cumulation region extends across the entire channel.
A plot of the charge density distribution for various

ratios of μFEp=μFEn is given in Fig. 8.18. When the
mobilities are equal, x0 = L/2, but as μFEp increases,
the point where the charge density vanishes moves
toward the drain. Unipolar conduction corresponds
to μFEp=μFEn ¼ 100.
With expressions for Rn, Rp, and x0, we can calcu-

late a general solution to the drain currents for ambi-
polar OTFTs. The characteristics are similar to those
for a unipolar device in the linear regime in Eq. 8.19,
although at higher drain voltages (VDS � VGS), the
ID vs. VDS characteristics follow

IDsat ¼WCi

2L
μFEn VGS � V0T

� �2h
þμFEp VDS � VGS þ V0T

� �2i
;

VGS <VDS � VDSsat

VGS >V0T

 !
:

ð8:27Þ

There are several differences between this expres-
sion and that for unipolar conduction in Eq. 8.20. For
μFEn >> μFEp, the conduction is in fact unipolar, and
Eq. 8.27 is the same as Eq. 8.20. Further, the threshold
voltage VT is replaced by V0T , allowing for the
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Figure 8.16 (a) Schematic illustration of a single crystal OTFT. (b) Micrograph of a single crystal of rubrene overlaying the S and D and G (not shown)
contacts forming the single crystal OTFT. The scale bar is 100 μm. (c) The transfer characteristics of the rubrene transistor in the saturation regime at
VDS ¼ �20V. After Bittle et al. (2016).
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possibility of two thresholds; one for electrons and the
other for holes. This is discussed further below. And
finally, there is no current saturation regime. The last
term on the right indicates that the current increases
quadratically with VDS when VDS > VGS.
The drain current characteristics for an ambipolar

OTFT with μFEn ¼ μFEp and V0T ¼ 0 V are illustrated
in Fig. 8.19. The onset of the ID ∝V2

DS dependence is at
VDS ¼ VGS, as predicted by Eq. 8.27. Hence, a notable
characteristic of the curves is that they cross over each
other and exhibit saturated behavior over a larger
range of VDS with increasing VGS. Furthermore, they
are expected to lose their symmetry about VDS ¼ 0
when the electron and hole mobilities and threshold
voltages significantly differ.

Ambipolar transistors have a comparatively low
output conductance, gD at low VGS, making them
less useful than unipolar OTFTs as voltage amplifiers.
The transconductance of ambipolar devices is inferred
from the ID vs. VGS characteristics in Fig. 8.20. When
there is a large asymmetry in the mobilities, the trans-
fer characteristics are similar to those in Fig. 8.15.
However, as the difference in mobilities is reduced,
an inflection in the drain current is observed near
VGS ¼ 0 V, which becomes more pronounced with
increasing μFEp. Inspection of Eq. 8.27 shows that at
small VGS, the second term dominates and the slope
inverts.
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Figure 8.18 Charge density and location of the recombination point,
x0 vs. the relative electron and hole field effect mobilities, μFEp and μFEn,
respectively. Here, VGS ¼ �15 V, VDS ¼ �10 V, and VT ¼ 0 V. After
Schmechel et al. (2005).
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The drain current expression assumes a single
threshold voltage, V0T . In most devices, however, dif-
ferent threshold voltages, VTn andVTp, are required to
achieve electron or hole accumulation, respectively.
We now write the explicit expressions for ID for the
example of VTp � VTn. The ambipolar transistor has
three regimes of operation. In the linear regime,

ID ¼WCi

L
μFEn VGS � VTn � VDS

2

� �
VDS;

0 � VDS � VDSsat

VGS >VT

 !
:

ð8:28Þ

Beyond the linear regime, the transistor enters the
saturation regime, where

ID ¼WCi

2L
μFEn VGS � VTnð Þ2; VDS � VGS � VTn

VDS � VGS � VTp

� �
:

ð8:29Þ

Finally, in the ambipolar (quadratic) regime, we have

ID ¼WCi

2L
μFEn VGS � VTnð Þ2
n

þμFEp VDS � VGS þ VTp
� �2 o

;

VDS � VGS � VTp � VGS � VTn:

ð8:30Þ

Analogous expressions are obtained for μFEn < μFEp

and VTp >VTn.
These drain current characteristics are easily reduced

to the equivalent unipolar expressions by simply allow-
ing the mobility of the less mobile carrier to vanish.
Since nearly all high performance OTFTs operate
under unipolar injection, for clarity we will confine

the rest of our discussion here to unipolar devices.
Example ambipolar transistors, and their application
to electronic circuits is found in Section 8.4.4.
In Fig. 8.15, the drain current deviates from zero at

VGS < VT. A high performance transistor is character-
ized by a small drain current below threshold, as well
as an onset (called the switch-on voltage, Von) very near
to VT.An abrupt current onset enables a small voltage
swing to switch the OTFT from the off to the on state.
The rate of change of the current at Von < VGS < VT is
known as the sub-threshold slope, defined as

S ¼ ∂VGS

∂ log10ID
� � : ð8:31Þ

For example, for a Si MOSFET S � 60 meV/decade
of drain current, and for a-Si TFTs, S ¼ 0.3–1.5 V/
decade. This larger value for amorphous Si is likely
due to states that extend into the band gap (tail
states) due to structural disorder or defects. A similar
situation exists in organics, where both dynamic
and static disorder lead to a high density of tail states.
It is therefore unsurprising that S is large, and for
OTFTs it can be as high as 4–5 V/decade (Lin et al.,
1997b), although with improved crystalline order
in the channel and a reduced interface charge density
of states (DOS), S ¼ 0.5 V/decade has been obtained
for pentacene/SiO2 OTFTs (Klauk et al., 2002).
The sub-threshold current is due to thermally

excited charge that surmounts the energy barrier
between the injecting source contact and the gate,
as illustrated in Fig. 8.21 for an OTFT in weak and
strong accumulation. Figure 8.21a shows depletion
region (shaded area), where there is a barrier with a
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Figure 8.20 Transfer characteristics of an ambipolar OTFT in the
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et al., 2005).

e–

e–

q|VGS-VFB | /n
0

qψB

2qψB

S D
G(a)

(c)

(b)

En
er

gy

Figure 8.21 Energetic landscape under sub-threshold conditions.
(a) Profile of the OTFT. The lightly shaded area under the gate is the
depletion region. (b) Energy along the channel under weak accumulation,
and (c) energy under strong accumulation. The energy barrier height
between source and gate is qVGS/n.

8.3 OPERATING PRINCIPLES AND DEFINITIONS 819



built-in potential at each contact. In Fig. 8.21b, the
energy barrier between source and gate decreases
with gate voltage as qjVGS � VFBj=n, where VFB is
the flat band voltage (VFB ¼ 0 in Fig. 8.21b), and n is
the ideality factor for the injection current. We have
shown previously that, in the absence of trapped
charge, VFB ¼ �=q. At VGS < VT, charge surmounts
the barrier by thermionic emission, resulting in a
drain leakage current of

ID ¼ ID0exp qjVGS � VFBj=nkBTð Þ ¼ I0D0exp qVGS=nkBTð Þ;
ð8:32Þ

where ID0 and I0D0 are constants. That is, ID increases
exponentially as the barrier height decreases. In
Fig. 8.21c, the barrier is significantly reduced near
threshold as VGS ! 2ψB, improving charge injection
into the channel.
The expressions developed thus far, and in particu-

lar those leading to Eqs. 8.20 and 8.32, are based on
treatments of conventional transistors that operate in
the inversion mode. Since OTFTs operate in the accu-
mulation mode, the relationships between the thresh-
old voltage, and the turn-on voltage, Von (and hence,
VFB) are simply empirical models. Nevertheless,
Eq. 8.32 is in good agreement with OTFT operation
in the sub-threshold regime. And while VT extracted
from these characteristics is not identically equivalent
to that obtained for inversion-mode FETs, it is never-
theless useful for describing OTFT performance.
The ideality factor is the fraction of the gate

voltage dropped across the semiconductor, that is,
n ¼ VGS=ψS. This is calculated by inspection of the
gate equivalent circuit in Fig. 8.22. In the presence of
traps, the circuit consists of the series/parallel com-
bination of the capacitances of the insulator, deple-
tion region (CB), and interface traps, CIT. The voltage
divider thus yields

n ¼ 1þ CB þ CIT

Ci
� 1þ CIT

Ci
; ð8:33Þ

where, on the right, we assume that CB ! 0 in an
organic where the dopant concentration is very

small. The interface capacitance is CIT ¼ qNIT, where
NIT is the interface charge DOS. Then we obtain n� 1.
Using Eq. 8.32 in Eq. 8.31, we obtain

S ¼ 2:3
nkBT
q

: ð8:34Þ

For an ideal MISFET, n ¼ 1 and thus the smallest
possible sub-threshold slope at room temperature is
S ¼ 60 mV/decade. The trapped charge density is
obtained from S using Eq. 8.33.
The sub-threshold characteristics of a DNTT,

p-channel OTFT are shown in Fig. 8.23. The device
has a BG/TC configuration. The AlOx gate dielectric
is a 3.6 nm layer grown by oxygen plasma vapor
deposition (PVD). Prior to vacuum depositing
DNTT, the insulator surface is treated with a solution
of alkylphosphonic acid that forms a self-assembled
monolayer (SAM) that modifies the surface energy,
and/or surface trap density. Further discussion of
the use of SAMs in influencing OTFT characteristics
is found in Section 8.6.1.
Figure 8.23 is a semi-log plot from which the sub-

threshold slope of S ¼ 80 mV/decade is obtained
from the exponential characteristics in both the linear
and saturation regimes at VDS ¼ �0.1 V and �1.5 V,
respectively. The threshold at VGS ¼ VT ¼ �1.4 V is
obtained from the transition of the current from an
exponential to a linear increase in ID at VGS ¼ VT. The
value of S is remarkably close to the theoretical min-
imum of 60 meV/decade for n � 1 (Eq. 8.34). An
interface trap density of NIT ¼ 2 � 1012 V�1 cm�2 is
inferred from the measured n and using Eq. 8.33.
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Figure 8.22 Equivalent circuit of the MIS gate region in the presence of
interface traps.
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At VGS < VT, the drain current is due to emission
over the source contact-channel barrier, recombin-
ation within the channel, shunt and other parasitic
leakage paths, and leakage through the gate dielec-
tric. The sum of the leakage currents determines the
off current of the transistor. The gate leakage current
is also plotted in Fig. 8.23, and is �1 pA in the satur-
ation regime. The channel resistances, rD þ rS, limit
the on current. The transistor performance as a switch
depends on the ratio of on-to-off current ratio,
Ion=Ioff ¼ 106 � 107, and by Swhich sets the minimum
voltage needed to swing the transistor between these
logic states.

8.3.3 Frequency response

The equivalent circuit for the small signal a.c. response
of an OTFT is shown in Fig. 8.24. It is customary to use
lower case variables (e.g. iD vs. ID, vDS vs. VDS, etc.) to
denote the small signal values of the corresponding
parameters. Now the small signal drain current is

iD vDS;vGSð Þ ¼ ID VDSþ vDS;VGSþ vGSð Þ� ID VDS;VGSð Þ:
ð8:35Þ

This expression is expanded in a Taylor series to give,
to first order,

iD ¼ ∂ID
∂VDS

����
VGS

vDS þ ∂ID
∂VGS

����
VDS

vGS; ð8:36Þ

which, using the definitions in Eqs. 8.21 and 8.22,
yields

iD ¼ gDvDS þ gmvGS: ð8:37Þ
Both the gate-to-source (CGS) and gate-to-drain (CGD)
capacitances contribute to the a.c. input impedance
These capacitances are the sum of the geometric di-
electric capacitance (Eq. 8.4) and the parasitic gate-
source and gate-drain capacitances that result from
overlap between the gate and the channel contacts.
Under a.c. gate voltage modulation, the reactance
from these capacitances shunts the gate voltage. The
total equivalent gate capacitance is, therefore,

CG ¼ CGS þ CGD 1þ Avð Þ; ð8:38Þ
where Av is the voltage gain. In an a.c. circuit, the
external load resistance, RL, appears across the drain,
and hence Av is simply

Av ¼ ∂vDS

∂vGS
¼ ∂vDS

∂iD

∂iD
∂vGS

¼ RL∥
1
g0D

� �
gm; ð8:39Þ

where, in the a.c. equivalent circuit of a common
source amplifier, the transistor output resistance,
1=g0D, is in parallel with RL. For circuits with moderate

voltage gain, RL < 1=g0D, leading to RL∥
1
g0D
! RL. The

drain capacitance in Eq. 8.38 appears at the OTFT
input, and hence Av amplifies its effect on the output
impedance. The total drain capacitance

CM ¼ CGD 1þ Avð Þ ð8:40Þ
is known as the Miller capacitance, and its amplifica-
tion is known as the Miller effect. The difficulty in
precise patterning and alignment of the gate within
the channel can result in a significant dependence
of the OTFT a.c. response on CGD, and therefore the
parasitic capacitances of the source and drain to
the gate cannot be ignored.
For a sinusoidal input angular frequency, ω, the

small signal input current is purely reactive:

iGS¼WLCG
∂vGS

∂t

����
VDS

¼ jω WLCGð ÞvGS¼ j2πf WLCGð ÞvGS;

ð8:41Þ
where f is the modulation frequency of the gate. Also,
j ¼ ffiffiffiffiffiffiffi�1p

indicates that the gate current and voltage
are phase-shifted by π/2. Similarly, the current at the
drain is, from Eq. 8.21,

iD ≃ gmvGS; ð8:42Þ
resulting in a current gain of���� iDiG

���� ¼ gm

2πf WLCGð Þ : ð8:43Þ

Since the reactive current iG is linear in f, whereas iD
is frequency independent, we define the maximum
frequency of practical operation as the cutoff, or trans-
fer frequency, fT, which is defined at the point where
jiD=iGj ¼ 1. Thus,

fT ¼ gm

2πWLCG
¼ gm

2πWL CGS þ CMð Þ : ð8:44Þ

Apparently, fT decreases approximately inversely
with Av in high gain transistor circuits, with the max-
imum frequency response at Av � 1. This is an

vDSvGS gmVGSCǴS

CǴD

gD

iD DG

SS

RL

Figure 8.24 OTFT small signal a.c. equivalent circuit. Here, C 0GS and
C 0GD are the total gate-source and gate-drain capacitances, respectively.
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expression of the gain-bandwidth product introduced
in the context of photodetectors in Section 7.1.1.
The geometric relationship between capacitances

and the electrode configuration that is helpful in ana-
lyzing a BG/TC OTFT is shown in Fig. 8.25a. For
convenience, we assume a symmetrical device where
the insulator and parasitic contact capacitances (Ci

and CC, respectively) are shared equally between the
source and drain. The transfer length, LT, is the overlap
of the drain and source contacts with the channel that
participates in current injection into the channel. The
d.c. equivalent circuit in Fig. 8.25b shows that CGS ¼
CGD for this particular device geometry.
Using Eq. 8.21 in the saturation regime, we obtain

fT ¼ gm

2πW Lþ�Lð ÞCi
¼ μFEac VGS � VTð Þ

2πL Lþ�Lð Þ : ð8:45Þ

Here, we assume that the total overlap of both the gate
and drain contacts with the source is �L. Then the
total insulator geometric capacitance is increased by L
+ �L. We have shown above that the current is limit-
ed by both the contact and channel resistances. At
high frequencies, the contact resistance can signifi-
cantly impact the frequency response as well. Indeed,
in Eqs. 8.23 and 8.24 we found that gm decreases with
increasing resistance. Since μFE is determined from a
measurement of the transconductance, this implies
that the measured mobility, and hence fT, are also
dependent on resistance. To calculate contact

resistance effects, we replace VDS in the linear regime
with VDS � IDRC, where RC is the total contact resist-
ance that is the sum of the contributions from both
source and drain (Benor and Knipp, 2008). Then, from
Eq. 8.19, we have

ID ¼W
L
μFE0CG VGS � VT � 1

2
VDS � IDRCð Þ

� �
� VDS � IDRCð Þ;

ð8:46Þ
where the insulator capacitance is replaced by the
total gate capacitance, CG ¼ CGS þ CGD, and μFE0 is
the channel mobility in the absence of contact resist-
ance. For small VDS, Eq. 8.46 simplifies to

ID ¼ WμFE0CG VGS � VTð ÞVDS

LþWμFE0CG VGS � VTð ÞRC
: ð8:47Þ

Comparison with Eq. 8.19 suggests that the effective
mobility measured in an OTFT whose contact resist-
ance is comparable to that of the channel resistance is
expressed as

μFEeff ¼
μFE0L

LþWμFE0CG VGS � VTð ÞRC
: ð8:48Þ

An analogous expression can be derived for the ef-
fective mobility in the saturation region starting with
Eq. 8.20. In the presence of both parasitic capacitance
and resistance, the foregoing yields

fT ¼ μFE0 VGS � VTð Þ
2πL Lþ�Lð Þ

1
1þWμFE0CG VGS � VTð ÞRC=L

� 	
:

ð8:49Þ

Now fT � VGS � VTð Þ=L2, and decreases with both RC

and CG. Thus, as the voltage increases, so does the
charge density in the channel, allowing for more
rapid charging and discharging of the gate capaci-
tance in response to a small signal input.
The cutoff frequency vs. channel length is calculated

for BG/TC DH7T OTFTs in Fig. 8.26, showing the
individual contributions from contact resistance and
overlap capacitance. The organic channel is deposited
onto a SiO2 dielectric first coated with an HMDS
SAM. The transfer length, LT ¼ 2–3 μm, and �L ¼ 5
μm were obtained for the photolithographically pat-
terned gatewith lengths as small as 50 nm. The devices
have a mobility of μFE0 ¼ 0.02 cm2/V s, and the fits to
the data (points) including all parasitic effects includ-
ing overlap capacitances, yields a contact resistance of
RCW ¼ 3.5 kΩ cm (Hoppe et al., 2010).
A maximum frequency response of 200 kHz is ob-

tained at L ¼ 1 μm. As the gate length decreases, the
contact resistance exceeds the channel length, limiting

Ci½Cc ½Cc

CGS = ½Ci + ½Cc

Dielectric

ΔL

Gate

Gate

Source

Source

Drain

Drain

CDS

L

LT(a)

(b)

ti

½Rc½Rc

CGD = ½Ci + ½Cc

Figure 8.25 (a) Cross-sectional view of a BG/TC OTFT showing the
various capacitive circuit elements and geometric factors; (b) d.c.
equivalent circuit of the OTFT. The contact capacitance and resistance are
Cc and Rc, respectively.
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fT. Indeed, Eqs. 8.48 and 8.49 indicate that the fre-
quency response, even for very high mobility mater-
ials, is ultimately limited by contact resistance which,
for OTFTs, is rarely below 100 Ω-cm. Thus the pros-
pect for achieving fT > 100 MHz when μFE0 is as high
as 10 cm2/V s and VDS � 10 V, is unlikely unless a
considerable reduction in RCW below current values
of several hundred Ω cm are realized (Klauk, 2018).

Finally, it is important to distinguish the mobility
measured under a.c. and d.c. conditions. The mobili-
ties thus obtained are not generally equal, since the
small signal response under a.c. modulation may be
limited, in part, by the trapping and detrapping of
charge that follows the input signal. The a.c. mobility
is loosely analogous to a time of flight measurement
of the bulk mobility (μTOF, see Section 4.4.3), except
that the values may significantly differ, since μFEac is
influenced by the morphology and charge density at
the insulator/semiconductor interface, whereas μTOF

is a property of the bulk.
To understand the scale of μFEac in OTFTs, we

return to the device characteristics in Fig. 8.23. In
that example, Ci ¼ 0.8 μF/cm2, �L ¼ 10 μm, giving a
total input capacitance of 25 pF. A transconductance
of gm ¼ 15 μS was measured from the saturation
characteristics at VDS ¼ �3 V, yielding fT � 100 kHz

(Klauk, 2010). The best determination of fT, however,
is by direct measurement rather than via inference
from the transconductance in Eq. 8.44. That is, gm is
obtained from the d.c. transistor characteristics, which
may not accurately extrapolate into the a.c. domain.
A typical test setup for measuring fT is shown in

Fig. 8.27. The operating point of the device under test
(DUT) is set by the two power supplies, VGS and
VDD. Both a d.c. bias and the oscillating test signal
(vGS(t)) are applied to the gate through a bias tee. The
tee capacitively couples the a.c. signal to the gate,
which is isolated from ground by the inductive
choke between the VGS supply and the gate. The
gate and drain a.c. currents are measured using cur-
rent amplifiers and a fast digital oscilloscope or spec-
trum analyzer. The a.c. input signal is typically a sine
wave, although a fast pulse, approaching that of a
delta function can be used in conjunction with a
spectrum analyzer. The fast pulse has a uniform
frequency spectrum, and hence its roll-off at high
frequency to the point corresponding to
jiG tð Þ=iD tð Þj ¼ 1 from its d.c. value provides a direct
measurement of fT. The disadvantage of the fast-
pulse technique is that the pulse magnitude must
be sufficient to detect the current signal across the
entire spectrum up to fT.
Results of frequency response measurements on

an n-channel, C60 OTFT are shown in Fig. 8.28a. The
device has a BG/TC configuration, with L varied
from 2 μm to 10 μm. Overlap between the gate and
the output contacts of �L ¼ 1�2 μm gives rise to a
parasitic capacitance, Cp. The other transistor dimen-
sions are W ¼ 1 mm, d ¼ 100 nm, and ti ¼ 200 nm.
The data are obtained in the saturation regime with
VDS ¼ 25 V and VGS ¼ 20 V, leading to a linear
increase in iGS with f that is consistent with reactive
coupling through CG in Eq. 8.41. In contrast, iD is
relatively frequency independent until f ¼ fT ¼ 20
MHz. The frequency dependence of iD is more pro-
nounced as L increases due to the increased parasitic
CGD. The steady-state calculations of fT based on gm,
and measurement are shown in Fig. 8.28b (dashed
line and data, respectively). Here, gm is obtained
using an electron mobility of μFEn between 0.86 and
1.1 cm2/V s, which is a fitting parameter applied to
achieve agreement with the measured cutoff fre-
quency. The difference between theory and experi-
ment is largest at large fT, corresponding to a short
gate length. This is attributed to a parasitic capaci-
tance, Cp, not entirely accounted for by the measured
gate/drain overlap. A fit to the data assuming an
average value for Cp for all gate lengths is shown by
the solid line in Fig. 8.28b (Kitamura and Arakawa,
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Figure 8.26 Cutoff frequency vs channel length and the separate
contributions to the response due to overlap capacitance and contact
resistance for BG/TC DH7T OTFT. The fit (red line) to the data (points) is
obtained using RcW ¼ 3.5 kΩ cm (Hoppe et al., 2010).
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2009). If the overlap between input and output elec-
trodes is decreased using self-aligned patterning and
gate lengths of L! 1 μm, and a decreased contact
resistance, fT may exceed 50 MHz.
A dual transistor, unipolar inverter consists of a

load (T1) and a drive (T2) transistor in a common
source (i.e. source ground) configuration. The load
comprises a transistor whose gate and drain are
shorted. This active load is in saturation since VGS ¼
VDS ¼ VDD, the supply voltage. The drive transistor
source is grounded, and the output is across the load,
and is supplied at the drain of T2. The approximate
voltage gain of the stage is

Av ¼ ∂VOUT

∂VIN
¼ � gm2

gm1
¼ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
W2=L2ð Þ
W1=L1ð Þ

s
; ð8:50Þ

where the last expression follows from Eq. 8.21 for gm
in saturation. Here, gm1,2 refers to transistors T1, T2 in
Fig. 8.29, respectively. For the data in Fig. 8.29b, Av ¼
�2. Each stage must have |Av| > 1 to fully regenerate
the signal from the previous stage. The inverter has an
approximate voltage swing of �VIN ¼ 0.7 V. For lin-
ear operation, the gate voltage of T2 is biased midway
within its linear regime, that is, at VIN � �1:7 V. Im-
portantly, the circuit voltage never swings completely
between 0V and VDD ¼ �4 V, indicating that even in
the quiescent, switched state, the circuit dissipates
power. We show below that this limits the number
of unipolar stages due to the maximum current that
can be sourced, and by circuit heating. Quiescent
power dissipation is eliminated via the use of com-
plementary logic.
A ring oscillator circuit is another means to deter-

mine the transistor frequency response. A ring
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Figure 8.27 Setup for testing the frequency response of a transistor. The shaded region highlights the device under test (DUT).
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transconductance (Eq. 8.44), and the solid line includes a parasitic
capacitance that provides the best fit to the data (Kitamura and
Arakawa, 2009).

824 ORGANIC THIN FILM TRANSISTORS



oscillator comprises a series connection of an odd
number of identical inverter circuits (Fig. 8.29a),
with the output of the last inverter tied back to the
input of the first inverter in the series. Each inverter
input is out of phase by π from its output. Hence, the
first inverter switches the second in the opposite
sense, propagating through all the stages. The out-
put of the last stage is “high” when the input of the
first stage is “low.” The feedback loop thus flips the
first stage back into its “low” state. Thus, the circuit
oscillates (or rings) continuously at frequency
2fosc ¼ 1=Nτdelay, accumulating a delay per stage of
τdelay ¼ 1=2Nfosc. The factor of 2 accounts for two
transistor state changes per cycle. This number is
not identical to fT since each inverter output drives
the input of the following stage. The interconnec-
tions between stages and their associated parasitic
capacitances give fdelay ¼ 2τdelay

� ��1
< fT , although

the gate delay thus obtained is nevertheless useful
for characterizing the transistor small signal re-
sponse in an actual circuit.

The logical circuit schematic and a micrograph of
a 7-stage ring oscillator are shown in Fig. 8.30.
The device has an output stage that buffers the oscil-
lator from the subsequent load. The transistors use a
small molecule/polymer blend for the channel, where
the small molecule is a good hole conductor (μFEp �
0.1 cm2/V s), and the polymer is used to provide a
uniform film morphology. The gate lengths and
widths for the BG/BC configuration are L ¼ 1.5 μm
for both T1 and T2, andW1 ¼ 0.2 mm andW2¼ 2 mm
(giving Av ¼ �3:2 per stage). The gate dielectric is
PVP. A maximum fosc¼ 100.2 kHz is measured, giving
a stage delay of τdelay¼ 712 ns atVDD¼�120 V (Smith
et al., 2008). This corresponds to a cutoff frequency that

is more than ten times smaller than the device in
Fig. 8.28, as a result of the ten times lower mobility of
the channel layer compared with C60.
The oscillator in Fig. 8.30 has an exceptionally high

VDD. Increasing the supply voltage decreases the gate
charging time, thus decreasing the gate delay. This is
illustrated in Fig. 8.31 for the signal delay measured
for 11-stage ring oscillators employing BG/TC tran-
sistors. The OTFTs comprised a 20 nm thick layer of
the vacuum deposited small molecule, C10-DNTT,
with μFEp ¼ 1.2 cm2/V s. An AlOx/SAM insulating
layer is identical to that used in the devices in
Fig. 8.23. The thin insulator layer and the substantial
overlap between the gate and output electrodes of
�L ¼ 5–40 μm ultimately limits fdelay. However, a
benefit of the thin insulator is the low OTFT operating
voltage used (Zschieschang et al., 2013). To minimize
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(a) (b)

VDD

T1

T2

GND

VIN

VIN –3

–2

O
ut

pu
t 

Vo
lta

ge
 (V

)

–1

0

–3 –2

Input Voltage (V)

–1 0

VOUT

VOUT

VDD = –4 V

Figure 8.29 (a) Unipolar voltage inverting amplifier circuit consisting of a load (T1) and a drive transistor (T2). The logical symbol for the inverter is shown
at the bottom. (b) Inverter voltage transfer characteristics comprising transistors similar to that in Fig. 8.23 shows a small hysteresis (arrows point in
direction of the voltage sweep). The dashed line is the slope between the amplifier on and off states in the range�2 V< VIN <�1.3 V. The voltage gain
is Av ¼ ∂VOUT=∂VIN ¼ �2. After Klauk (2010).
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Figure 8.30 Logic diagram (top) and layout of a seven-stage ring
oscillator comprising a blended small molecule/polymer channel. The
feedback line from the 7th to the first stage is shown at the top of the
micrograph. Note the asymmetry in sizes between the load (T1) and drive
(T2) transistors in each stage. The last stage is used for driving an external
load. White scale bar is 200 μm. The output inverter driver is also shown
in the logic diagram, top. After Smith et al. (2008).
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gate capacitance, the widths are only 72 μmand 24 μm
for T1 and T2, respectively. As expected, the shorter
gates have lower capacitance, and hence a smaller
τdelay, which also decreases with increasing VDD. The
smallest delay time measured is 300 ns at VDD ¼ 4V.
From themeasured gm¼ 1.2 mS/mm and CG¼ 90 pF/
mm, the cutoff frequency is fT � 1=2τdelay ¼ 2 MHz.
This is reasonably close to the measured fdelay ¼ 1.6
MHz, indicating that the effects of parasitic capacitance
are small.

8.3.4 Transistor noise

The usefulness of a transistor in both analog anddigital
circuits is often determined by its noise characteristics.
In an analog application such as a linear amplifier, the
noise of the input transistor stage determines the smal-
lest detectable signal by the subsequent circuitry.
Hence, the input noise determines the amplifier dy-
namic range, which is the ratio of the largest signal
that still results in a linear response, to the smallest
signal set by the noise floor. In a digital circuit, the
noise margin defines the maximum allowable noise
output of one stage that still correctly triggers the
logic state of the following stage (Hauser, 1993).
Hence, lower gate noise results in a larger noise mar-
gin, and hence more error-free operation of the circuit.
Thin film transistors have several noise sources,

each contributing a mean square noise current spectral
density of SIn ¼ hi2ni. The total noise spectral density,
SItot, is that of all sources added in quadrature. Thus,

SItot ¼
X
n



i2n
�
: ð8:51Þ

The determination of the separate noise sources in
Eq. 8.51 follows an analysis developed for photo-
detectors in Section 7.1.2.
When the voltage between drain and source is zero

for a channel in accumulation, the channel performs as
a resistor with conductance, g0. The noise from a resis-
tor in equilibrium is due to the randomarrival of charge
at an electrode. It is variously knownas thermal, Johnson,
or Nyquist noise, and has a spectral density of

Sth ¼


i2th
� ¼ 4kBTg0: ð8:52Þ

The frequency independence of i2th suggests that the
noise current increases linearly with the bandwidth of
the measurement window, and hence it is awhite noise
source. In saturation, VDS 6¼0, and hence the OTFT
channel is no longer a homogenous resistor, that is,
the conductance varies along the channel. To good
approximation, it can be shown that the thermal
noise current in saturation is given by (Gray and
Meyer, 1984)

Sth ¼


i2th
� ¼ 8

3
kBTgm; ð8:53Þ

which is commonly used to model Si MOSFETs. Now
the channel current is coupled back to the gate via CG.
This, in turn generates a temporal gate potential re-
sulting in a spectrally dependent current noise:



i2G
� ¼ 4

5
kBTgm

f
fT

� �2

: ð8:54Þ

Comparing this to Eq. 8.53, i2G < i2th unless f > fT , and
hence the gate plays an insignificant role in the overall
transistor noise.
We have shown in the previous section that OTFTs

operate at relatively low frequencies,with fT< 10MHz.
In this domain, the dominant noise source is known as
1/f, or flicker noise. There aremany potential sources for
1/f noise described by as many models. Nevertheless,
the noise behavior generally can be fit to Hooge’s em-
pirical formula (Hooge et al., 1981):

Sf

I2D
¼


i2f
�

I2D
¼ α

Nf γ
; ð8:55Þ

where α is the Hooge parameter, N is the number of
carriers in the channel, and γ � 1. Unlike the other
white noise sources, 1/f noise is frequency dependent.
Flicker noise has variously been attributed to random
fluctuations in the charge mobility as a function of
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Figure 8.31 Gate delay time per stage for C10-DNTT p-channel OTFTs
with two different gate lengths. The circuit is an 11-stage ring oscillator
(Zschieschang et al., 2013).
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gate voltage, trapping and detrapping of charges
from the insulator/channel interface and from within
the bulk of the insulator into the channel, trapping
within the channel itself, and parasitic resistances that
shunt or lie in series with the channel. Indeed, the
magnitude of Sf, and even its slope, γ, depend on the
choice of materials, physical dimensions of the OTFT,
processes used in fabrication, and so on. The details of
the various physical origins are largely contained in
the Hooge parameter, α, which is orders of magnitude
higher in organics than in Si MOSFETs. To a much
lesser extent, these processes also affect γ (Vandamme
et al., 2002, Marinov and Deen, 2015).

An example noise measurement circuit schematic is
shown in Fig. 8.32. The DUT is biased to its operating
point. The drain current is input to a high gain tran-
simpedance amplifier, whose output is connected to
an electronic spectrum analyzer. The system should
be calibrated with a known noise source. For ex-
ample, a resistor is a thermal white noise source (Sth)
with mean square spectral density of 4kBT=RTEST (cf.
Eq. 8.52). A resistance value (RTEST) can be chosen that
doubles the noise at the spectrum analyzer, in which
case the test resistor noise is equal to that of the DUT.

The noise measurement for a diF-TESADT,
p-channel OTFT operated in its linear regime is
shown in Fig. 8.33. The device has a BG/TC configur-
ation with a 200 nm thick SiO2 insulating layer,
yielding VT ¼ 5 V. Analysis of the drain current
characteristics gives μFEp ¼ 0.3 cm2/V s (Jurchescu
et al., 2008). The noise spectrum has an approximately

1/fγ dependence over more than two decades in fre-
quency, with a slope of γ ¼ 1.05.
The origins of the flicker noise in Fig. 8.33 were

studied by measuring the hole mobility and noise
spectral density as a function of the microcrystalline
morphology of the semiconductor in the channel. The
size and extent of crystallite formation is controlled by
using different surface treatments of the Au S and
D contacts, as well as by various treatments of the
oxide. The type 1 device has no surface treatments
resulting in a very high density of small crystallites.
This poorly ordered region is apparent from the uni-
form coloration of the channel in Fig. 8.34a. For type 2
devices, the contacts are treated with a pentafluoro-
benzenethiol solution. This resulted in a more or-
dered, large grain polycrystalline zone extending
approximately 10 μm from each electrode into the
channel. When the gate length exceeded 20 μm, its
central region reverted to the poorly ordered morph-
ology of a type 1 device. Likewise, the type 3 device
had type 2-treated contacts, but with an HMDS-
functionalized oxide dielectric surface. This allowed
for an extension of the large-scale crystallinity to dis-
tances of L � 50 μm.
Figure 8.34b shows that there is a continuous

decrease in μFEp with L for all three transistor
types. The rate of decrease significantly increases
when the morphology transitions from highly or-
dered, to a mixture, or ordered with disordered
regions in type 2 and type 3 devices. Indeed, the
more ordered channels have higher mobilities (0.13
and 0.24 cm2/V s for type 2 and 3, respectively) as
L! 10 μm than the more poorly ordered type 1
device (0.0022 cm2/V s). The noise, Sf, at short
gate lengths decreases monotonically with increas-
ing L, since the fluctuations decrease as the fraction
of the ordered region to the total gate length in-
creases (see Fig. 8.34c). Notably, the transitions to
lower mobility at L � 25 μm for type 2, and 50 μm
for type 3 OTFTs are accompanied by abrupt in-
creases in 1/f noise. From the magnitude of Sf =I2D,
Hooge parameters at L ¼ 10 μm of α ¼ 50, 3, and 1.5
are obtained for type 1, 2, and 3 OTFTs, respective-
ly. We infer, therefore, that changes in Sf follow
changes in mobility, which in turn are related to
the extent of the crystalline order. Hence, 1/f noise
appears to be due to scattering or charge trapping
at grain boundaries. That is, while increased scat-
tering at boundaries decreases mobility, the noise
itself may result from random trapping and detrap-
ping of charge at these same sites. Unfortunately,
the data in Fig. 8.34 do not distinguish between
these two scenarios, which may both be active.

A/V

To spectrum
analyzer

VGSVDD

DUT

RTEST

ID

Figure 8.32 Example test setup for measuring transistor channel noise
current. The device under test (DUT) is biased at its operating point, and
the noise current is amplified (after removal of the d.c. component of ID)
by a low noise transimpedance amplifier (A/V). The output is connected to
a spectrum analyzer. The test resistor, RTEST, provides a noise source of
known amplitude.
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Typically, Sf is measured in the linear regime of
OTFT operation. The charge density in the channel
is thus: Q ¼ ±qN ¼WLCiðVGS � VTÞ, such that

Sf

I2D
¼ qα

WLCi VGS � VTð Þf γ : ð8:56Þ

Thus, the noise current scales inversely with gate area
(WL), and voltage, VGS. Indeed, the relationship of

Sf =I2D ∝ 1=L is apparent in Fig. 8.34c. A similar
length-dependent scaling along with Sf =I2D ∝ 1=VGS

has been found for PTV, p-channel OTFTs
(Vandamme et al., 2002).
The universality of the Hooge empirical relation-

ship is shown by a compilation of the noise spectra
measured from a large number of both small mol-
ecule and polymer OTFTs in Fig. 8.35. Regardless of
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the fabrication conditions, materials, device geom-
etry, and other laboratory conditions used during
measurement, with only one exception, the spectral
density data (points in the figure) follow
Sf 1Hzð Þ=f þ Swhite (solid lines). The white noise com-
ponent (Swhite) provides an asymptotic value of Sf at
high frequencies for many of the data sets. White
noise has two possible origins: it represents either
the noise floor of the measurement system, or it is
due to channel noise given by Eq. 8.52. It is indeed
remarkable that the dominant noise source in OTFTs
is nearly independent of the details of the device or
fabrication conditions. Statistical analyses of this
population gives γ ¼ 1:1±0:2, with a Hooge param-
eter that has a statistical spread with a standard
deviation of σ � 9 dB10. This is no larger than that
for inorganic CMOS and bipolar transistors. How-
ever, the magnitude of the flicker noise in OTFTs is
�3000 times higher than for inorganic devices
(Marinov and Deen, 2015).

In addition to random fluctuations in the noise
current, variations in VT due to small differences in
the insulator/channel interface defect density or dis-
tribution, film morphology from process variations

during fabrication, unintentional doping or impur-
ities in the channel, etc. determine whether or not a
circuit consisting of a series of stages can consistently
operate in a fault-free manner. The transistor noise
margin provides a quantitative metric that character-
izes the ability of a transistor to operate reliably (i.e.
its “robustness” to variations from device to device)
in a circuit. The noise margin is the maximum vari-
ation tolerated at the output of a logic gate that results
in error-free switching at the input of the following
gate in a circuit.
The noise margin can be understood in the context

of an infinite chain of inverters in Fig. 8.36a. The
challenge is to determine if the voltage noise at the
input of an inverter rises to a level that inadvertently
swings its output to a state (e.g. from high, H, to low,
L) that is different from that required by the previous
stage (e.g. H). Figure 8.36b shows the equivalent
circuit of the logic chain that can be modeled as a
cross-coupled inverter pair with noise sources δVa

and δVb. In the equivalent, an H output from ampli-
fier Aa drives the output of amplifier Ab to L. This is
identical to each pair of gates in the infinite circuit in
Fig. 8.36a.
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The transfer function of the cross-coupled pair
is shown in Fig. 8.37. The curve corresponding to
Vout ¼ f ðVinÞ is the transfer characteristic of an invert-
er (e.g. with its circuit shown schematically with its
transfer function in Fig. 8.29). Its cross-coupled pair is
shown as the mirror image, Vin ¼ f�1ðVoutÞ, where
Vout is the stage output and Vin is its input voltage.
The circles in the figure indicate the voltage at which
the drive transistor transitions from the linear to the
saturation regime (Vin,a) with the load in saturation,
or when the load transistor moves from the saturation
to the linear regime (Vin,b) with the drive transistor in
saturation.
The inverter operates error free if the input voltage

is greater than VIH, which corresponds to the
minimum voltage needed to assure the inverter will
switch to its output low voltage, VOL. Similarly, a
low input voltage must be less than VIL to drive the
output into its high state at VOH (Hauser, 1993).
These operating conditions are summarized as
follows:

Vin � VIL ) Vout � VOH

Vin � VIH ) Vout � VOL

VIH >VIL

ð8:57Þ

We define the noise margins for the high and low
states as

NMH ¼ VOH � VIH

NML ¼ VIL � VOL
: ð8:58Þ

The noise margins are shown graphically by the solid
rectangles in Fig. 8.37 for a cross-coupled inverter.
For the most robust operation, the area within the
rectangles should be maximized. Comparison with
Fig. 8.37 suggests there are two ways to increase

NM: decreasing the stage gain, which decreases the
slope of the transfer characteristics,AvI ¼ ∂VOUT=∂VIN ,
and shifting the threshold voltage of the drive and
load transistors to move the transfer characteristic in
a direction that increases the separation between input
and output states in Eq. 8.57.

8.4 Alternative thin film transistor
architectures

Figure 8.2 illustrates various common OTFT configur-
ations. However, several other transistor designs
have been explored due to potential applications
not served by the conventional, lateral architecture.
These include dual gate OTFTs, depletion mode,
and vertical channel transistors. In this section we
describe several of these alternative designs and
what they offer that differs from those already
discussed.

8.4.1 Dual gate OTFTs

The dual gate OTFT shown in Fig. 8.38 consists of the
channel sandwiched between two insulators with op-
posing gate contacts, called the bottom and top gates.
Voltage applied to the bottom gate changes the po-
tential across the channel, which in turn changes the
operating point (i.e. VT) of the transistor. The device
can be thought of as two parallel transistors sharing a
common channel. For example, consider a p-channel
OTFT operating in the accumulation-saturation re-
gime. Then, the top gate potential is VGT � VTT < 0,
where VGT is the top gate-source voltage, and VTT is

H LL H

~ ~ ~ ~

δVδV δV δV

δVa

~ ~

δVb

Aa Ab

(a)

(b)

Figure 8.36 (a) An infinite chain of inverters with the high (H) and low
(L) inputs at alternate stages. The noise voltage input at each stage
contributed by the previous stage is δV. (b) Equivalent circuit of the infinite
chain. Each stage has a voltage gain of A.
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Figure 8.37 Illustration of the noise margin (NM) of a series of inverters
as in Fig. 8.36 (De Vusser et al., 2006).

830 ORGANIC THIN FILM TRANSISTORS



the top gate threshold voltage, both of which are
< 0V. Application of a small positive potential to the
bottom gate (VGB) partially depletes the channel. This
reduces the charge at the top of the channel (the top
channel) by the ratio of the bottom-to-top capaci-
tances, CB and CT, respectively. The effect is a shift
of the top channel threshold voltage by:

�VTT ¼ CB

CT
VGB: ð8:59Þ

Conversely, if the bottom gate is negatively biased, the
top gate threshold is shifted in the opposite direction.
At some point,VGB�VTB< 0, whereVTB is the thresh-
old voltage of the bottomgate, leading to accumulation
at the bottom channel. Since the source and drain con-
tacts of both the OTFTs are shared, this additional
accumulation layer adds to the total drain current.
Increasing |VGB| higher than |VGT| eventually leads
to a shift of the accumulation layer to the bottom chan-
nel while completely depleting the top channel.

The second gate can be used to control the thresh-
old voltage over a substantial range, which increases
the noise margin in large integrated circuits. Indeed,
very large circuits including a 99-stage ring oscillator
and a 64-bit radio frequency identification (RFID)
transponder have been demonstrated using dual
gate OTFT technology (Myny et al., 2011). The design
is appealing due to its simplicity, and its compatibility
with methods used in fabricating large and complex
circuits. The top insulator can also serve as an encap-
sulation layer that can retard degradation in perform-
ance over time. Requiring a more complex biasing
scheme consisting of four rather than three terminals
to each transistor partially offsets benefits gained by
its fabrication simplicity.
Dual gate transistors have been implemented using

several different small molecule and polymer semi-
conductor channels (Cui and Liang, 2005, Gelinck
et al., 2005, Morana et al., 2005, Maddalena et al.,
2008, Brondijk et al., 2012). Example transfer charac-
teristics of a dual gate PTAA, p-channel OTFT are
shown in Fig. 8.39. The bottom gate-substrate/insula-
tor combination is p-Si/1 μmSiO2 functionalized with
HMDS before the 80 nm thick PTAA channel is de-
posited. The top gate/insulator comprises a Au con-
tact on 400 nm thick PIBM. At VGT ¼ 0, the device
behaves as a single gate transistor with VTB ¼ 0 V. As
the top gate is positively biased, the channel depletes,
resulting in a threshold shift towards more negative
VGB. The additional potential is required to restore the
charge under the bottom gate to its value at VGT ¼ 0.
Conversely, as the top gate is negatively biased, the
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Figure 8.38 Schematic cross-section of a dual gate OTFT.
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Figure 8.39 Drain current vs. bottom gate bias (VGB) characteristics for a PTAA dual gate transistor with W ¼ 1 cm by L ¼ 10 μm, operating in
saturation. The curves correspond to various top gate biases (VGT) in 5V steps. Bottom inset: Threshold voltage shift of the bottom gate vs. VGT. Top inset:
Molecular structural formula of PTAA (Spijkman et al., 2008).
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top channel enters the accumulation mode, and the
transfer characteristics require more positive bias to
maintain the same drain current (i.e. the charge in the
bottom channel is reduced, thereby decreasing ID).
The linear dependence of the threshold shift on VGT

predicted by Eq. 8.59 is shown in the lower inset. The
threshold voltage is varied over approximately 80 V,
with a 40 V swing in VGT (Spijkman et al., 2008).
The change in slope at VGT < 0V and VGB > 0 is due

to increasing depletion of the channel with VGB, as the
conducting region shifts toward the top gate. The
charge density in the top accumulation region is
much larger than the background concentration in
the channel. Hence, once the channel is depleted all
the way to the top accumulation region, an additional
bottom gate voltage must be applied to completely
turn off the drain current. Hence, sweeping charge
from the undoped channel region takes less voltage
than doing so in the accumulation region, resulting in
the change in slope, indicated by the kink at bottom
gate biases between 10 V and 20 V. The channel
leakage current is also affected by changes in VGT.
When the channel is strongly depleted at VGT > 0,
the OTFT leakage is significant (see the rising current
following the steep drop in drain current), and is
equal to the top channel current.
Increased noise margins are achieved using invert-

ers comprising the dual gate OTFT in Fig. 8.39. The
inverter circuit and its transfer characteristics are

shown in Fig. 8.40. Due to the ability to shift the
threshold voltage, the noise margin of the inverter is
dramatically improved from that obtained using a
single gate inverter. The dual gate NM ¼ 5.9 V is
achieved at VGT,driver ¼ 50 V and VGT,load ¼ �10 V,
compared to the single gate inverter with NM ¼ 0.5
V (Spijkman et al., 2008).
Increasing NM using the dual gate design leads to

reduced errors in circuit operation compared to single
gate devices. This was necessary for the realization
of the RFID transponder shown in Fig. 8.41 (Myny
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Figure 8.40 Inverter transfer characteristics of the PTAA dual gate
OTFTs in Fig. 8.39. Also shown are the characteristics for a comparable
single gate inverter circuit. Inset: Inverter circuit schematic (Spijkman
et al., 2008).
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Figure 8.41 Photographic image of a 64-bit RFID transponder operating at 4.3 kb/s using dual gate inverter logic (Myny et al., 2011).
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et al., 2011). The dual gate allows for flexibility in
design of logic circuits that require both depletion
and/or accumulation mode operation, level shift-
ing, etc. The 4.3 kb/s circuit employs spin-cast
pentacene dual gate transistors with a polyvinyl-
phenol insulator for both top and bottom dielectrics
(Gelinck et al., 2005). While dual gate transistors
add some complexity that may not be necessary in
simple analog circuits, they may well become indis-
pensible in more sophisticated multistage digital
circuits given their ability to precisely adjust the
operating points of devices that otherwise may be
subject to variations in materials properties and
fabrication processes.

8.4.2 Doped channel OTFTs

We have noted that conventional OTFT channels
are undoped. Nevertheless, unintentional doping
can be a source of channel leakage that limits the
on/off ratio, and also affects the threshold voltage.
In contrast, intentional doping of the channel can
compensate charges due to ionized impurities and
defect states that lead to shifts in VT (Abe et al.,
2005, Lee and Chen, 2011, Hählen et al., 2012,
Olthof et al., 2012, Hein et al., 2014, Lüssem et al.,
2016), while it can significantly reduce channel con-
tact resistance (Minari et al., 2007, Tiwari et al.,
2010, Wakatsuki et al., 2011, Günther et al., 2016).
It has been suggested that doping can lead to de-
pletion and inversion mode operation (Lüssem
et al., 2013), although convincing demonstrations
of such OTFTs are absent.

The dependence of VT on the purity of the channel
semiconductor, and the impact of doping on the
charge mobility has been investigated for BG/TC
C60 n-channel OTFTs with dimensions W ¼ 1.2 mm,
L¼ 100 μm, and a SiO2 dielectric with ti¼ 200 nm. The
channel source material was either 99.9% pure C60

evaporated as-received from the supplier or after
purification by vacuum thermal gradient sublimation
(see Section 5.3.2). The channels were doped by
co-evaporation with the n-type dimer dopant,
[RuCP�(mes)]2, at molar ratios (MR) between 1.8 �
10�4 to 1.1� 10�3. The dopant molecules react to form
two [RuCP�(mes)]+ cations that provide negative po-
larons to compensate positive charges from traps
within the C60.

The drain current transfer characteristics of the
OTFTs employing as-received C60 with and without
doping are shown in Fig. 8.42a. The threshold
voltage is a sensitive function of MR, shifting from
VT ¼ 17.9 V for the undoped channel, to only 4.7
V for MR ¼ 1.1 � 10�3 (see Fig. 8.42b). The change of

the threshold on doping concentration decreases as
MR increases, setting an upper limit to the density of
background charges. Similarly, the electron mobility
increases from �0.4 cm2/V s for the undoped to 0.6
cm2/V s for the doped samples, also suggesting that
the charge density in the channel increases with
MR. In Section 4.3.2, we found that mobility in-
creases with filling of the DOS, pushing the mobility
edge closer to the LUMO. Hence, compensation of
residual positive charge in the channel by doping
increases the electron density, and hence μFEn. Note
also that the Ion/Ioff is not strongly dependent on MR,
increasing by only a factor of 10–30 over the entire
range of MR studied.
The effects on VT are even more dramatic for chan-

nels employing pre-purified C60. The VT for the puri-
fied source material is 4.7 V, equivalent to that for the
heavily compensated channel for the as-received C60.
Addition of the dopant is effective in neutralizing
adventitious impurities in the as-received C60.
A second conclusion, also discussed in Section 5.2, is
that material purification is essential to achieving
high performance electronic and photonic devices
(Bailey-Salzman et al., 2006). Additional doping
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continues to reduce VT to as low as �0 V at MR ¼ 2.9
� 10�3 (Fig. 8.42b). However, at this high doping
concentration, Ion/Ioff is reduced to 70 due to the high
electron concentration in the channel. A second indi-
cation of the improved purity of the C60 is the rela-
tively high mobility of �1.6–1.7 cm2/V s for the
intrinsic and doped OTFTs.
Transistor performance is influenced by the total

output resistance, which is the series combination of
the channel resistance, Rch ¼ 1=g0D (cf. Eqs. 8.22 and
8.24), the depleted semiconductor under source and
drain contacts, Rbulk, and the resistance of the contact
itself to the channel layer, Rint (see Fig. 8.43a). Ignor-
ing channel leakage, in the linear regime of oper-
ation, the total on resistance of the OTFT above
threshold is

RON ¼ Rbulk þ Rint þ 1
gD
¼ RC þ L

μFEWCi VGS � VTð Þ :

ð8:60Þ
To separately determine RC and Rch, either the gate
length or voltage is varied while measuring ID vs. VDS.

The slope gives Rch and extrapolating the data to
L! 0 gives RC.
As the contact and other parasitic channel resist-

ances increase, the measured output conductance de-
creases (see Eq. 8.24), which limits the gain in a
common source inverting amplifier. Doping under
the gate (Minari et al., 2007) or inducing damage
from deposition of the metal contacts are means for
reducing Rint. Doping, therefore, results in an output
conductance that is limited by the depleted bulk re-
sistance, and Rch. The bulk resistance is found to
follow the Meyer–Neldel rule (MNR) that asserts that
conductivity is thermally activated:

σ ¼ A exp ��Ea=kBTð Þ; ð8:61Þ
with a prefactor of

A ¼ σ0 exp �Ea=kBT0ð Þ: ð8:62Þ
Here, σ0 is a constant and�Ea is the activation energy.
The MNR is found to be broadly applicable to dis-
ordered solids, and specifically to organic semicon-
ductors (Kemeny and Rosenberg, 1970, Roberts, 1971,
Gutmann et al., 1983, Metselaar and Oversluizen,
1984). There is no concise derivation of Eqs. 8.61 and
8.62, although the MNR has been attributed to ther-
mal activation over the interface, a Schottky barrier
between the metal and the semiconductor, thermally
activated tunneling due to small polaron hopping
between molecules (Kemeny and Rosenberg, 1970),
or an exponentially decreasing DOS into the energy
gap of the disordered semiconductor (Roberts, 1971).
For this latter case, T0 is a characteristic temperature
determined by the slope of the DOS, as illustrated in
Fig. 8.43b. This is similar to T0 employed to model the
current-voltage characteristics in disordered organic
media discussed in Section 4.4.2.
Since Rbulk ∝ 1=σ, we have from Eqs. 8.60 and 8.61:

Rbulk ¼ Rbulk0 exp ��Ea=kBT0ð Þexp �Ea=kBTð Þ;
ð8:63Þ

where Rbulk,0 is a temperature-independent prefactor.
The validity of MNR has been explored in BG/TC

pentacene OTFTs where the p-channel is doped with
a 3 nm thick layer of the acceptor, F4TCNQ, located
immediately beneath the Au source and drain con-
tacts; see Fig. 8.43a. With the doped layer, the inter-
face resistance, Rint is three times less than in devices
where it is absent. For doped contacts, Rint ≪ Rbulk.
The contact resistance vs. T at several gate voltages
VGS > VT extracted from the OTFT in the linear regime
(VDS small) is shown in Fig. 8.44. A feature of Eq. 8.63 is
that the resistance is thermally activated.Thedata taken
at various VGS intersect at a single point corresponding
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to T0, indicating that the approximation of RC ≅ Rbulk is
valid. The data yield an activation energy of
�Ea ¼ kBT0 ¼ 64 meV (Minari et al., 2007). This is
double that of the channel conductance, suggesting
that hopping between molecules stacked end-to-end
in the bulk, and parallel to the substrate plane requires
less energy compared to that needed to overcome the
contact barrier.

The thermal activation of Rbulk inferred from
Fig. 8.44 indicates the bulk conductivity is ultimately
limited by charge trapping in an exponential DOS.
A similar situation results in an increase in channel
conductivity with VGS as the Fermi energy ap-
proaches the HOMO energy. The injection process is
illustrated schematically in Fig. 8.43b.

While doping of the contacts and the bulk are both
means for improving the output characteristics of an
OTFT, it can also increase the channel conductance to
the point that Ion/Ioff is significantly reduced (Lim
et al., 2007, Lee and Chen, 2011, Olthof et al., 2012).

8.4.3 Vertical organic field effect transistors

The current sourced by the OTFT and its frequency
response are limited by the channel length, L. Large
gate lengths require large VDS for the device to
achieve saturation. In many of the examples above,
VDS between 20 and 100 V are common. Orienting
the gate along the vertical direction, perpendicular
to the substrate plane, in principle, eliminates this

shortcoming. In the vertical organic field effect transistor
(VOFET), the gate length is determined by the chan-
nel layer thickness (a few hundred nanometers),
which in principle should lead to high frequency op-
eration. In this geometry the current is determined by
the device diameter, which can be considerably high-
er than in lateral OTFTs with a similar device foot-
print. An example VOFET and its fabrication process
is illustrated in Fig. 8.45. The source and drain con-
tacts are deposited on a PET substrate, and are separ-
ated from each other by a 700 nm thick insulating
layer of PVP. This trilayer structure is embossed
using a V-shaped metal wedge of height h ¼ 10 μm,
and with angle α ¼ 70°. The wedge cuts a channel
through the metal contacts and the substrate. The p-
channel material, F8T2, is deposited from solution.
The gate insulator is a second PVP layer, followed
by the gate contact electrode.
The VOFET can be operated employing two geom-

etries. By using electrodes E1 and E3 as source and
drain, a conventional planar OTFT is accessed with
L ¼ 12–17 μm as defined by the depth of the embossed
pattern. In the secondgeometry, E1 andE2or E3 andE4
are the source and drain electrodes, and in this case the
gate length is only Lv � 900 nm.
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corresponding to an activation energy of �Ea ¼ 64 meV. After Minari
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Figure 8.45 Fabrication sequence for a vertical organic field effect
transistor (VOFET). (a) Source and drain contacts (black) separated by a
polymer insulator (gray) of thickness d are deposited onto a plastic
substrate. (b) It is cut by a wedge-shaped punch, leaving a “V”-shaped
notch in the layers and substrate. (c) The polymer channel layer (orange) is
deposited, followed by the gate insulator and the top gate contact
(Stutzmann et al., 2003).
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The μFE measured for both device geometries is in
the range 2–3 � 10�3 cm2/V s, consistent with con-
ventional F8T2 OTFTs. The devices did not turn off
entirely at VGS ¼ 0, which limited the on/off ratio to
only �103. Also, the VOFET (E1–E2) did not exhibit
saturated characteristics: apparently it only operated
in the linear regime. While no high frequency charac-
teristics were provided, it is expected that the fre-
quency response is limited by the parasitic drain-
source capacitance that results from substantial over-
lap of the contacts separated by only a thin layer of
insulating PVP. The drain current of ID ¼ 6 μA is 20
times larger than that for the planar OTFT, although
the operating voltages (VGS = VDS = �20 V) are ap-
proximately the same for both geometries. Hence,
while this architecture has attributes of high drain
current, low voltage and potentially high frequency
operation, these have not been demonstrated by the
devices in Fig. 8.45 (Stutzmann et al., 2003).
A second approach to the VOFET uses a permeable

source electrode illustrated in Fig. 8.46a (Ben-Sasson
et al., 2009). The gate electrode is positioned beneath
the gate dielectric, while the source and drain elec-
trodes are vertically stacked with the channel layer
sandwiched between them. A Schottky barrier be-
tween the source electrode and the channel or a thin
oxide coating prevents leakage when VGS ¼ VDS = 0.
As gate bias is applied, the barrier is lowered, and
current is injected into the channel, creating a con-
ductive path from source to drain.
The permeable source contact pores are approxi-

mately equal to the organic channel thickness. This
is done by depositing a rough and very thin metal
layer onto the gate dielectric (Ma and Yang, 2004) that
is almost certainly discontinuous, containing a distri-
bution of fissure sizes and spacings. Alternatively, the
permeable source is fabricated by depositing a co-
polymer where one component is dissolved away
with a material-selective solvent, leaving behind the
remaining copolymer that forms micropillars of the
desired height and spacing. The micropillars are coat-
ed with a thin gate metal. The pillars are subsequently
removed by immersing in a second solvent, only
leaving metal between the pillars. An image of a
permeable, 10-nm-thick Au source electrode is
shown in Fig. 8.46b.
The operating principle of the n-channel permeable

source transistor is understood from the simulated
charge densities at several VDS (with VGS ¼ 5 V)
shown in Fig. 8.47. At VDS ¼ 0, no charge flows
from source to drain due to the Schottky barrier or
oxide layer between permeable source layer and
the semiconductor channel (Fig. 8.47a). A charge

accumulation layer forms at the gate dielectric interface
within the pores due to the positive gate potential. As
the drain potential is made positive (VDS ¼ 5V,
Fig. 8.47b), electrons are drawn into the channel due
to field lowering of the source contact energy barrier.
Current between source and drain increases linearly
with voltage, and the transistor enters the linear regime.
As the drain voltage is increased, the demand for
charge at the drain exceeds the supply from the source.
The current is limited by space charge injection, and
hence is no longer linearly dependent on voltage. The
current is higher near the edges of the source electrode,
that is, at the point of injection, and lower toward the
center, as shown in Fig. 8.47c. The output current
henceforward increases only slowly with VDS as the
transistor characteristics become saturated.
The drain current can be increased by depositing a

layer of semiconductor onto the gate insulator prior to
deposition of the permeable S contact. This effectively
increases the area of the contact by allowing charge
extraction from the entire pore area rather than only
from its periphery. Increasing the layer thickness be-
neath S increases the area of this “virtual contact.”
Calculated output characteristics for a PTCDI-C8

channel transistor assuming μn ¼ 0.1 cm2/V-s for
10 nm and 20 nm thick buried source layers are
shown in Fig. 8.48. There are several features of note
from these simulations. The first is the very narrow
linear region, that gives way to saturation at VDS ≪
VGS. Also, the current is high compared to a conven-
tional OTFT due to the very short channel length,
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Figure 8.46 (a) Schematic of a permeable source VOFET (Ben-Sasson
et al., 2012). (b) Atomic force microscope image of a 10 nm thick Au grid
patterned via lift-off used as the source electrode (Ben-Sasson et al.,
2009).
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which is equal to the device thickness of 150 nm. For
example, drain currents of up to 4 A/cm2 are more
than sufficient to drive an OLED (Ma and Yang,
2004), although the cutoff frequencies are limited by
the high gate-source and drain-source capacitances
due to complete overlap of the S and D contacts
with the gate. As expected, the current is increased
with the thickness of the buried source film, since this
increases the cross-sectional area effective in charge
injection. Finally, the output conductance of vertical
transistors tends to be high due to thermionic emis-
sion across the source/channel barrier (Ma and Yang,
2004, Ben-Sasson et al., 2009, 2012). This limits the
amount of gain that can be achieved, and hence the
noise margin of circuits employing the VOFET may
be small. High gD also reduces the on/off ratio, al-
though Ion/Ioff > 106 has been achieved.

A permeable base transistor is an alternative vertical
geometry that provides high current gain (Fujimoto
et al., 2005, Fischer et al., 2012, Klinger et al., 2017). Its
operating principle is similar to a vacuum tube triode
or a bipolar junction transistor as opposed to a gate-
voltage-controlled FET. An illustration of a permeable
base transistor is shown in Fig. 8.49a. The device con-
sists of an organic semiconductor sandwiched be-
tween ohmic emitter and collector electrodes. The
current is controlled by interposing a very thin, per-
meable metal sheet (in this case, Al) near the center of
the organic thin film. The base contact metal is oxi-
dized in air for several minutes at elevated temperat-
ures. This creates an insulating barrier around the
electrode to prevent the flow of base current. It also
may create pinholes due to crystallization of the or-
ganic that protrudes through fissures in the metal
layer. The penetration of the organic permits unim-
peded charge transport from emitter to collector
(Fischer et al., 2012). An alternative explanation for the
base current is hot electron transport across the base
metal, that is, high energy electrons are emitted from
the C60 into the base whose thickness is on the order of
or less than their mean free path of �50 nm. Hence,
electrons can penetrate the base without loss until the
thickness exceeds this limit (Fujimoto et al., 2005).
The common emitter current gain is hFE ¼ ∂IC=∂IB,

where IC is the collector and IB is the base current.
The device in Fig. 8.49 shows a maximum of hFE¼ 105

at a base-emitter voltage of VBE ¼ 1V; a value that is
comparable to high performance inorganic hetero-
junction (HJ) bipolar transistors (Streetman and
Banerjee, 2006). Furthermore, the base transport factor
is given by: αCE ¼ ∂IC=∂IE, where IE is the emitter
current. Hence, αCE is a measure of the loss of current
as it transits the base electrode. Since IE ¼ IC þ IB, then

hFE ¼ αCE

1� αCE
: ð8:64Þ
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Thus, for the transistor in Fig. 8.49, we obtain αCE ¼
99.999%, indicating near lossless transport through
the permeable base.
From the transfer characteristics in Fig. 8.49b,

the device delivers a current density of 75 A/cm2 at
VCE ¼ 2 V, and VBE ¼ 2.5 V under pulsed operation.
This is increased to >1 kA/cm2 by increasing the
emitter area, thus reducing limitations due to current
injection. This is orders of magnitude higher than the
current that is sourced by conventional, lateral geom-
etry OTFTs. Other characteristics of the permeable
base transistor are Ion/Ioff ¼ 108 and S ¼ 85 mV/dec-
ade; the latter parameter nearly equal to the theoret-
ical minimum of 60 mV/decade (cf. Eq. 8.34). The
output characteristics in Fig. 8.49c indicate that the
linear regime is dominated by space-charge-limited
injection from the emitter, following its characteristic
IC �V2

CE behavior (see Section 4.4.2). From these data,
the electron mobility in the vacuum-deposited i-C60

layers is μn ¼ 0.06 cm2/V s. Note that this is bulk and
not a field effect mobility measured in the lateral
OTFT configuration. As is the case for all triode

architectures, the output conductance is comparative-
ly high, leading to a potentially low voltage gain
when used in common-emitter circuits.
Given the short emitter-collector distance, we ex-

pect that the transit time across the transistor bulkwill
be short, even though the mobility is low. Indeed, this
is found to be the case from the data for the transfer
frequency vs. IC in Fig. 8.50. A fT ¼ 11.8 MHz is
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obtained at 40 A/cm2, which is approximately half of
that obtained in a C60 OTFT with L ¼ 2 μm (Fig. 8.26).
The projected frequency response is 100MHz at IC¼ 1
kA/cm2. However, this projection does not account
for contact resistance effects that become increasingly
dominant at high currents and frequency.

There are several variants to vertical transistors
beyond those discussed here, including static induc-
tion transistors (Kudo et al., 1998) and devices em-
ploying a variety of other permeable base and
source concepts. A common attribute of these alter-
native structures is that their output currents fail to
enter saturation, they require very precise control of
fabrication parameters, and have high output capaci-
tance, and hence presumably low cutoff frequencies.
Countering these disadvantages is their ability to
source high currents at low voltages. Nevertheless,
conventional single and dual gate OTFTs dominate
applications comprising integrated circuits from sim-
ple inverters to ring oscillators, shift registers and
other digital and analog circuits.

8.4.4 Complementary logic and
ambipolar transistors

Unipolar conduction in the channel is limited by sev-
eral factors, including the contact work functions or
metal/insulator barriers that preferentially inject one
carrier type, or asymmetries in mobilities between
holes and electrons that leads to low resistance trans-
port for one or the other, but not both carriers. How-
ever, some channels can have balanced hole and
electron mobilities, and contacts can be engineered
to inject electrons and holes with equal efficiency. In
such cases, reversing the polarities ofVDS andVGS can
result in the conduction of either charge, but in op-
posite directions. Ambipolar transistors, or integrated
combinations of n- and p-channel transistors, enable
complementary logic circuits that form the foundation
of all modern electronics (known as complementary
MOS, or CMOS). A complementary logic inverter
circuit is shown in Fig. 8.51a. An n-channel and p-
channel FET are connected in series, or for ambipolar
devices, a single OTFT type is used in both positions.
When Vin is in the logical “high,” or H state (i.e. Vin ¼
VDD), the p-channel OTFT is off, and the n-OTFT is
on (i.e. conducting), and hence Vout ¼ 0, that is, in
the “low” or L state. When Vin ¼ 0, the p-channel
OTFT turns on with the n-channel off, and
Vout ¼ VDD. Thus, the circuit output switches its lo-
gical state to H. The transfer characteristic of this
inverter is shown in Fig. 8.51b. The advantage of this
circuit compared to the unipolar inverter in Fig. 8.29,

and the reasons for its widespread adoption in elec-
tronic logic circuits, is its low static power dissipation.
Since one of the transistors is always off, the circuit is
non-conducting (i.e. ID ¼ 0) except during the brief
time that it switches its logic state. Furthermore, given
the very low Ioff of enhancement mode transistors, the
circuit has a high noise margin that leads to robust,
error-free operation in integrated circuits.
An integrated combination of n- and p-channel

OTFTs with nearly balanced electronic properties is
illustrated in Fig. 8.52. The fabrication of this circuit
on a flexible PEN substrate involves five vacuum de-
positions through a series of shadow masks to pattern
(i) theAl gate contacts, (ii) the gate interconnection vias
followed by deposition of the gate insulator consisting
of �3 nm thick Al2O3 whose surface is functionalized
by a 25%/75% mixture of an alkyl/fluoroalkyl phos-
phonic acid SAM, resulting in a total insulator thick-
ness of 5.7 nm. The SAM lowers the threshold voltage
(see Section 8.6.1), (iii) the 12 nm thick p-channel semi-
conductor comprising DPh-BTBT, (iv) the 15 nm thick
n-channel semiconductor, N1100, and finally (v) the

VDD

p-channel

n-channel

VDD

VDD

(a)

(b)

Vout

Vin

V
ou

t

Vin

Figure 8.51 (a) Complementary inverter circuit comprising series-
connected p- and n-channel OTFTs. Note the different symbols used for
the complementary transistors. (b) Transfer characteristic of the inverter
circuit.
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Au source and drain contacts. The need to align the
several masks results in a relaxed gate dimension of L=
40 μm with gate-to-source and gate-to-drain overlaps
of 80 μm each (Zschieschang et al., 2017).
The characteristics of the n- and p-channel OTFTs

with W ¼ 1 mm are nearly balanced, as shown in
Fig. 8.53a and b. Fits to the drain current transfer
characteristics in the saturation region show |VT| <

0.5 V, and nearly equal mobilities and sub-threshold
slopes for the complementary pair. The transfer char-
acteristics of the circuit in Fig. 8.53c show logic state
switching at Vin ¼ 0.5 V, and a maximum switching
current of 1 nA. The static power dissipation of the
circuit is <1 pW. This is in marked contrast to the
unipolar inverter that draws significant current even
in the quiescent mode, and points to the low-power
advantage of complementary logic. Furthermore, this
circuit shows a maximum voltage gain of Av ¼ 160.
One disadvantage of very low voltage, and hence low
power, is that the gate takes longer to charge during
switching. Hence, the cutoff frequency obtained from
a five-stage ring oscillator with a τdelay ¼ 20 ms is only
fT ¼ 1= 2τdelay

� � ¼ 25 Hz. As the supply voltage is in-
creased along with the static and switching powers,
the cutoff frequency also increases.
While the performance of the complementary

circuit can be modified for a particular application,
circuit fabrication can be complex and lead to com-
promises in design (e.g. large alignment tolerances are
required for positioning multiple shadow masks
without error). An alternative approach is to use
dual ambipolar OTFTs in place of separate n- and p-
channel transistors. This eliminates the need for

separate deposition steps for electron and hole con-
ducting channels. There are three different architec-
tures for achieving ambipolar OTFT operation. (i) Use
a bilayer channel, with one layer having a high elec-
tron mobility and the other a high hole mobility
(Kang et al., 2005, Kuwahara et al., 2005, Wang et al.,
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Figure 8.52 Integrated complementary p- and n-channel OTFTs
employing the vapor deposited small molecules shown (Zschieschang
et al., 2017).
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2006). Since two different layers are deposited se-
quentially, this design preferentially employs vacuum
deposited small molecules, where dissolution of
pre-deposited, thin layers is not a concern. (ii) Use a
single layer whose source and drain contacts have
small barriers to electron and hole injection. It is pref-
erable to use different metals for source and drain
(one with large work function for hole injection, and
the other with a small work function for electron
injection) (Schmechel et al., 2005). Alternatively, a nar-
row energy gap channel semiconductor can be used
with a small injection barrier to either carrier. This

promotes ambipolar charge injection at the cost of
increased channel leakage due to thermal generation
(see Chapter 4). (iii) Use a blend of a hole and electron
conducting organic semiconductor channel material
(Meijer et al., 2003). Given the ease with which mater-
ials can be blended in solution, polymers are well
suited for this purpose. In the following we provide
examples of each of these architectures, with a further
discussion of potential materials combinations that
support ambipolar conduction in Section 8.6.
In Fig. 8.54a we show the bipolar output character-

istics of a bilayer of the electron conducting F16CuPc,
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Figure 8.54 (a) Ambipolar drain current characteristics of
the bilayer OTFT with L ¼ 180 μm, W ¼ 1350 μm and ti ¼
150 nm shown in the inset, upper left. (b) Transfer
characteristics of a complementary inverter circuit. Inset: Pulse
response of the inverter. Insets, 4th quadrants: Molecular
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(Wang et al., 2006).
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and hole conducting BP2T whose molecular struc-
tural formulae are shown in the inset. The LUMO
energy of 4.61 eV for F16CuPc and the HOMO energy
of 5.24 eV for BP2T allow for reasonably efficient
and symmetrical injection of electrons and holes
from the Au source and drain contacts (the Au work
function is 5.1 eV), respectively. The BP2T and F16CuPc
layers are sequentially deposited to thicknesses of 3 nm
and 20 nm on a thermally grown SiO2 gate insulator,
respectively, and then Au for the S and D contacts is
deposited, all by vacuum thermal evaporation.
The drain current characteristics in Fig. 8.54a are

remarkably symmetrical at ±VDS due to the near
equal electron and hole mobilities of 0.036 and
0.04 cm2/V s, and threshold voltages of VTn ¼ 13 V
and VTp ¼ �10 V. The characteristics are similar to
those determined using the analysis in Section 8.3.2,
and illustrated in Fig. 8.19. The drain current shows
ID ∝ V2

DS ambipolar behavior for small VGS, reverting
to the unipolar saturation regime as the gate voltage is
increased. Implementation in a complementary OTFT
inverter shows abrupt switching at Vin ¼ ±15V for
VDD ¼ ±30V (Fig. 8.54b), with a voltage gain of 13.
Switching response to a square Vin pulse stream is
shown in the inset.
A second architecture for ambipolar operation uses

a single channel material but with different S and
D contacts; one with a large work function for hole
injection, and the secondwith a smaller work function
for electron injection. One example uses a pentacene
channel that can transport both carriers, albeit with

different mobilities of μFEp � 0:2 cm2=V s and
μFEn � 0:1 cm2=V s. A BG/TC ambipolar pentacene
OTFT using a thermally grown SiO2 gate dielectric
has bipolar drain current characteristics shown in
Fig. 8.55. The electron and hole injecting channel con-
tacts are Ca and Au, respectively. The fits to Eqs. 8.19
and 8.27 assume the mobilities and threshold voltages
are dependent on gate voltage. In addition to differ-
ences in mobilities, the threshold voltages vary from
VTn � 18 V to VTp � �35 V. The observed asymmetry
may be due to differences in injection efficiencies from
the Ca and Au contacts.
Finally, ambipolar transistors using blends of the

electron conducting PC61BM and the hole conduct-
ing OC1C10-PPV have been demonstrated (Meijer
et al., 2003). A challenge with blended channels is
efficient injection into the constituents from the
source and drain contacts. In this particular example,
energy barriers exceeding 0.8 V are overcome, in
part, by varying the gate potential. Significant hys-
teresis is observed in the drain current characteristics
when sweeping the drain voltage in the positive and
negative directions, which is reflected in hysteresis
in a complementary inverter circuit incorporating
these devices. The hysteresis may arise from charge
trapping and detrapping within the blend network,
at the contacts, etc. In general, the blended channel
ambipolar OTFTs appear to have inferior perform-
ance to bilayer and single component ambipolar
conducting, small molecule and polymer channel
devices.
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8.4.5 Split gate transistors

Ambipolar transistors have a disadvantage of a low
Ion/Ioff since there is no bias condition whereby the
channel is completely free of conduction from elec-
trons or holes. This results in a high off-state power
dissipation and a low noise margin. A means of limit-
ing leakage is to use a split gate electrode (Hsu et al.,
2010), as shown in Fig. 8.56a (Yoo et al., 2017). This

BG/BC device consists of a main and a side (or con-
trol) gate beneath the drain contact separated by a
small gap, allowing for their independent bias.
When the gates are shorted, the device behaves as
an ambipolar OTFT providing that an ambipolar con-
ducting channel is used. When the side and main
gates are independently biased, the side gate raises
or lowers the potential barrier beneath the source
electrode. When the control voltage VCS < 0, holes
are drawn into the channel at the exclusion of elec-
trons, and then the transistor behaves as a p-channel
OTFT. Conversely, when VCS > 0, n-channel oper-
ation is induced. Hence, adjustment of the side gate
voltage for different transistors within a circuit en-
ables complementary transistor operation without
compromising Ion/Ioff.
The drain current characteristics exhibiting comple-

mentary unipolar operation of a split gate OTFT em-
ploying the ambipolar conducting channel material,
PDPP3T, is shown in Fig. 8.56b. The transistor fea-
tures a ti ¼ 200 nm thick Al2O3 gate insulator depos-
ited by ALD, along with a spin-coated PDPP3T
channel vacuum annealed at 180°C.
The magnitude of the hysteresis in the drain current

induced by changing the VDS sweep direction once it
has reached its maximum value (±40 V), depends
on how fast the voltage is scanned. Hysteresis is a
common feature of many OTFTs, and results from
trapping and detrapping of charge from the semicon-
ductor/insulator interface, or from within the semi-
conductor bulk. Changing the occupancy of traps
shifts the surface potential, ψS, which has an effect
similar to changing the gate bias, VGS. The change in
ID at a fixed VDS is known as drain current drift. Its
presence can significantly reduce the noise margin of
digital circuits over time, and can also adversely affect
the operating point of analog circuits.
Nearly symmetrical characteristics are achieved for

both p- and n-channel operation (left and right panels,
respectively, in Fig. 8.56c), with Ion/Ioff ¼ 103. While
this is not particularly high, it is an improvement of
between 10 and 100 over conventional ambipolar
OTFTs. Indeed, Ion/Ioff ¼ 107 has been achieved for
OTFTs with two split gates (a trigate architecture),
where charge injection is controlled by side gates
under both the source and the drain (Uemura et al.,
2014, Torricelli et al., 2016).
The transfer characteristics in Fig. 8.56c show

nearly ideal symmetrical behavior when used in ei-
ther the p- or n-channel modes of operation. The
threshold voltages in both cases are VTp � VTn � 0,
which is optimal for complementary transistor oper-
ation. The hole an electron mobilities are also
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comparable, with μFEp ¼ 0.026 cm2/V s and μFEn ¼
0.012 cm2/V s.
The cutoff frequencies of split gate OTFTs are

higher than for conventional, single gate designs
due to their reduced contact resistance and higher
charge concentration at the insulator interface at low
gate voltages. This can be understood as follows: The
main gate is placed between two split side

gates buried within the insulator, as in Fig. 8.57a,
eliminating the gap between the channel contacts
and the gate that often exists in a conventional de-
vice. Thus, the charge density at VCS 6¼ 0 can be
high even at VGS ¼ 0. In Section 8.3.2, we found
that the total channel resistance is given by:
Rtot ¼ 1=gD þ rS þ rD ¼ Rch þ RC, where Rch ¼ 1/gD
and RC is the sum of the contact resistances (cf.
Fig. 8.25). The split gate draws charge into the chan-
nel even at VGS ¼ 0, thereby greatly decreasing the
contact barriers that contribute to RC.
The reduction in channel resistance with VDS is

shown for a buried split gate OTFT in
Fig. 8.57b. This device comprises the hole conducting
semiconductor, C10-DNTT, doped with the acceptor,
F6TNAP, beneath the S and D contacts to reduce
Rcontact (Uemura et al., 2014). To create the buried
split gate configuration, the Al2O3 insulator is depos-
ited by ALD at 150°C in two steps: 200 nm followed
by deposition of the split gate contacts, and capped
with 100 nm that is in contact with the vacuum-
deposited channel layer. The second insulator surface
is functionalized with an n-tetradecylphosphonic acid
SAM prior to C10-DNTT deposition to result in μFEp ¼
0.4 cm2/V s.
The contact resistance in the saturation regime de-

creases from 20 kΩ cm at VCS ¼ 0 corresponding to
that of a conventional OTFT, to 1.2 kΩ cm at VCS ¼
�20 V. This dramatic reduction in Rtot results in a
considerably enhanced frequency response, which is
inversely proportional to the time to charge the gate
capacitance, τ ¼ RtotCtot. This device exhibits fT ¼ 20
MHz (Fig. 8.57c); a significant improvement over
conventional OTFTs.
The foregoing results suggest that split gate OTFTs

can have a high frequency response and improved
ambipolar conducting properties compared with sin-
gle gate structures. The question remains whether the
higher fabrication complexity counters the benefits of
the multiple gate design. High gain, high frequency
complementary logic circuits would appear to benefit
from the split gate architecture, and indeed in some
cases they are enabled by it.

8.5 Phototransistors

An organic phototransistor (OPT) is a thin film tran-
sistor with light incident on the organic semicon-
ducting channel. Since the potential at the organic/
insulator interface is a sensitive function of the gate
voltage, optically generated charges shift the Fermi
energy at that interface, causing a concomitant and
potentially large change in the drain current. Thus,
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the phototransistor is a device that can have a high
optoelectronic gain, albeit at a reduced bandwidth
due to limitations set by their gain-bandwidth prod-
uct (see Section 7.1.1). In this section, we consider the
principal modes of operation of the phototransistor,
and provide a few example OPTs. Since an OPT is
a hybrid between a photodetector and a transistor, a
complete understanding of its operation requires a
knowledge of conventional organic photodiode and
photoconductor behavior. A few of the important
expressions derived in Chapter 7 for OPDs will be
reproduced here for convenience, with more com-
plete discussions of their origins found in that
chapter.

An illustration of a top illuminated, BG/TC OPT is
shown in Fig. 8.58. The light is incident on the channel
between source and drain contacts. If a transparent
gate contact is used, illumination can be incident via
the substrate. Using a metal contact in the TG config-
uration is also possible. Indeed, all the various iter-
ations of OTFT architectures in Section 8.1 have also
been applied to OPTs.

The phototransistor can operate in either the photo-
voltaic or the photoconductive mode. In the photovol-
taic mode, the charge concentration at the insulator/
channel interface is increased under illumination
due to an optically-induced change in the gate
voltage. This change, called the photovoltage, Vph, is
determined using

�CGS ¼ ∂Q
∂VGS

¼ q2
∂ns

∂EF
; ð8:65Þ

where�CGS is the change in gate capacitance due to a
change in surface charge concentration�Q ¼ �ns. The
photovoltage, Vph, is simply equal to the change in the
Fermi energy at the interface, viz. (Romero et al., 1996)

qVph ¼ �EF: ð8:66Þ

The total interface charge density in the presence of
illumination, nT, is related to that in the dark, n0, by the
energy level bending, �EF, via Boltzmann statistics:

nT ¼ n0 exp q�EF=kBTð Þ: ð8:67Þ
The charge density is related to the total channel
current via:

nT ¼ nph þ n0 ¼
jph þ jD
� �

qμF
; ð8:68Þ

where jph and jD are the induced photocurrent and the
drain current in the dark, respectively. We assume for
simplicity that themobility is field independent, which
is valid if the photocurrent does not significantly ex-
ceed the dark current. Then, combining Eqs. 8.66–8.68,
we obtain

Vph ¼ nkBT
q

ln
jDT

jD

� �
¼ nkBT

q
ln 1þ jph

jD

� �
; ð8:69Þ

where the total drain current is jDT ¼ jph þ jD. Also, the
factor n � 1 accounts for the decrease in energy level
bending as the photocurrent is increased (Chen, 1981).
That is, at low power, we expect n ¼ 1. However, at
high power the bending becomes sublinear with jph as
�EF approaches the nearest frontier orbital energy.
From Section 7.1, the photocurrent is related to

the incident optical power per area, Pinc, via jph ¼
ηextqλPinc=hc, leading to

Vph ¼ nkBT
q

ln 1þ qηextλPinc

jDhc

� �
; ð8:70Þ

where h is Planck’s constant and ηext is the external
quantum efficiency for charge generation (see
Section 7.1). The external efficiency is given by

ηext ¼
hc

qλPopt
IDT � IDð Þ; ð8:71Þ

where the total optical power is Popt ¼ WLPinc and
IDT ¼ WLjDT is the total drain current under
illumination.
The relationship in Eq. 8.70 was originally derived

in the context of high mobility, modulation doped
inorganic transistors (Chen, 1981, Takanashi et al.,
1998, 1999). However, the derivation does not specif-
ically apply to a particular device geometry; rather it
relies only on the presence of a sheet density of charge
confined to a surface by surrounding energy barriers
where Boltzmann statistics apply. Hence, it should
also be valid for organic OPTs where a large sheet
charge exists in the accumulation layer at the organic/
gate insulator interface.
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Figure 8.58 Schematic illustration of a BG/TC, top illuminated organic
phototransistor.
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Finally, the photocurrent in the photovoltaic mode
is related to the photovoltage by the transconduct-
ance, viz.

Iph ¼ gmVph ¼ gmnkBT
q

ln 1þ qηextλPinc

jDhc

� �
: ð8:72Þ

The photocurrent, therefore, is linear in Pinc at low
power, and saturates once the incident power gener-
ates a photocurrent larger than the background drain

current, that is, when ηextPinc >
jDhc
qλ

.

In the photoconductive mode, illumination gen-
erates electrons and holes within the accumulation
region. The lack of a junction in the channel results
in an increase in its photoconductivity, and hence
an increase in the drain current. From Eq. 7.4, we
obtain

Iph ¼ qηextμFEd
Pincλ=hcð Þ

kD

Va

L
; ð8:73Þ

where d is the thickness of the channel, which in this
approximation is less than the exciton diffusion
length, LD. As in Chapter 7, kD is the lifetime of the
exciton. Generally, the photoconductive current is
considerably less than the photovoltaic current since
the latter is amplified by the transconductance. That
is, the photoconductive current is Iph � Pinc, whereas
the photovoltaic current follows Iph � gmPinc at small
incident powers. Photoconductivity is generally only
observed near VGS ¼ 0 where gm ! 0, and the photo-
voltaic effect vanishes.
Charge generation in the unipolar channel suggests

that photocurrent effects are small, given the absence
of an exciton-dissociating donor–acceptor HJ. Yet, this
contradicts the observation of a very large responsiv-
ity of >104 A/W that has been observed (Guo et al.,
2010). While the photogeneration mechanism is not
well understood, several hypotheses for the large
photocurrent have been proposed. For example, ex-
citon dissociation may occur via field ionization at the
insulator-semiconductor interface (Guo et al., 2009).
However, the electric field strengths rarely exceed 5
x 105 V/cm at this junction. We have seen in
Section 4.7.2, Fig. 4.104 that Onsager–Braun theory
predicts a probability for dissociation of �10-4 for a
0.7 nm exciton radius at this field, which is too small
to account for the very large photocurrents observed.
An alternative mechanism is that excitons may be
quenched by defect states at the interface, trapping
one carrier type and releasing the other charge into
the channel. The change in trapped surface charge
induces a change in threshold voltage, thus increasing

the current according to Eq. 8.72 (Wang et al., 2010).
The change in threshold voltage is expected to have a
far greater effect on the drain current than field
ionization.
Representative drain current characteristics in the

dark and under white light illumination for a P3HT/
SiO2 BG/TC OPT are shown in Fig. 8.59. The satur-
ated dark characteristics in Fig. 8.59a yield a mobility
of μFEp ¼ 0.07 cm2/V s. There is a small curvature in
the linear regime due to source contact resistance.
Under white light illumination and VGS ¼ 0 V in
Fig. 8.59b, the photocurrent overwhelms the < 1 μA
dark drain current, and increases with illumination
intensity. The photocurrent also increases with drain
current. In the saturation regime, at VGS ¼ �40 V, the
drain current is � 100 μA at VDS ¼ �60 V, compared
to 20 μA at VGS ¼ 0 V (Pal et al., 2010). The polymer
absorption extends from 2.0 eV to >3.5 eV, thus
resulting in photocurrent generation across much of
the visible spectrum. Often, OPTs are characterized
using unspecified white illumination making it
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Figure 8.59 Transfer characteristics of a P3HT/SiO2 with L/W ¼ 200
μm/3 μm OPT (a) in the dark and (b) under white light illumination at VGS
¼ 0 V (Pal et al., 2010).
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difficult to compare characteristics taken in different
laboratories. As a rule, it is more useful to use mono-
chromatic light sources that coincide with the peak
absorption of the semiconductor.

The characteristics in the dark and under illumin-
ation for this OPT are shown in Fig. 8.60a for VDS ¼
�60 V. The photoresponse ratio of P ¼ Iph/ID, has a
peak of 3800 at VGS ¼ �12 V. Note that under illu-
mination, the channel current does not switch off, but
rather saturates at a photocurrent of Iph¼ 4 μA. A plot
of

ffiffiffiffiffiffiffiffijIDj
p

vs. VGS in Fig. 8.60b shows that slopes in the
dark and under illumination are approximately equal,
indicating that the field effect is independent of
illumination. This eliminates the possibility that
photogenerated minority carriers (electrons) or light-

assisted trapping or detrapping at the interface affect
the hole mobility (Wang et al., 2010). As in Fig. 8.60a,
illumination induces a photocurrent offset that pre-
vents the transistor from fully switching off, even for
VGS > 0. Further, the illuminated characteristics indi-
cate a threshold voltage shift to +12 V, compared to
�13 V in the dark. This �VT is equal to
the photovoltage given in Eq. 8.70. An increase in
the sub-threshold slope for the illuminated device is
also apparent from the increased linearity of the data
near VGS ¼ 0 V.
Finally, the responsivity and photoresponse are pro-

vided in Fig. 8.60c. A maximum responsivity of R ¼
250A/W is observed in saturation atVGS¼�75 V and
VDS ¼ �60 V. Due to the large ID at this voltage, the
photoresponse is relatively small. Nevertheless, as we
have seen in Section 7.2, this is �100 times the respon-
sivity of a photodiode. Hence, we expect that the
bandwidth of the OPT will be at most, 100 times
lower than an OPD of comparable dimensions. It is
uncommon to find OPTs whose bandwidths exceed a
few kilohertz (Baeg et al., 2013).
The photocurrent and photovoltaic regimes of

operation have been explored for small molecule-
based BPTT/SiO2 BG/TC OPTs, with results shown
in Fig. 8.61 (Noh et al., 2005). The device exhibited
μFEp ¼ 0.082 cm2/V s and a threshold voltage of
VT ¼ �29 V. The maximum responsivity of the
OPTs is 82 A/W at an intensity of 1.55 mW/cm2 at
λ ¼ 340 nm, with a photoresponse of 2 � 105. Fits to
Eqs. 8.70 and 8.73 (lines, Fig. 8.61a) are obtained in the
transistor on and off states, corresponding to VGS ¼
�50 V and the VGS at the minimum ID, respectively.
Fits affirm that the photoconductive current domin-
ates when the OPT is in the off state, whereas it
follows a logarithmic dependence on optical power
when the device is in the on state. Also, the change in
the threshold voltage, �VT ¼ Vph, also follows the
theoretical trend predicted by Eq. 8.72, as shown in
Fig. 8.61b.
Ambipolar OPTs that consist of either bilayer or

blended channels can increase the charge generation
efficiency by combining materials that form a type II,
exciton dissociating interface (Marjanovic ́ et al., 2006,
Anthopoulos, 2007, Labram et al., 2010). An example
of a bilayer OPT is shown schematically in Fig. 8.62a,
inset. The device comprises a bottom Al gate contact
deposited on a glass substrate. The Al is exposed to an
O2 plasma to enable growth of a 5–10 nm thick AlOx

insulator, which is then capped by dipping in a octa-
decylphosphonic acid solution to deposit a 2.3 nm
thick SAM. Next, a 100 nm thick pentacene donor
channel is deposited by VTE, followed by Au S and
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D contacts, and then capped with drop-cast PC61BM
in CB, see inset, Fig. 8.62b. Exposing the pentacene to
the PC61BM solution roughens its surface, reducing its
mobility to μFEp ¼ 7 � 10�4 cm2/V s (compared to
0.1–1 cm2/V s typically observed). The electron mo-
bility of the PC61BM layer is μFEn ¼ 0.2 cm2/V s. This
difference results in asymmetric transfer characteris-
tics shown in Fig. 8.62a. The threshold voltages are
VTn ¼ 0.7 V and VTp ¼ �1.4 V.
The donor–acceptorHJ gives a significant ambipolar

photoresponse when illuminated at λ ¼ 469 nm (2.64
eV), as shown in Fig. 8.62b. Light of this wavelength is
absorbed in both layers, although it is primarily ab-
sorbed in the top PC61BM layer on which it is incident.
The n-channel threshold voltage shifts by�VTn¼�0.2
V for an illumination intensity of 3.2 mW/cm2, while
�VTp ¼ 0 V. This difference is possibly due to charge
trapping at the roughened pentacene/PC61BM inter-
face. Importantly, Ioff also increases with illumination
intensity due to the large density of photogenerated
charges at the D-A junction.
The photocurrent efficiency vs. illumination inten-

sity at VDS ¼ �0.3 V is shown in Fig. 8.63. The max-
imum external efficiency is only 0.8% obtained at the
lowest power. As the input power increases, the effi-
ciency decreases. This is a common feature of OPTs,
and is due to a saturation in �VT ¼ Vph as the density
of photogenerated charges increases (see Eq. 8.72).
That is, recombination of photogenerated charges
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increases with the number of electron-hole pairs, thus
decreasing their ability to increase the channel current
at high illumination intensities (Wasapinyokul et al.,
2009). This imposes a limit to the linear dynamic
range of OPTs, which may be increased somewhat
by increasing VDS to more efficiently sweep out
photogenerated charges.

We have shown that the bandwidth of OPTs is also
limited by their gain. This is in addition to other
factors that limit response such as gate and drain
capacitances, charge mobility, etc., see Section 8.3.3.
The rise and fall time transient response to a pulsed
LED source of the OPT in Fig. 8.62 withW/L¼ 1 mm/
50 μm are shown in Fig. 8.64a. The total rise and fall
time is tr þ tf ¼ 435 ms, corresponding to a band-
width of �f ¼ 1=2 tr þ tf

� � � 1 Hz. This is quite slow
compared to most OPTs, and is most probably due to
charge trapping at the highly disrupted pentacene/
PC61BM interface.
Finally, low voltage ambipolar OPTs have also

been used as complementary transistors in the invert-
er circuit shown in Fig. 8.64b, inset. In the dark, the
circuit shows a maximum gain of Av ¼ 35 at a supply
voltage of VDD ¼ 2.5 V, and an input voltage of
VIN ¼ 0.7 V. The gain decreases with increasing
channel illumination intensity, accompanied by a
voltage shift of approximately �0.2 V at a power of
1.2 mW/cm2. The operating point shift is due to a
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Fig. 8.62 for various input optical powers and VDS ¼ �0.3 V (Labram
et al., 2010).
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Reprinted from Organic Electronics, 11, Labram, J. G., Wöbkenberg, P. H., Bradley, D. D. C. & Anthopoulos, T. D., Low-voltage ambipolar phototransistors based on
a pentacene/PC61BM heterostructure and a self-assembled nano-dielectric. 1250-1254. Copyright 2010 with permission from Elsevier.
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similar shift observed for the threshold voltage seen in
Fig. 8.62b. Presumably, the channels of both tran-
sistors, T1 and T2 are illuminated simultaneously
and at the same power. Differential illumination of
the transistors can provide optical logic functionality,
where the circuit output voltage, VOUT, depends
on whether one or both transistors are illuminated,
and whether or not the intensity during illumination
is the same (Anthopoulos, 2007).
In summary, an OPT is capable of very high photo-

sensitivity (and hence responsivity) due to the strong
dependence of the gate photovoltage on illumination
intensity. However, this advantage is counterbal-
anced by its slow response to changes in optical
signals, confining them to applications where band-
widths less than a few kilohertz are acceptable.
Also, the devices are more complex than organic
photodiodes discussed in Chapter 7. Nevertheless,
their integration into complex circuits may provide
advantages in specialized applications where optical
signal processing is combined with detection.

8.6 OTFT materials

The performance of an OTFT is determined by several
factors, including the organic semiconductor used for
the channel and the dielectric, the deposition condi-
tions for the channel layer that leads to a particular
morphology, the quality of the contacts to the source
and drain, and the gate and channel geometries. Both
small molecules and polymers have been successfully
used in OTFTs, and considerable effort has been
directed toward morphology control to achieve high
mobilities. These methods include deposition of large
crystalline domains from the vapor or solution
phases, applying strain to the as-deposited films to

assist in driving their orientation into a preferred
configuration, and orientation of single crystals. One
of the most attractive features of organics is that they
lend themselves to a nearly limitless modification of
properties through variations in their composition
and structure.
Figure 8.7 gives an example of how transistor per-

formance is linked to film morphology. Unlike
OLEDs that require amorphous emission regions, or
blended OPVs requiring nanocrystalline domains dis-
tributed throughout the active region, OTFTs benefit
from ordered crystal morphologies with polycrystal-
line grains extending across the entire channel. Single
crystals exhibit the highest mobilities since charges
are neither scattered nor trapped at grain boundaries,
or in disordered regions (Reese and Bao, 2007, Liu
et al., 2009a). Indeed, field effect mobilities can be
several orders of magnitude higher for single crystals
than for disordered films (Sundar et al., 2004,
Stingelin-Stutzmann et al., 2005, Seo et al., 2006). Un-
fortunately, there has been no convincing demonstra-
tion that single crystals can be reproducibly deposited
over large areas, and with mobilities that exceed those
of thin films deposited from the vapor or solution
phases. In addition to achieving crystalline growth,
in Chapter 4 we found that organic crystals are char-
acterized by highly anisotropic conductivities. Hence,
the crystals need to align with their high mobility axes
parallel to the S-D conducting direction. For these
reasons, effort has been directed to finding materials
and scalable process conditions that lead to thin film
morphologies beneficial to high mobilities and on/off
ratios.
Small molecule organics can take on crystal habits

ranging from herringbone to lamellar π-stacking
arrangements that depend on the molecular

(a)

(c)

(b)

(d)

Figure 8.65 Common small molecular crystal stacking habits found in transistor thin films. (a) Face-to-edge herringbone structure lacking strong π–π
stacking. (b) Closely packed, co-facial herringbone structure with strong π–π stacking. (c) Slip-stack co-facial –-π stacking. (d) Lamellar, brick-like π–π
stacking.
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structure and growth process; several possible stack-
ing habits are illustrated in Fig. 8.65 (also see
Chapters 2 and 5). Unlike vertical device architec-
tures found in OLEDs and OPVs, OTFTs require the
high conductivity direction parallel to the substrate
along the S-D direction. Often, the organic crystal
forms the herringbone motif in Fig. 8.65a and b.
While these structures do not have the most advan-
tageous π-orbital overlap between molecules within
the plane, they have the advantage of a reasonably
isotropic conductivity, and hence the in plane orien-
tation relative to the S–D axis becomes less import-
ant. The open, face-to-edge structure in Fig. 8.65a
results in the lowest conductivity due to the relative
absence of intermolecular orbital overlap.

All else being equal, the planar, or flat-lying habits
of Fig. 8.65c and d should have a higher conductivity
perpendicular to the molecular plane than the her-
ringbone structures. Both the slip-stack and lamellar
configurations can have tight intermolecular spacing
and a low hopping energy barrier between adjacent
molecules. The two different structures are driven by
intermolecular van der Waals forces that determine
the lowest energy configuration. These motifs are
often found in polyaromatic hydrocarbon molecules
such as naphthalene, anthracene or tetracene. Unfor-
tunately, often the same forces that lead to lamellar
stacking may also cause the molecules to lie flat on
the substrate (e.g. PTCDA). Then the high conductiv-
ity direction lies perpendicular, and not parallel to the
substrate as required in OTFTs. The highmobility that
arises from parallel stacking is of no use in this
configuration.

The orientation relative to the substrate plane is due
to a balance of forces between the molecule and sub-
strate, and between the molecules themselves. Hence,
pentacene molecular stacks orient with their molecu-
lar axes perpendicular to an SiO2 gate insulator, al-
lowing the lamella to π-stack along the S–D direction
giving a high in-plane mobility. In the following

sections we will find that planar molecules are
often functionalized using alkane “tails” to force
them into the appropriate orientation relative to the
substrate. Also, as noted in Section 8.3, a pre-
deposited SAM can functionalize the surface to
drive the orientation of subsequently deposited mol-
ecules. These strategies reinforce the conclusion that
realization of high performance OTFTs requires ex-
ploitation and control of the interplay between the
molecular structure, the insulator-organic interface
morphology and surface energies, and the depos-
ition and post-deposition process conditions. As a
consequence, seeking high channel mobilities, low
contact resistances and large Ion/Ioff has become a
very rich subject for investigation.
The situation for polymer films is analogous to

that of small molecular weight materials. That is,
achieving high in-plane mobility depends on the
ability of the polymers to form crystals with the
optimal interchain π-coupling direction positioned in
the channel plane. The situation with a common
p-channel polymer, P3HT, is shown in Fig. 8.66a.
The extended polymer chain creates even larger
anisotropies in electronic properties than do many
small molecules. The highest conductivity direction
is along the length of the chain, where each segment is
attached to the next with a conjugated, covalent bond
(Venkateshvaran et al., 2014). Interchain π–π stacking
also promotes conduction. In the case of P3HT, close
packing along this second dimension is promoted by
the unhybridized p-orbitals of the thienylene groups.
The least conductive direction is along the alkyl
chains (the vertical direction in Fig. 8.66a).
The most advantageous orientation is for the mo-

lecular lamella to couple with the π-stacking direction
along the channel, as shown in Fig. 8.66b. Clearly,
the out-of-plane stacking arrangement in Fig. 8.66c re-
quires conduction edge-wise between molecules. The
insulating nature of alkanes and lack of intermolecular
π-orbital overlap prohibits a high mobility in this case.
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(b) (c)

alkyl stacking
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s
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s
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Figure 8.66 (a) P3HT molecular structure, showing the anisotropic orientation of the π–π stacking, conjugation and alkyl stacking directions. Molecular
planes are π-stacked (b) parallel and (c) perpendicular to the substrate plane. The former orientation is most useful for OTFT applications (Salleo, 2007).
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The charge mobility and the ability for polymers to
crystallize into ordered structures is complicated by
several factors that are not present in small molecule
systems. These include regioregularity, molecular
weight, rapidity with which the polymers are depos-
ited, and post deposition annealing used to establish
equilibrium crystalline morphologies. Regioregularity
is the property whereby the alkyl moieties on each
thienylene unit are attached at the same location.
This is understood by inspection of Fig. 8.67. The ir-
regular structure in Fig. 8.67a shows a random
attachment of the alkyl groups on the both sides of
the conjugated backbone. Due to steric interference
between alkyls, the thienylenes along the backbone
are twisted out of the molecular plane. This prevents
strong π–π interactions, and at the same time breaks
the conjugation along the backbone, such that the
mobility in the two most favorable directions is sub-
stantially reduced. When the alkyl groups are on
the same side, they are known as head-to-head or
tail-to-tail arrangements (Fig. 8.67b). The uniform
head-to-tail attachment maintains the planarity of the
thienylene cores, as required to achieve the ordered
structures in Fig. 8.66.
The molecular weight (Mn) and processing condi-

tions of the polymer films determine the degree of
order as well as the relative orientation to the sub-
strate plane. For example, low molecular weight films
prepared by slow casting from a dilute solution result
in the high mobility configuration of Fig. 8.66b,
whereas high molecular weight films prefer the flat-
lying and low mobility arrangement in Fig. 8.66c,
even though the conjugation length increases with
Mn (Sirringhaus et al., 1999).
The dramatic dependence of morphology on Mn is

shown by the atomic force microscope (AFM) images
in Fig. 8.68 of regioregular P3HT thin films spin-cast
on an HMDS-functionalized SiO2 surface on Si. A rod-
like morphology is observed forMn¼ 3.2 kDa, where-
as the Mn ¼ 31.1 kDa film exhibits nanoparticle (NP)
clusters. The lower molecular weight film is found to
have a higher degree of crystalline order than that

with larger molecular weights (Kline et al., 2003,
Verilhac et al., 2006). Further, the rods form into ex-
tended bunches if the low Mn regioregular P3HT is
slowly deposited by dip coating vs. rapid spin-cast
deposition (Verilhac et al., 2006). Slow crystallization
allows the films to approach their equilibriummorph-
ologies with lamella oriented with their intermolecu-
lar π-stacks in the plane, although the morphological
dependence on Mn is stronger than it is on the rate of
deposition. The rate is slowest for dip coating, less
slow for drop-casting, and fastest for spin-coating.
Thus, shorter chains are more likely to form ordered
domains separated by grain boundaries between seg-
ments, independent of the rate of casting. Indeed,
both a low molecular weight and slow crystallization
lead to a lower mobility, as reflected in the data in

n n
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ss

ss
ss ss

ss
ss

ss
ss

(a) (b)

Figure 8.67 (a) Regiorandom and (b) regioregular P3HT molecules.

100 nm

100 nm

(a)

(b)

Figure 8.68 AFM images of regioregular P3HT films on HMDS coated
SiO2. (a) Mn ¼ 3.2 kDa, (b) 31.1 kDa (Kline et al., 2003).
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Fig. 8.69. The extended chains formed as Mn increases
are likely to have many points of contact with adja-
cent chains, leading to efficient charge hopping with a
reduced probability for trapping at grain boundaries
or at macroscopic boundaries between the chains
(Kline et al., 2003).

Another means for imposing order along the chan-
nel is via solution shearing (Becerril et al., 2008). This
process, illustrated in Fig. 8.70, is similar to preparing
films using a doctor blade. A dilute solution of the
semiconductor is deposited onto the target substrate.
A second planar slab with a non-wettable surface is
placed onto the surface of the solution, and is drawn
parallel to the substrate while the entire system is
gently heated. The solvent at the liquid front evapor-
ates as the moving slab is translated, leaving behind
crystalline precipitates that orient along the drawing
direction. These crystallites are nucleation sites for
additional material deposition, resulting in a preferred
polycrystalline orientation also parallel to the drawing
direction. Polarization microscope images of solution
sheared films of the small molecules trimethylsilyl-
substituted quarterthiophene (TMS-4T) and dbo-
P2TP are shown in Fig. 8.70b and c, respectively.

There is a clear morphological dependence on the
shearing direction (indicated by the arrows), resulting
in large-scale orientation of molecules and high con-
ductivity along the channel. Dip coating can also result
in directional crystallite formation, which may be in
part responsible for improved performance using that
technique.
Molecular structure is another factor that deter-

mines molecular arrangement. For example, inter-
chain van der Waals forces in the planar conjugated
F8BT copolymer has a preference for the flat-lying
(tile) morphology of Fig. 8.66c (Donley et al., 2005).
As a consequence, electron field effect mobilities of
�10-3 cm2/V s are observed, in comparison to up-
standing molecular structures such as P3HT, whose
mobilities are a factor of 100 or more larger.

Below, we describe approaches to surface functionali-
zation using SAMs, and then present several small
molecules and polymers used in p-channel, n-channel,
and ambipolar OTFTs. Many p- and n-channel mater-
ials often show ambipolar conductivity, depending on
the contacts employed. If the hole and electron mobili-
ties of a material are significantly different, it is dis-
cussed in the sections focused on unipolar transport.
In the same spirit that we discussed OLED andOPV

materials in Chapters 6 and 7, the example materials
should provide an appreciation of the challenges that
are faced by the materials scientist and chemist in
developing high performance compounds for
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Figure 8.69 Dependence of regioregular P3HT μFEp on Mn and film
coating method on OTFTs with an SiO2 gate insulator (Verilhac et al., 2006).

Reprinted from Synthetic Metals, 156, Verilhac, J.-M., LeBlevennec, G.,
Djurado, D., Rieutord, F., Chouiki, M., Travers, J.-P. & Pron, A., Effect of
macromolecular parameters and processing conditions on supramolecular
organisation, morphology and electrical transport properties in thin layers of
regioregular poly (3-hexylthiophene). 815-823, Copyright 2006 with
permission from Elsevier.
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Figure 8.70 (a) Solution shearing employs two planar slabs translated
relative to each other, with a solution of the semiconductor sandwiched
between them. Oriented films of the small molecules (b) TMS-4T and (c)
dbo-P2TP prepared by solution shearing along the directions of the
arrows. The films are shown using polarization optical microscopy. The
scale bars are 1 mm (Liu et al., 2009a).
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transistor applications. Given the necessarily cursory
nature of our treatment, the reader is referred to ex-
tensive literature from which our examples are drawn
(Newman et al., 2004, Facchetti, 2007, Murphy and
Fréchet, 2007, Zaumseil and Sirringhaus, 2007,
Klauk, 2010, Wang et al., 2011, Zhao et al., 2013).
We will also include some further techniques used

to achieve morphologies that yield the best transistor
results. In contrast, single crystal OTFTs and their
associated materials will not be discussed. While
these devices hold scientific interest, the value of the
OTFTs is in their use in integrated circuits. Single
crystal transistors often exhibit high mobilities, yet
they do not lend themselves to fabrication beyond
one or only a very few transistors on a substrate due
to the special, and non-scalable handling necessitated
in their fabrication (Reese and Bao, 2007).

8.6.1 Self-assembled monolayers

A SAM is a space-filling layer of surface molecules
that serve two primary purposes. The most common
is to functionalize the insulator surface to increase the
mobility and decrease VT. The application of SAMs
can also result in improvements in sub-threshold
slope and on-off ratio. Their second use is in bottom
contact OTFTs, where the channel semiconductor is
deposited onto the source and drain contacts. SAMs
have been developed to increase adhesion that de-
creases contact resistances, decrease the metal/

semiconductor barrier height, and nucleates crystal-
line growth that can spread into the channel, thus
increasing mobility.
An example SAM is OTS, which is a precursor to

functionalizing SiO2 gate insulators. Packing into a
space-filling monolayer begins by hyroxylating the
insulator surface by exposure to UV-ozone, as in
Fig. 8.71a. This creates a hydrophilic surface, which
is transformed to hydrophobic by subsequent adsorp-
tion of the OTS. Next, the Cl atoms are washed away
and are replaced with Si–O bonds to the SiO2 surface.
In Fig. 8.71b and c, the distal end of the alkane chain
can be oxidized by further exposure to UV-ozone to
controllably adjust the hydrophobicity of the surface.
Alternatively, the end of the alkane chains can be
functionalized to create nucleation sites for subse-
quently deposited channel molecules, including at-
tachment of hydroxyl, anthryl, or other groups,
depending on the desired morphological outcome
(DiBenedetto et al., 2009).
Chlorosilanes such as ODTS and HMDS are mem-

bers of a large class of SAM precursors. Another class
of stable SAMs useful for modifying Al2O3 and other
metal oxide surfaces are the anthryl-terminated phos-
phonic acids (PAs) in Fig. 8.72 (Ma et al., 2012).
We show how the several molecular elements in the
SAM are designed to perform different functions,
leading to the desired structure/property relation-
ships in the channel layer. The precursor molecule is
the anthryl-terminated phosphonic acid containing a
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Figure 8.71 (a) Attachment of OTS onto a SiO2 surface forming a close-packed, space filling monolayer. (b) Partial and (c) full oxidation of the distal end
of the alkane chain to functionalize it for subsequent deposition of the channel molecules (Son et al., 2008).
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combination of π and σ bonds. The molecule (or its
analogs) can be applied by either vacuum or solution
deposition. It attaches to the oxide via a reaction that
replaces the surface hydroxyl group with an insulator
P–O bond to the oxide (e.g. Al2O3 or HfO2). The
attachment of this space-filling monolayer blocks the
surface states, while the aliphatic and anthryl groups
close pack. The ensemble is stabilized by strong inter-
molecular π–π interactions between anthracene ter-
minations. The anthracene groups tailor the surface
energy and morphology such that the subsequently
deposited channel molecules (typically a linear poly-
acene such as tetracene or pentacene) adhere in an
orientation that promotes conductivity in the in-plane
direction. Close packing of the SAM promotes align-
ment of the channel molecules in a layer that is largely
free of defects, and that templates the surface to sub-
sequently promote nearly commensurate or quasiepi-
taxial growth (Section 2.6). The alkane chains
themselves are insulating and dipolar, which can
have a significant impact on the surface potential,
ψS, and hence VT and μFE. As with the chlorosilanes,
different functionalizing end groups can be tailored
for the purpose of modifying different insulator sur-
faces and channel morphologies.

Themodification of themorphology of C60films on a
HfO2 surface in the absence or presence of the π-σ-PA,
octadecylphosphonic acid (ODPA), is shown in the
AFM images in Fig. 8.73. To prepare the surface, the
HfO2-coated substrates are immersed in a solution of
0.1 mM ODPA mixed in a 1:1 solution of THF and
ethanol at 70°C where they remain for 12 h, followed
by rinsing in solvents and then dried. The addition of

the SAM has a profound effect on the subsequently
vacuum deposited C60 film morphology. That is, from
the nucleation (Figs. 8.73a and d) to the bulk film
(Figs. 8.73c and d) stages, the presence of ODPA results
in larger grain sizes (�2.3 μm, average vs. 0.1 μmon the
SAM and on bare HfO2 surfaces, respectively). This is
attributed tomore efficient diffusion of C60 during film
deposition on the SAM. The larger grain size results in
a higher mobility compared to the unfunctionalized
oxide surface. Thus, μFEn ¼ 0.28 vs. 0.097, and Ion/Ioff
¼ 105 vs. 103, respectively (Acton et al., 2008).
Various explanations have been advanced to explain

how SAMs on the gate insulator modify transistor
characteristics, including the control of morphology
by influencing the surface energy, and hence the sur-
face wettability (Janssen et al., 2006). Close-packing
can create a template for ordering the deposited film.
And the interface potential itself can be influenced by
passivation (i.e. neutralizing) of traps at the insulator
surface, or it can introduce a dipole that shifts the
energy levels (see Section 8.3).
Surface dipoles introduced by a series of organosi-

lane SAMs with different molecular dipole moments
on an SiO2 gate insulator alters the charge mobilities
of both pentacene and C60 OTFTs (Kobayashi et al.,
2004). The molecules used are based on fluoroalkyl-,
alkl-, and aminoalkylsilane (denoted F, CH3, and
NH2, respectively). The molecular formula and pack-
ing of the F-SAM is shown in Fig. 8.74a. The drain
current transfer characteristics for BG/TC pentacene
OTFTs employing these SAMs, as well as an
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Figure 8.72 Surface functionalization using a π-σ-phosphonic acid SAM
employing an anthryl end group, with the function of each component
shown (Ma et al., 2012).
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Figure 8.73 AFM images of ultrathin films of C60 on (a) ODPA on HfO2,
(b) bare HfO2. (c) 50 nm thick C60 on ODPA/HfO2 and (d) on bare HfO2
(Acton et al., 2008).
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untreated SiO2 insulator are shown in Fig. 8.74b. The
most dipolar species, the F-SAM, results in the largest
shift in VT to +17 V, with VT monotonically decreas-
ing with dipole moment to a minimum of VT ¼ �11 V

for both the untreated and NH2-SAM (with molecular
dipole moments of p ¼ 0 and 0.60 D, respectively)
functionalized surfaces.
The relative surface energies of the SAM surfaces

are determined by the water contact angles (θ) listed
in Table 8.1. In Section 5.6.5, we showed that the
surface energy between the solid and the ambient is
given by the Young equation (Israelachvili, 2011):

σsg ¼ σsl þ σlg cos θ; ð8:74Þ
where the interfacial surface energy between the li-
quid and the solid is σsl, and between the liquid and
the ambient is σlg. Larger contact angles (i.e. for F-SAM
and CH3-SAM) correspond to a greater hydrophobi-
city, and hence a higher liquid–solid surface energy.
The pronounced dependence of mobility and VT on
SAM composition for both pentacene p-channel
OTFTs in Fig. 8.74, and C60 n-channel OTFTs (not
shown) indicate that the SAM dipole moment controls
the semiconductor/insulator interface potential. This,
in turn, determines the charge type in the channel at
VGS ¼ 0 V. The majority carriers at the interface in
equilibrium are electrons, with VT > 0 for F-SAM and
CH3-SAM devices, whereas holes populate the un-
treated OTFT interface. It is not a simple matter to
isolate the origin of the dependence of the OTFT on a
single factor such as molecular dipole moment due to
the complex interrelationships between chemistry,
morphology and trap structure.
Earlier in this section, we noted that SAMs have

been applied to BC OTFTs to seed ordered growth, or
to increase the adhesion of the channel layer to the
source and drain contacts. As in the case of insulator/
semiconductor junctions, the dipole moment at
metal/semiconductor contacts also influences the in-
jection barrier height (see Section 4.6). All of these
factors suggest that SAM functionalization of the
S and D surfaces can affect both the contact and
channel resistances. Evaporated Au electrodes are
favored for S and D contacts since the films are uni-
formly flat and continuous. A thin layer of Cr or Ti
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Figure 8.74 (a) Schematic of a closely packed F-SAM comprising (CF3)
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Table 8.1 Pentacene OTFT with different SAMs on SiO2 gate insulators (Kobayashi et al., 2004)

SAM [Nomenclature] H2O contact angle (°) Dipole momenta (D) μFEp (cm2/V s) VT

(CF3)(CF2)7(CH2)2Si(OC2H5)3 [F] 108.8 2.3 0.20 17

(CH3)(CH2)7(CH2)2Si(OC2H5)3 [CH3] 105.1 0.95 0.13 5.0

Untreated 24–35b 0 0.086 �11
(NH2)(CH2)3Si(OC2H5)3 [NH2] 36.7 0.60 0.0024 �11
a Total dipole moment.
b Considerable variability in this measurement found in different laboratories.
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deposited prior to the thick Au contact improves ad-
hesion to an underlying oxide since both of these re-
fractory metals form strong metal-oxygen bonds. The
top surface of theAu is functionalized using one of any
number of thiols that can form a SAM that attaches to
the Au via the Au–S bond (Hu et al., 2005, Marmont
et al., 2008). Examples of a few thiolated molecules
used in SAMs are provided in Fig. 8.75. The most
commonly used species are the alkane-thiols, although
the alkane chain is non-conducting. It can be replaced
with conducting analogs exemplified by the oligo
(phenyleneethynylene) thiols or the oligo(phenylene-
vinylene) thiols (DiBenedetto et al., 2009).

The efficacy of using thiols on Au contacts is illus-
trated in Fig. 8.76a. The OTFT is a BG/BC architec-
ture employing an OTS-treated SiO2 on Si gate
insulator and contact. The channel comprising
PQT-12 is shown in the inset of Fig. 8.76a. Due to
the bottom contact arrangement, application of
PQT- 12 on the untreated Au surfaces leads to a
large channel series resistance as evidenced by the
nonlinear rise in ID at low VDS (highlighted by the
oval). When the Au contacts are immersed in a solu-
tion of 1-octanethiol (C8H17SH) in ethanol for 24 h,
and then rinsed in solvents prior to spin-coating
with PQT-12, the resistance decreases, and the low
voltage drain current characteristics become linear,
as shown in Fig. 8.76b. The SAM initiates polycrys-
talline growth in an otherwise amorphous film (see
AFM images in Fig. 8.76c and d). This not only re-
duces series resistance, but also results in a nearly
ten-fold increase in mobility, from μFEp ¼ 0.015 cm2/
V s for the untreated, vs. 0.09 cm2/V s for the SAM-
functionalized S and D contact surfaces. The increase
in mobility may be a function of increased film con-
ductivity or decreased contact resistance (cf.

Eq. 8.23) due to improved wetting of the Au surface.
This, in turn, reduces the injection barrier to the
polythiophene channel layer (Cai et al., 2008).

8.6.2 Small molecules for p-channel transistors

We now introduce several important small mol-
ecules developed for p-channel OTFTs. As discussed
in Chapter 4, there is no intrinsic reason why hole
mobilities are higher than that for electrons. The
family of p-channel materials is, nevertheless, more
extensive than for other conductivity types. The mol-
ecules selected typically have field effect mobilities >
0.5 cm2/V s which is the nominal minimum value for
practical applications. In a few instances, lower mo-
bility materials are discussed to illustrate a point or
introduce a family of structures that are of more
general interest as OTFT channel materials. The po-
tential of a transistor, however, is not simply a func-
tion of mobility. As shown in previous sections, the
threshold voltage should be close to zero, the contact
resistance low, and the sub-threshold slope should
approach the theoretical minimum of 60meV/decade.
Transistorswith all of these qualities ensure high band-
width, low voltage operation and a high noise margin
when employed in circuits. The materials cited fulfill
one but generally not all of these criteria.
The molecular structural formulae for several

p-channel materials are shown in Figs. 8.77 and 8.78.
In Table 8.2 we summarize the properties of OTFTs
made with the species in both figures, along with
relevant aspects of device architecture and process
conditions. Channel layers deposited by either vapor
or solution phase deposition are represented.
Compounds 1–3 are representative fused ring aro-

matics. The molecules tend to form lamellar stacks in
either a brick- or slipped-stack configuration due to
interactions between their extended π-orbital systems.
The molecules are insoluble in organic or aqueous
solvents, requiring VTE deposition onto OTS-treated
substrates to achieve the highest performance. They
tend to form polycrystalline morphologies that lead to
mobilities as high as 5 cm2/V s in the case of penta-
cene (2). That result was taken from a statistical study
of a large sample of devices that underscored the
importance of materials purity (as achieved by ther-
mal gradient sublimation and deposition in high vac-
uum), and process control as a cornerstone of high
performance OTFTs (Kelley et al., 2003b).
It is tempting to assume that increasing the number

of fused rings in the linear polyacenes will result in
more ordered π-stacking. However, as we found in
Chapter 3, extending the molecule increases its
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SHSHSH
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Figure 8.75 Example thiols used as SAMs for functionalizing Au contact
surfaces.

8.6 OTFT MATERIALS 857



conjugation length. This, in turn, results in a reduced
energy gap, which can increase the off current (and
hence decrease Ion/Ioff), as well as decrease device
stability. Indeed, the longer molecules may not neces-
sarily form deep, ordered stacks compared with
molecules with five or fewer rings. Hence, few inves-
tigations of linear polycyclic aromatics have gone
beyond pentacene. However, bianthracene (4) and
other anthracene and pentacene derivatives (5, 6)
have shown good stacking behavior along with con-
comitantly high μFEp and Ion/Ioff. These molecules can
be grown in an up-standing orientation when depos-
ited on SAM-modified insulator surfaces, leading to
enhanced π-stacking and higher stabilities than their
un-modified core moieties.
Chapter 5.4.2 discussed OTFTs employing rubrene

(7). Single crystals of this molecule form a co-facial
herringbone structure (Fig. 8.65b), although films are
most often amorphous with very low mobilities. To

achieve mobilities approaching 1 cm2/V s, the mol-
ecules were crystallized by dissolving in the glassy
vitrifying species, 5,12-diphenylanthracene. This cre-
ates a hypereutectic that grows into extended crystal-
lites rather than in a completely disordered film. The
vitrifyingmixture is blended into an ultrahighmolecu-
lar weight polystyrene matrix to provide mechanical
stability and flexibility needed for use in circuits on
bendable substrates. The polycrystallinity of the films
containing all three components is apparent in the
polarized optical micrograph in Fig. 8.79 (Stingelin-
Stutzmann et al., 2005).
The series of compounds 8–10 are solution-

processable variants of pentacene or tetracene, some
with propyl (Pr) and others with ethyl (Et) groups
appended to the perimeter (peri) groups surrounding
the molecular core to improve solubility. The most
fully studied molecule in this series is TIPS-pentacene,
8. It forms lamellar structures with mobilities of
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μFEp ¼ 1.8 cm2/V s when cast from solution. The
solubility and crystal-forming ability is increased fur-
ther with the tetramethylated variation, 9.

Strong S-S interactions between adjacent molecules
have made various thiophene derivatives a focus of

considerable attention for use in OTFTs, several
of which 10–19 are shown in Fig. 8.77. Attaching
alkyl chains (e.g. 11) leads to good film forming
characteristics via dip or spin coating, and improved
intermolecular π–π stacking is made possible by
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Figure 8.77 Example small molecules used in p-channel OTFTs and listed in Table 8.2.
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end-capping the molecules with planar phenyl
groups, as in the case of DPh-BTBT, 12, where high
mobilities (1.5–3.9 cm2/V s) along with very high Ion/
Ioff ¼ 108 are achieved. Indeed, this compound, along
with 15 (DNTT, see Fig. 8.23) have shown VT � 0 V,
making them suitable for low power circuit applica-
tions (Zschieschang et al., 2017). Indeed, nearly all of
the fused thienoacenes shown have high mobilities,
and in most cases suitably low VT due to their ability
to form ordered stacks. Many of these moieties (e.g.
15–18) can be vacuum deposited.
The oligothiophenes (α-6T, 19, being an example)

have attracted considerable attention due to the ease
of functionalization, especially when compared to
phenyl-based compounds, or to the ability to control-
lably adjust the number of thiophene units. As the

Table 8.2 Example small molecules and device structures employed in p-channel OTFTs

Mol. Structure Insulator μFEp (cm2/V s) VT (V) Ion/Ioff Comments Ref.

1 BG/BC OTS/SiO2 0.12 �3 107 (Gundlach et al., 2002)

2 BG/TC AMSa/Al2O3 5.1 �7 106 (Kelley et al., 2003b)

3 BG/TC SiO2 1.75 �80 104 O2 expos. 70 h. (Okamoto et al., 2008)

4 BG/BC OTS/SiO2 1.0 �55 107 (Kumaki et al., 2008)

5 BG/TC OTS/SiO2 1.3 �16 107 Tsub ¼ 80°C (Klauk et al., 2007)

6 BG/TC P6D/Al2O3
b 2.5 �3.8 106 (Kelley et al., 2003a)

7 BG/BC PVP 0.7 0 106 Vitrified mixture w. DPA (Stingelin-Stutzmann et al., 2005)

8 BG/BC HMDS/SiO2 �1.8 �3.4 108 Drop cast (Park et al., 2007)

9 BG/TC OTS/SiO2 2.5 �20 106 (Llorente et al., 2009)

10 BG/TC OTS/SiO2 0.78 �5 109 (Tang et al., 2008b)

11 BG/TC SiO2 1.7 �39 107 Dip coated (Gao et al., 2009)

12 BG/TC ODTS/SiO2 1.5–3.9 �15 106–108 Device variations (Izawa et al., 2008)

13 BG/TC OTS/SiO2 0.79 �11 107 (Tang et al., 2008a)

14 BG/TC OTS/SiO2 0.51 �67 106 (Gao et al., 2007)

15 BG/TC OTS/SiO2 2.9 �11 107 Tsub ¼ 60°C (Yamamoto and Takimiya, 2007)

16 BG/TC SiO2 0.42 �23.4 107 Tsub ¼ 70°C (Sun et al., 2006)

17 BG/TC OTS/SiO2 2.0 �31 108 Tsub ¼ 100/27°Cc (Zhang et al., 2009)

18 BG/TC OTS/SiO2 0.98 �2.2 106 Tsub ¼ 50°C (Kanno et al., 2009)

19 BG/TC PVP 1.1 104 (Halik et al., 2003)

20 BG/TC OTS/PVP 0.6–0.8 4 105 (Kobayashi et al., 2009)

21 BG/TC HMDS/SiO2 0.3 �20 107 Tsub ¼ 150°C (Drolet et al., 2005)

22 BG/SCd TaO2 0.11 �8.9 105 Tsub ¼ 150°C; M ¼ Cu (Zhang et al., 2004)

23 BG/BC SiO2 0.68 0 105 30 layer L-B dep.e (Xu et al., 2005)

24 BG/TC OTS/SiO2 3.3 �17.8 107 Tsub ¼ 120°C; M ¼ Ti (Li et al., 2007)

a AMS is a 10 nm thick layer on 150 nm sputtered Al2O3.
b P6D SAM on the Al2O3 surface.
c Two step channel deposition done at two different Tsub at rates of 0.1 then increased to 0.4–0.6 Å/s.
d SC ¼ sandwiched contacts between a 30 nm thick CuPc channel layer and a 50 nm thick CoPc layer that aids in charge injection.
e L-B ¼ channel layer consists of 30 layers deposited by the Langmuir–Blodgett method described in Section 5.4.2.

150 μm

Figure 8.79 Polarized optical micrograph of a polycrystalline rubrene:DPA:
polystyrene hypereutectic film formed at a temperature Teutectic< T <Tmelt.
The needle-like features are the individual crystalline domains. The arrows
show the polarization directions viewed (Stingelin-Stutzmann et al., 2005).
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number of links in the oligomer increase, the molecu-
lar solubility decreases. Unfortunately, the stability
of these molecules is not high, nor is their mobility.
For 19, attaching alkyl chains at the end positions
increases the oligomer solubility. Finally, the rigid
(HMTTF) molecule readily forms crystallites with
hole mobilities as high as 3.6 cm2/V s, albeit with a
low (�103) on-off current ratio (Kanno et al., 2009).
Hence, the best combination of characteristics is for
device using 18 in Table 8.2.

An advantage of many of the compounds in
Fig. 8.78 is their stabilities. The peri-xanthenox-
anthene, 20, has shown exceptional stability to air
exposure, even at temperatures as high as 150°C. The
molecule has been adapted for vacuum and solution
processing (with and without the alkane moiety). It
features a nanocrystalline structure necessary for
high mobility. The thin film mobilities obtained via
vacuum and solution processing on a PVP gate di-
electric are μFEp ¼ 0.8 and 0.4 cm2/V s, and the
threshold voltages are VT¼ 0 V and 4 V, respectively
(Kobayashi et al., 2009). Hence, as is often the case,
improved performance is achieved by vacuum de-
position as a result of its ability to produce a more
highly ordered film. The halogen-substituted azaa-
cene, 21, also leads to advantageous π-stacking, and
hence high mobility due to intermolecular Cl–Cl
interactions.

Lastly, we turn to the phthalocyanines (Pcs) and
porphyrins (22–24). Phthalocyanines are particularly
stable compounds that have found ubiquitous appli-
cations as dyes. Their stability naturally leads to inter-
est in their suitability for electronic devices. Most
metallated phthalocyanines (MPc, 22), including
CuPc, form into a range of stacking habits, depending
on deposition conditions, although the slip-stack
is the most common (Fig. 8.65c). To be useful in
OTFTs, the stacks must tilt edge-on relative to the
substrate, which depends on the relative energies be-
tween molecules and substrate, and among the mol-
ecules themselves (Yook et al., 2011). Unfortunately,
the MPcs have not shown high mobilities, and hence
are not often employed in OTFTs. An exception is the
metal oxide Pcs (24) such as TiOPc. Unlike the MPcs,
MOPcs are non-planar, forming a pyramidal struc-
ture leading to very tightly spaced molecules (�3.15
Å) with significant π–π overlaps (Li et al., 2007). The
result is higher mobilities than the MPcs and that are,
in a few cases (including VOPc, Li et al., 2008) com-
petitive with many of the thiophene and acene-based
compounds. An analogous cyclic molecular family to
the Pcs is the porphyrins (23, for example). Langmuir–
Blodgett techniques (Section 5.4.2) have been used to

deposit 30 monolayers of the acid-based cyclo[8]pyr-
role to achieve a modest mobility and VT ¼ 0 V (Xu
et al., 2005).

8.6.3 Small molecules for n-channel transistors

The selection of high performance n-channel mater-
ials is more limited than for p-channel semicon-
ductors, possibly due to their reduced air stability,
and also due in part to the shorter time in their
development. In Section 8.2 we showed that the
early OTFT demonstrations were almost entirely
focused on p-channel devices due to the immediate
availability of established, high hole mobility ma-
terials such as the thiophenes and the linear poly-
acenes. The n-channel materials generally are based
on molecules with strong electron withdrawing
groups via attachment of amino, cyano, or halogen
moieties, or molecular cores with large HOMO en-
ergies such as the naphthalene- or perylenetetracar-
boxylic diimide families. The deep energy levels
create low electron injection barriers from the
source contact.
Many materials used for n-channel transistors have

nearly comparable hole and electron mobilities. In
that case, they can be employed in ambipolar OTFTs
whose characteristics are primarily determined by the
S and D contact barriers, see Fig. 8.80. That is, a high
work function (ϕm) metal results in a low HOMO
energy (EHOMO)/work function offset allowing for
efficient hole injection into the channel. This combin-
ation is preferable for p-channel contacts. Likewise, a
low work function metal is employed for n-channel
operation. As seen in Chapter 4, the Fermi energy of
the organic is often determined by the injected, rather
than the intrinsic charge, which justifies the relative
position of the metal and semiconductor energies in

ϕm

EF

n-channel p-channel

EVAC

ELUMO

EHOMO

IP Xo

Figure 8.80 Channel contact energies favorable for n- and p-channel
OTFTs. IP¼ ionization potential, χO¼ electron affinity of the organic, and
ϕm ¼ contact metal work function. Energy level bending on the organic
side of the contact is omitted for clarity.
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Fig. 8.80 for ambipolar conducting organics. Redu-
cing the energy gap of the organic is an alternative
means to reducing the injection barrier, although this
can lead to higher output conductance and a lower
Ion/Ioff.
Example materials primarily employed in n-

channel devices are shown in Fig. 8.81, with detailed
OTFT characteristics listed in Table 8.3. Perfluoropen-
tacene (25) is an example of a halogen-containing lin-
ear polyacene, where the electron-withdrawing
F atoms replace H at the pentacene peri positions.
The electron mobility of μFEn ¼ 0.11 cm2/V s is con-
siderably less than the core, hole-conducting penta-
cene (2) with μFEp ¼ 5.1 cm2/V s. Fluorination has
also been employed to improve electron conduction
in the phthalocyanines, with the example of
SnCl2F16Pc (26) yielding μFEn¼ 0.3 cm2/V s, compared
with the best p-channel TiOPc, (24) of μFEp ¼
3.3 cm2/V s. Compound 26 forms a tightly packed
co-facial, polycrystalline herringbone structure
(Fig. 8.65b) with grain sizes �1 μm. Like most of
the Pcs, this compound is reasonably air stable.
Several halogenated analogs of p-channel materials

shown are 27 – 29. Notably, the tetrahalogenated TTF
derivative, 27, is analogous to the p-conducting

compound 18. Both are planar, lending themselves
to compact and ordered π-stacking arrangements.
One of the highest electron mobilities is achieved
with 28 (and its analogous thiophene derivative, 29),
with μFEn ¼ 1.83 cm2/V s. This molecule, too, forms a
nearly planar motif leading to tight π-π stacking. Un-
fortunately, VT approaches 78 V, leading to an exces-
sive voltage swing that makes it unusable for circuit
applications.
An example non-halogenated molecular structure

is DCMT, 30, where the four cyanomethylenes are
electron-withdrawing. Interestingly, low work func-
tion Mg contacts were used in place of the conven-
tional Au contacts to achieve improved electron
injection, leading to a mobility of 0.2 cm2/V s. Oli-
gothiophenes are also good hole conductors,
but when halogenated (31), they result in electron-
conducting semiconductors useful in n-channel
transistors.
Naphthalene- and perylenetetracarboxylic dii-

mides (compounds 32–34) have comparatively large
EHOMO, making them excellent building blocks for n-
channel devices. Their stability and the ease with
which they can be synthetically modified has led to
their extensive use in OTFTs. The central aromatic
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Figure 8.81 Example small molecules used in n-channel OTFTs, with characteristics in Table 8.3.
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cores are functionalized with carbon rings (32) or
alkane groups (33) to increase their solubility, and to
encourage π-stacking of the conjugated planar
perylene or naphthalene cores along the in-plane
direction. Indeed, one of the advantages of these
structures is their large and extended conjugated π-
systems that lead to the formation of very deep, or-
dered stacks. The cyclohexyl substituted naphthalene
compound (32) shows a remarkably high electron
mobility of 6.2 cm2/V s in an Ar atmosphere. Unfor-
tunately, this particular compound is unstable, show-
ing vastly different (and lower) performance in
oxygen and air. Even in Ar, the device drain current
characteristics showed significant hysteresis, depend-
ing on whether VDS is swept from 0 to +VDS or vice
versa. The tridecyl-functionalized perylenetetracar-
boxylic diimide (33), on the other hand, is quite stable
in air, and has μFEn ¼ 2.1 cm2/V s. When the alkane
is replaced with C3F7, very high mobility (μFEn ¼
1.42 cm2/V s) was observed for air-stable BG/TC
OTFTs, comprising a solution-deposited OTS SAM
on SiO2 gate insulator. This mobility is double that
achieved via vacuum deposition of the SAM (Schmidt
et al., 2009). Solution processing via substrate immer-
sion in an OTS solvent solution results in improved
order, leading to larger crystallite formation within
the transistor plane. The most stable compound,
albeit with the lowest mobility of these three planar
compounds is 1,2,5,6,7,8,11,12-octachloroperylene-
3,4,9,10-tetracarboxylic diimide (34). The OTFTs
have a stable μFEn and Ion/Ioff after exposure to air for

20 months. This is attributed to their deep ELUMO (and
hence low probability for reduction), and the excep-
tionally close intermolecular packing promoted by
Cl–Cl interactions at distances as small as 3.25 Å
(Gsänger et al., 2010).
The last two n-channel materials are the vacuum-

deposited fullerene, C60, (35) and its solution deposit-
ed analog, PC61BM (36) that are extensively used in
organic detectors (see Chapter 7). The spherical sym-
metry of C60 promotes intimate close-packed arrange-
ments when deposited on almost any surface, and in
all three orthogonal directions. The resulting strong π-
coupling between adjacent molecules has made this
material desirable for n-channel FETs, with mobilities
in excess of 3 cm2/V s and with relatively low thresh-
old voltages of VT � 10 V. In contrast, the butyric
acid methyl ester functionalization of PC61BM that
leads to its solubility, also lends steric bulk to the
molecules that prohibits its close packing and struc-
tural ordering. Hence, solution-processed fullerene-
based OTFTs have characteristics that are inferior to
those of their vacuum-deposited analogs. Unlike the
perylene and naphthalene-based compounds, fuller-
enes are not easily functionalized. The higher order
fullerenes such as C70 that lack the symmetry of C60,
exhibit field effect mobilities approximately three or-
ders of magnitude smaller than the latter molecule
(Haddon, 1996). An additional disadvantage of
fullerene-based OTFTs is that their operating charac-
teristics are not as stable as the perylene- and
naphthalene-based compounds.

Table 8.3 Example small molecules and device structures employed in n-channel OTFTs

Mol. Structure Insulator μFEn (cm2/V s) VT (V) Ion/Ioff Comments Ref.

25 BG/TC OTS/SiO2 0.11 0 105 Tsub ¼ 50°C (Sakamoto et al., 2004)

26 BG/TC p-6Pa/SiO2 0.3 27 107 M ¼ SnCl2 (Song et al., 2008)

27 BG/TC HMDS/SiO2 0.11 50 107 Meas. at 10�5 Pa (Naraso et al., 2006)

28 BG/TC OTS/SiO2 1.83 78 104 (Ando et al., 2005)

29 BG/TC ODTS/SiO2 1.2 67 107 (Kumaki et al., 2007)

30 BG/BC SiO2 0.2 11 106 Tsub ¼ 130°C (Chesterfield et al., 2003)

31 BG/TC PSb/SiO2 1.7 24 109 (Yoon et al., 2006)

32 BG/TC OTS/SiO2 6.2 58 109 Ar atmos.c (Shukla et al., 2008)

33 BG/TC SiO2 2.1 60 105 140°C anneal (Tatemichi et al., 2006)

34 BG/TC OTS/SiO2 0.82 28 108 (Gsänger et al., 2010)

35 BG/BC HMDS/SiO2 3 17 106 Tsub ¼ 120°C (Kitamura et al., 2008)

36 BG/TC PVA 0.2 �20 103 (Singh et al., 2005)

a p6P is a 3.5 nm thick SAM deposited from solution.
b PS is 24 nm thick with Mw ¼ 280k.
c Tested under an Ar atmosphere, showing large hysteresis in the forward and backward sweep directions. In air, μFE was reduced to 0.41 cm2/V s.
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8.6.4 Polymers for p-channel transistors

Example polymers developed for p-channel OTFTs are
shown in Fig. 8.82. Properties of OTFTs using these
molecules are provided in Table 8.4. The molecules
fall into two general families; those based on the re-
gioregular polythiophenes (37–40), and thiophene co-
polymers with rigid, fused molecular backbones (41,
42). Molecular design entails the incorporation of high
performance monomers, such as those listed in
Table 8.2, into a high molecular weight, soluble chain
that can be crystallized into a structure with favorable
intermolecular π–π coupling such as in Fig. 8.66b.
Oligothiophenes and their derivatives are often em-

ployed in small molecule TFTs (19), and indeed are
among the first materials to demonstrate organic tran-
sistor behavior (see Section 8.2). The thiophene core is
easily functionalized to achieve a desired transistor
property. Likewise, the thiophene core is employed in
numerous p-channel polymers in Fig. 8.82. Typically,
the performance of polymeric materials is inferior to
that of small molecules due to the usual difficulties in
achieving high purity, a monodisperse molecular
weight distribution, and the needed level of crystal-
line order over long channels. This is the case in
comparing 37, which is P3HT in Section 8.6.1, and
PQT-12 (compound 38) that have mobilities approxi-
mately five times lower than small molecule oli-
gothiophenes (19). Annealing polymer films can
result in improved crystallinity, and hence improved
charge transport. For example, polythiophenes with
crystalline nano-domains form after annealing at ele-
vated temperatures, resulting in significant improve-
ments in μFEp (Ong et al., 2005).

High thiophene mobilities have been achieved with
the PB16TTT block copolymer (39), whose fused rings
promote planar stacking, particularly when deposited
on SiO2 surfaces functionalized with fluoroalkyl-
based SAMs that induce ordered π–π coupling along
the in-plane direction. The fused rings localize the
electron density, preventing it from spreading along
the chain. Field effect hole mobilities of 1 cm2/V s
along with a low VT ¼ �8 V and Ion/Ioff ¼ 106 have
been achieved. The extended fused rings of 40, lead to
a performance similar to PB16TTT.
The rigid conjugated backbones of polythiophene

copolymers, 41 and 42, show exceptionally high
mobilities that are comparable to several high
performance small molecule materials in Table 8.2.
Compound 41 (IDT-BT) is a fused ladder indaceno-
dithiophene (IDT) alternating copolymer with
benzothiadiazole (BT). Its molecular structure en-
courages ordered crystal formation, avoiding the
twists that occur in the other polythiophene mol-
ecules shown in Fig. 8.82. Similarly, the copolymer,
42, is found to order on PTES-treated SiO2 gate
insulators with their long axes parallel to the sub-
strate, which is perpendicular to the dip coating
direction. Both materials have mobilities >1 cm2/V
s, albeit with somewhat low on-off current ratios.

8.6.5 Polymers for n-channel transistors

There have been only a handful of demonstrations of
high electron mobility polymers useful in unipolar n-
channelOTFTs.Manyn-channel polymer devices have
unstable characteristics, with reports providing only
incomplete information about the details of fabrica-
tion, or other important transistor operating character-
istics. Several of the highest performance materials
useful in n-channel devices are ambipolar conductors:
these compounds will be discussed in Section 8.6.6.
Examples of n-channel polymers are provided in

Fig. 8.83 with device characteristics summarized
in Table 8.5. Of these materials, thorough device char-
acterization of a population of devices using a variety
of dielectric layers and substrates has only been pro-
vided for 44 (Yan et al., 2009).
The intermolecular hydrogenbonding of the electron-

deficient diketopyrrolopyrrole-diketopyrrolopyrrole
copolymer (DPP-DPP, 43) leads to close π–π stacking,
and the alkyl chains provide for molecular solubility.
For these reasons, DPP-DPP has a high mobility
coupled to a low VT compared with other n-channel
polymers listed in Table 8.5. The μFEn ¼ 3 cm2/V s is
the best result obtained among the devices tested
(Kanimozhi et al., 2012).
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Figure 8.82 Example polymers used in p-channel OTFTs, with
characteristics in Table 8.4.
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The next two compounds (44 and 45) use the
high ionization energy conjugated naphthalene
molecule as their core moiety, largely due to its elec-
tronegativity and its ability to form intermolecular
π-stacks. The alkyl chains in 44 also lead to good

solubility, and align the molecules in a configuration
similar to P3HT in Fig. 8.66a. OTFTs based on this
molecule were fabricated into TG/BC devices on
glass, PEN and PET substrates using a number of
polymer dielectrics (only D2200 is listed but other

Table 8.4 Example polymers and device structures employed in p-channel OTFTs

Mol. Structure Insulator μFEp (cm2/V s) VT (V) Ion/Ioff Comments Ref.

37 BG/BC HMDS/SiO2 0.18 23 400 Tan ¼ 160°C, 3 min, N2
a (Wang et al., 2003)

38 BG/TC OTS/SiO2 0.2 0 107–108 Tan ¼ 145°C, 10–20 min (Ong et al., 2005)

39 BG/TC FOTSb/SiO2 1.0 �8 106 (Umeda et al., 2009)

40 BG/TC HMDS/SiO2 0.54 �15 107 Tan ¼ 150°C (Osaka et al., 2010)

41 TG/BC CYTOPc 1.2 �25 104 Tan ¼ 100°C (Zhang et al., 2010)

42 BG/TC PTES/SiO2 1.4 8 105 Tan ¼ 200°C, 1 h, N2 (Tsao et al., 2009)

a Tan ¼ annealed at 160°C for 3 min in N2 atmosphere to increase Ion/Ioff.
b FOTS ¼ tridecafluorooctyltrichlorosilane SAM.
c CYTOP ¼ fluorocarbon polymer from Asahi Glass, Co.
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Figure 8.83 Example polymers used in n-channel OTFTs, with characteristics in Table 8.5.

Table 8.5 Example polymer materials and device structures employed in n-channel OTFTs

Mol. Structure Insulator μFEn (cm2/V s) VT (V) Ion/Ioff Comments Ref.

43 TG/BC CYTOP 3 �8 104 (Kanimozhi et al., 2012)

44 TG/BC D2200a 0.2–0.85 5–10 106–107 (Yan et al., 2009)

45 BG/BC HMDS/SiO2 0.03–0.1 25 106 Tan ¼ 100°C (Babel and Jenekhe, 2003)

46 BG/BC HMDS/SiO2 3.4 8.4 20 Unstable (Izuhara and Swager, 2009)

a D2200 is a polyolefin-polyacrylate from ActivInk, with εr ¼ 3.2.
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insulators including CYTOP, polystyrene, poly-
methyl methacrylate, etc. were tested). The device
properties are reproducible and stable when exposed
to humid air environments. Furthermore, inverter cir-
cuits with Av ¼ 26–29 were fabricated by gravure
printing of an n-channel device with 44 paired with
a P3HT (37) p-channel OTFT.
The poly(pyridinium phenylene) compound, 46,

is interesting in that it is water soluble. Electron-
deficient pyridinium rings lower the LUMO energy.
The planar close-stacking motif leads to an exception-
ally high mobility of μFEn ¼ 3.4 cm2/V s, although

the drain current characteristics were irregular and
unstable. Also, Ion/Ioff¼ 20, indicating substantial chan-
nel leakage. Hence, while some of these characteristics
are intriguing, it is not of practical use at this time.

8.6.6 Materials for ambipolar transistors

Several representative materials with nearly bal-
anced electron and hole conducting properties for
ambipolar transistor applications are shown in
Fig. 8.84, with the corresponding OTFT characteris-
tics summarized in Table 8.6. The example materials
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Figure 8.84 Example molecules used in ambipolar channel OTFTs, with characteristics in Table 8.6.
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are selected due to their nearly equal electron and
hole mobilities (necessary for high noise margin, low
power dissipation complementary logic, see
Section 8.4.4), and their beneficial properties for use
in OTFTs.

A key attribute of an ambipolar material is a nar-
row energy gap that reduces the barrier for either hole
or electron injection from the source contact. This,
unfortunately, also leads to increased off current. In
Table 8.6, Ion/Ioff of most ambipolar OTFTs is � 103,
which is 103–104 times smaller than for unipolar
OTFTs. A contact that is equally efficient for injecting
electrons and holes is required. In all of the examples
provided, Au is used due to its good film forming
properties and a work function that approximately
centers its Fermi energy within the ambipolar mater-
ial energy gap.

Only two small molecule examples (47, 48) are
provided; both are analogs of TIPS-pentacene. The
molecules contain halogens (Cl and F, respectively)
that lower the LUMO energies due to their electron-
withdrawing natures. The lower LUMO also results
in improved air stability, and their planar cores pro-
mote π-stacking. While these molecules provide rea-
sonably balanced electron and hole mobilities, their
mobilities are <0.5 cm2/V s, which is considerably
less than almost all the ambipolar polymers (49–55).
And as is the case for the polymers, the threshold

voltages are large, particularly for n-channel
conduction.
The next four polymers (49–52) feature an

electron-deficient DPPmoiety that promotes π-stack-
ing. The alkyl groups result in a high solubility.
Hence, when assembled in a copolymer with an
electron donating group (such as DPPT-TT, which
comprises a thieno[3,2-b]thiophene along with two
thiophene repeat units in 50), the resulting donor–
acceptor motif reduces the energy gap. Compounds
50 and 52 are of particular note due to mobilities that
reach to >1.5 cm2/V s. Indeed, 50 also has an un-
usually low VTn and VTp along with high on-off
current ratios characteristic of unipolar compounds.
The energetics of DPPT-TT in Fig. 8.85 is instruct-

ive for understanding n-channel and ambipolar
OTFTs. The energy gap of the molecule is EG ¼
1.26 eV, which results in a comparatively lower en-
ergy barrier for both electron and hole injection from
Au. The preparation of the contacts also impacts the
injection barrier. The contacts were prepared by solv-
ent cleaning and exposure to an O2 plasma. For the
device in Table 8.6, the solvent-cleaned contacts give
nearly equal hole and electron injection barriers of
approximately 0.6 to 0.7 eV, respectively. When
the somewhat weaker benzothiadiazole acceptor in
benzobisthiadiazole bithiophene-thienothiophene re-
places DPP (PBBTTT, 53), the LUMO and HOMO

Table 8.6 Example materials and device structures employed in ambipolar OTFTs

Mol. Structure Insulator μFEp
(cm2/V s)

μFEn
(cm2/V s)

VTp
a

(V)
VTn
(V)

(Ion/Ioff)p (Ion/
Ioff)n

Comments Ref.

47 BG/TC OTMS/
SiO2

0.18 0.20 �40 +44 N/A N/A (Zeng et al.,
2013)

48 BG/TC OTS/SiO2 0.33 0.41 �15 +50 200 106 Tsub ¼ 60°C (Tang et al.,
2009)

49 BG/TC OTS/SiO2 0.35 0.40 �24 +40 90 25 Tan ¼ 200°C (Sonar et al.,
2010)

50 TG/BC PMMA 1.36 1.56 �16 0 105–106 105–106 Tan ¼ 320°C (Chen et al.,
2012)

51 TG/BC CYTOP 0.36 0.41 �10 +8 107 106 Tan ¼ 200°o C (Hong et al.,
2012)

52 BG/BC DTS/SiO2 1.17 1.32 �10 +40 600 200 Tan ¼ 240°C (Yuen et al.,
2011)

53 BG/BC DTS/SiO2 1.0 0.7 +10 +33 �100 �50 Tan ¼ 240°C (Fan et al., 2012)

54 BG/TC OTS/SiO2 2.48 0.43 �5 +70 105 103 Sol. shearedb

Tan ¼ 220°C
(Lee et al.,
2012a)

55 BG/TC OTS/SiO2 8.84 4.34 0 +75 104 50 Sol. sheared
Tan ¼ 220°C

(Lee et al., 2013)

a VTp,n extracted from data where possible if not explicitly stated. Values may also represent Vonp,n in some cases.
b Solution sheared to align molecules.
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energies are �3.80 eV and �4.36 eV, respectively,
leading to an energy gap of only 0.56 eV. This pro-
duces a large Ioff, and hence an unacceptably low Ion/
Ioff � 10–100.
The DPP-based copolymers that replace one of the

thiophene units with a selenophene (54, 55), and the
alkyl group with a solubilizing siloxane, results in
the highest mobilities of 8.84 and 4.34 cm2/V s for
holes and electrons in 55, respectively. The three-

dimensional (3D) conductivity was enhanced by
limiting the length of the solubilizing side chains.
This resulted in dense packing when the hexyl was
replaced by a pentyl unit (Lee et al., 2013).
We have noted that the nanocrystalline morph-

ology of solution-processed molecules depends on
the rate and method with which the materials are
deposited on the gate insulator. For example, a slower
rate of deposition via dip coating, vs. drop or spin
casting, can result in higher crystalline order, as ob-
served for compounds 54 and 55.
Solution shearing is one method that produces the

unusually high mobilities observed for both the
dithienyl-diketopyrrolopyrrole-selenophene copoly-
mer, PTDPPSe with the long, branched 2-octyldode-
cyl side chain, (54) and a hexyl substituted PTDPPSe-
Si analogous to (55). Atomic force micrographs of
the surfaces of these films are shown in Fig. 8.86
(Lee et al., 2012a). While the morphological distinc-
tion between drop-cast and solution-sheared films is
not as dramatic as implied by the optical micro-
graphs in Fig. 8.70, the differences are nevertheless

Figure 8.86 AFM images of (a, c, e) PTDPPSe and (b, d, f) PTDPPSe-Si thin films. (a, b) Drop cast and (c–f) solution sheared films. Arrows indicate the
shear direction (Lee et al., 2012a).
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Figure 8.85 Energetics of DPPT-TT and the work functions of Au
contacts prepared by O2 plasma, or solvent cleaning (Chen et al., 2012).
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apparent. Directionality is visible for the sheared films
in Fig. 8.86c and f. It is noteworthy that the hole mobi-
lities aremore than twice that for similarly annealed (at
220°C) spin and drop-cast films of 55, and the electron
mobilities are larger by a factor of nearly three. Even
higher mobilities (>8 cm2/V s) have been obtained for
solution-sheared TIPS-pentacene that results in milli-
meter wide by centimeter long crystallites (Diao et al.,
2013). These results suggest that entrainment of the
crystallites along the in-plane S–Ddirection can signifi-
cantly improve performance.

8.7 Material deposition and
transistor patterning

Section 8.6 emphasized the need for achieving long
range order in the in-plane direction. In this context,
several different deposition and post-deposition
techniques for achieving these desired morphologies
were described. A slow deposition process such as
drop-casting results in a morphology close to an equi-
librium structure. Rapid solvent evaporation in spin-
casting leads to a disordered thin film. We also
showed that solution shearing induces crystallization
along the shear direction via the controlled, slow
evaporation of the solvent at the liquid/thin film
interface. Nearly all OTFTs benefit from deposition
on heated substrates, or by post-deposition thermal
annealing of the semiconductor film. Annealing
drives the as-deposited morphology toward equilib-
rium, which results in increased conductivity (and
hence mobility) along preferred crystalline directions
(cf. Chapter 5.5). Exposure of a solution-deposited
film to a solvent vapor also promotes morphological
reorganization, again resulting in improved nano-
and microcrystalline order (Lee et al., 2009).

Here, we introduce several additional methods for
driving thin film morphologies toward a high mobil-
ity, equilibrium structure (Liu et al., 2009a, Klauk,
2010, Wang et al., 2011). Our discussion builds on
the more general deposition processes discussed at
length in Chapter 5. Since patterning and deposition
are central elements of the OTFT fabrication process
(Sirringhaus et al., 2006), we also include a discussion
on patterning processes that result in thin dielectrics
and short channel lengths.

8.7.1 Molecular alignment via dip coating and
associated techniques

In dip coating, the substrate is slowly withdrawn from
a saturated solution of the target molecule (Tsao et al.,
2009, Jang et al., 2012). This is analogous to solution

shearing, except that the substrate/liquid/air bound-
ary constitutes free, unconstrained interfaces. Precipita-
tion of the crystallites occurs at the liquid/air boundary
due to fast evaporation of a volatile solvent. Initially the
nucleation of crystallites is random. However, as the
substrate is extracted from the solution, the growth is
driven along the pulling direction, creating extended
crystallites. This is analogous to the Bridgemanmethod
used to grow bulk crystals, whereby slowly withdraw-
ing a seed crystal from the melt creates a growth inter-
face at the liquid surface (see Section 5.4.1). Figure 8.87a
shows the dip coating process that generates an array of
parallel crystal strips that nucleate at the liquid/air
boundary. The growth morphology depends on a bal-
ance between substrate pull rate, solution temperature,
and molecular concentration. When the substrate is
translated at high speed, the crystal thickness and
width is decreased while the space between the strips
is increased. The strips do not grow into each other due
to local depletion of the solute, and the preference for
the molecules to crystallize on the already-deposited
film. Similarly, increasing the solution evaporation
rate by increasing temperature or using a lower boiling
point solvent has the same effect as increasing the pull
rate. AnAFM image of a TIPS-pentacenefilmgrown by
pulling from a DCM solution at 150 μm/s is shown in
Fig. 8.87b. The lower panel indicates a film thickness of
80-90 μm, and a crystal strip width of �10 μm (Jang
et al., 2012).
The dependence of the optimum pull rate vs. tem-

perature for TIPS-pentacene in solutions of DCM, CF,
and toluene is shown in Fig. 8.87c. Also shown are
polarization optical micrographs of the resulting films
obtained at several growth rates and temperatures.
The optimum growth rate and conditions are defined
as those that yield the highest hole field effect
mobility. Micrographs of the corresponding optimal
film morphologies are outlined in colored boxes.
As noted, the optimal growth rate increases with
temperature and decreasing solution boiling point
(the b.p. for DCM, CF, and toluene are 40.0, 60.4,
and 110.6°C, respectively). At rates �200 μm/s in
DCM, the rate of substrate translation exceeds the
growth rate and consequently, the strips become dis-
continuous. In the least volatile toluene solution, the
films at low temperatures or slow growth rates no
longer produce well-defined and uniform strips,
since the nearly equilibrium conditions drive the
growth of a three dimensional bulk structure.
The dependence of stacking order on growth

rate for TIPS-pentacene in DCM is quantitatively
understood from the glancing incidence X-ray diffrac-
tion patterns in Fig. 8.88a. Only peaks along the in-
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plane direction are observed, corresponding to an
intermolecular spacing of d ¼ 7.74 Å. This is consist-
ent with the intermolecular π-stacking distance along
the b-axis (Anthony et al., 2001). The weakest align-
ment is found for the sample drawn at 10 μm/s. The
highest X-ray intensity, and hence order, is found for
the 150 μm/s sample. (The film drawn at 300 μm/s is
discontinuous). The low resistivity directions are
found along the a- and b-axes: hence alignment of
these axes along the channel as inferred from the
X-ray data (Fig. 8.88b) should lead to the highest mo-
bilities (Anthony et al., 2001).

The alignment produced by dip coating of a TIPS-
pentacene/DCM solution has a significant impact on
OTFT performance when the direction of growth is
along the channel direction. A comparison of the
characteristics of BG/TC transistors with an ALD-
grown Al2O3 dielectric at several different dip coating
rates at room temperature is given in Table 8.7. The
film deposited at 150 μm/s results in the highest μFEp,
but at the expense of a high VT and a lower Ion/Ioff than
at other rates. The film grown closest to equilibrium
corresponds to the slowest growth rate of 10 μm/s.
This leads to thick films whose mobilities are two
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Figure 8.87 (a) Illustration of the mechanism of crystal growth via dip coating. The substrate (1) is pulled from solution (3), forming crystalline strips (2)
along the pulling direction. (b) AFM image of TIPS-pentacene strips pulled from a DCM solution. Below is shown the thickness profile of the crystallites.
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decades lower than the more organized crystal struc-
ture obtained at 150 μm/s.

Zone-casting shown in Fig. 8.89a is a variant of dip
coating. The solution containing the semiconductor
solute is cast from a wide nozzle onto a moving
substrate at a controlled rate (Pisula et al., 2005,
Miskiewicz et al., 2006, Mas-Torrent et al., 2008).
Crystals nucleate at the initial nozzle position. As
the solvent evaporates, the molecules grow along
the substrate translation direction. Films of TTF-
4SC18 (see Fig. 8.89a, inset) dissolved in toluene are
grown by zone-casting at a substrate temperature of
80°C. This is sufficient to volatilize the solvent, gen-
erating structures shown in Fig. 8.89b–d. The mol-
ecules stand with their alkyl groups oriented toward
the substrate, forming π–π coupled stacks between
adjacent, planar TTF units. This places the high mo-
bility direction along the substrate plane, as illus-
trated in Fig. 8.89a. The optical micrograph in
Fig. 8.89b shows alignment of long thin crystallites
along the substrate translation direction. The

molecular stacking axis is longitudinally oriented
along the growth direction. The AFM image suggest
that the surface morphology is terraced, with a
roughness of approximately 30 nm (Fig. 8.89c)
(Miskiewicz et al., 2006).
Bottom gate/top contact OTFTs were fabricated

with the channel oriented parallel (Fig. 8.89d) and per-
pendicular to the casting direction. The gate dielectric
comprises plasma enhanced, sequential depositions of
100 nm Si3N4 followed by 50 nm SiO2. With a gate of L
¼ 50 μm oriented parallel to the casting direction, μFEp
¼ 0.015 cm2/V s,VT¼�6 V to�10 V, and Ion/Ioff¼ 104.
When oriented perpendicular, these parameters are
0.0017 cm2/V s,�15 V to�120 V, and 102–104, respect-
ively. The reduced performance is a result of misorien-
tation of the π–π stacks perpendicular to the transport
direction, leading to a large number of crystalline grain
boundaries that interrupt hole transport.
Zone casting, solution shearing, and dip coating

rely on ordered crystallization via controlled evapor-
ation. The actual morphology of the resulting film is
ultimately determined by the likelihood that the
material itself will self-assemble into π-stacks in the
in-plane direction. Another method to develop
crystalline order is solvent exchange illustrated in
Fig. 8.90a. The molecular species is dissolved in a
solvent where it has a high solubility (e.g. TIPS-
pentacene in toluene). A small amount of this solution
is introduced into a large volume of a poor solvent
(e.g. acetonitrile). As the solution evaporates, the mol-
ecules precipitate from solution onto the substrate.
The molecules stack into ribbons, driven by their
own intermolecular interactions. The microribbons
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Figure 8.88 (a) Glancing incidence X-ray diffraction patterns of crystals produced at different dip-coating rates from a solution of TIPS-pentacene in
DCM. Inset: Configuration of the X-ray measurement where the incident beam is perpendicular to the pull direction, and at a 0.15° angle relative to the
substrate plane. (b) Schematic of the TIPS-pentacene crystal. The molecules are represented by the crosses shown in the lower diagram (Jang et al., 2012).

Table 8.7 OTFT characteristics for several dip-coating rates for TIPS-
pentacene in DCM (Jang et al., 2012)

Rate
(μm/s)

μFEp
(cm2/V s)

VT (V) Ion/Ioff S
(V/decade)

10 0.005 �7.4 48 6.4

50 0.13 �8.0 8.5 � 104 1.89

100 0.6–1.0 �7.6 1.6 � 106 1.66

150 0.85–1.3 �10.6 7.6 � 105 1.3

200 0.05 �10.2 4 � 104 1.54

8.7 MATERIAL DEPOSITION AND TRANSISTOR PATTERNING 871



are coated with the S and D contacts to form the BG/
TC OTFT in Fig. 8.90b. Unlike zone casting and re-
lated techniques, solvent exchange results in random-
ly positioned microribbons on the substrate. Indeed,
neighboring ribbons may even overlap. This requires
placement of each ribbon across individual transistor
channels. In the following section, we will show that
assembly of the macrostructure (i.e. the ribbons) may
be oriented by pre-patterning “entrainment” struc-
tures on the target substrate. Field effect mobilities
for OTFTs in Fig. 8.90b are as high as 1.42 cm2/V s
(Ion/Ioff ¼ 104) compared to 0.17 cm2/V s for TIPS-
pentacene transistors deposited by conventional solu-
tion coating (Kim et al., 2007).
One final precipitation scheme to consider is con-

trolled drying of a semiconductor-containing solution
applied via inkjet printing. The dynamics of droplet
formation and evaporation illustrated in Fig. 8.91 are
also discussed in Section 5.6.5. In a heterogeneous
solution, evaporative flow drives the solution to the
droplet edges, which is countered by Marangoni flow

that is determined by the surface energy of the drop-
let. This leaves the precipitation of solute at the edges
of the droplet as it shrinks. Provided the molecules
tend to form π-stacks, they self-assemble into a “coffee
ring” with the high conductivity direction oriented in
a radial direction from the injection point. To exploit
the radial crystalline orientation, the source and drain
contacts need to be configured into concentric circles
(Lim et al., 2008).
As with other precipitation methods, the rate of

evaporation controls the ability of the solute to form
an organized, equilibrium structure. Since it is not
possible to precisely control the evaporation rate of a
single component solvent, a second, high boiling
point (b.p.) solvent is introduced. The second solvent
counters the outward convective flow of the low b.p.
solvent via Marangoni flow. The balance of these two
flows is controlled by the solvent mixture, delivering
the molecules to the droplet periphery at a rate that is
optimal for self-assembly.

8.7.2 Molecular orientation on
surface-modified substrates

In Section 5.4.2, we showed that molecules can align
to corrugations in the topography of the surface en-
ergy at the substrate when deposited under
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Figure 8.89 (a) Schematic of the zone casting process (Pisula et al.,
2005). Inset: Molecular structural formula of TTF-4SC18 used in (b)–(d). (b)
Optical micrograph and (c) AFM image of a TTF-4SC18 film grown by zone
casting from a toluene solution. The direction of substrate translation is
indicated by arrows. The maximum- to-minimum height in the image is ~30
nm. (d) The S and D contacts of a BG/TC OTFT are shown with the channel.
Crystallites are aligned parallel to the translation direction (Miskiewicz
et al., 2006).
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Figure 8.90 (a) Schematic of solvent exchange crystallization. A small
volume of solution is dropped onto a substrate via syringe within a larger
volume containing a second solvent. The molecular material has a reduced
solubility in the second (shown by the shaded hemisphere) vs. the first
solvent. The solvent is allowed to slowly evaporate, leaving molecular
stacks forming microribbons. (b) BG/TC OTFT with a TIPS-pentacene
microribbon spanning the gap from S to D (Kim et al., 2007).
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appropriate conditions. This was discussed in the
context of quasiepitaxy, whereby the substrate is pre-
pared to create a low surface energy direction, fol-
lowed by deposition of a layer whose comparatively
stronger intermolecular binding forces drive self-
assembly initiated by the substrate.

Numerous surface preparations have been devel-
oped that establish self-ordering in transistors (Liu
et al., 2009a). These have resulted in significant aniso-
tropies in charge mobility in the in-plane direction.
For example, rubbing the substrate surface prior to
deposition can influence alignment of liquid crystal
molecules (Ishihara et al., 1989, Depp and Howard,
1993). The process uses a polymer coating that
is mechanically rubbed, or brushed along a given
direction. Subsequently depositedmolecules assemble
into anisotropically ordered morphologies induced by
energetic corrugations impressed on the alignment
layer. Rubbing has also been used to force alignment
of organic semiconductors deposited in the channel of
OTFTs to increase mobility (Sirringhaus et al., 2000b,
Chen et al., 2001). Figure 8.92 shows the morphology
of a 50 nm thick film of F16CuPc (compound 26,
M ¼ Cu, Fig. 8.79), vacuum deposited onto a 5 nm
thick rubbed film of the same composition on a SiO2

layer on Si. The pre-deposited layer is rubbed at room
temperature using a PTFE (or Teflon®) bar that is
repeatedly and gently slid along the substrate ap-
proximately ten times. The striations in the AFM im-
ages have widths of 50–100 nm, and lengths of
approximately 10μm along the rubbing direction.
The root-mean-square (rms) roughness of the ridges
is 2.5 nm. Crystallographic and optical analysis sug-
gests that these ridges are thin crystallites of molecular

stacks of F16CuPc that preferably align along the rub-
bing direction.
Top contact, bottom gate OTFTs using pentacene

films grown on a 5 nm thick rubbed layer of the same
composition on a SiO2 gate dielectric show large
asymmetries in hole mobility, supporting the conclu-
sion that rubbing entrains subsequently deposited
material to π-stack along the rubbing direction. The
mobility in channels oriented parallel to the rubbing
direction is μFEp ¼ 0.24–0.25 cm2/V s. The mobility
anisotropy ratio is μFEp∥=μFEp?> 40, where the sub-
scripts ∥ and ? refer directions parallel and perpen-
dicular to the rubbing direction respectively (Chen
et al., 2001).
A more forceful means for aligning molecules is to

initially form a highly directional template on the sub-
strate surface, followed by deposition either from so-
lution or vapor, of the semiconductor film. Friction

Recirculation
by Marangoni flow

Self-assembly of molecules
by intermolecular forces

Nucleation at
the contact edge

solvent 
composition

Dodecane

Chlrobenzene

evaporation of solvent

outward convective flow
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Figure 8.91 Formation of self-assembled π-stacked films of an organic semiconductor delivered to a substrate by inkjet printing (Lim et al., 2008).

(a) (b)

Figure 8.92 (a) Height and (b) phase contrast AFM images of a 50 nm
thick F16CuPc film on a 5 nm thick, pre-rubbed template layer of the same
composition (Chen et al., 2001).

Reprinted with permission from Morphological and Transistor Studies of
Organic Molecular Semiconductors with Anisotropic Electrical Characteristics.
Copyright 2001 American Chemical Society.
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transfer deposition is one such templating method
(Nagamatsu et al., 2003, 2004, Li et al., 2005, Dong
et al., 2008). The PTFE alignment layer illustrated in
Fig. 8.93a is deposited by applying a constant pressure
to a PTFE rod or pellet, with the substrate heated to
280°C. At this temperature, the PTFE softens while
being translated along the substrate. This leaves be-
hind PTFE chains aligned along the drawing direction.
Next, a rigid-rod polymer such as PPE with thioacetyl
end groups (TA-PPE) in a THF solution is drop-cast
onto the PTFE surface. The polymer orients along the
PTFE chain direction as the solvent evaporates, appar-
ent from the striated films shown in Figs. 8.93b and c.
The photoconductivity of the aligned TA-PPE meas-
ured after depositing S and D contacts on the film
surface increases by 20 times comparedwith unaligned
films (Dong et al., 2008). This technique has also been
used to align polymers in OTFTs, creating conductive
anisotropies as large as σ∥=σ? ¼ 100 (Li et al., 2005).
Other substrate modification techniques that coerce

the directionality of subsequently deposited films in-
clude deposition on structured surfaces by nanoim-
printing (Zheng et al., 2007), and by exposure of a
photosensitive layer to linearly polarized light. This
latter photoalignment technique has been adapted from
methods used to orient molecules in LCDs (Ichimura,
2000). A 100 nm thick polyimide layer deposited on a
SiO2 gate dielectric acted as a growth template of the
100 nm thick pentacene channel by exposing the poly-
imide with polarized UV light. The BG/TC OTFT

exhibited a maximum hole mobility of 0.75 cm2/V s
with μFEp∥=μFEp? ¼ 13� 25 (Chou and Cheng, 2004).
Small molecules have been aligned by deposition

on a thin templating layer that self-assembles during
deposition due to strong intermolecular van der
Waals forces (Wang et al., 2007, Lassiter et al., 2010,
Yook et al., 2011). For example, a 2 nm thick layer of
p6P deposited by ultrahigh vacuum organic molecu-
lar beam deposition onto a SiO2 substrate at 180°C
forms �2 μm diameter nanocrystalline islands
(Fig. 8.94a). Next, ZnPc is deposited onto the
p6P surface islands. The ZnPc molecules stand
upright on the oligophenylene, p6P surface, with
their crystalline direction imposed by the underlying
p6P template lattice orientation (Fig. 8.94b and c)
(Wang et al., 2007). In contrast, ZnPc deposited onto
bare SiO2 substrates showed small domain sizes that
are comparatively rougher, and randomly oriented
relative to each other, see Fig. 8.94d.
While this example shows that the ZnPc domains

have random in-plane orientation with grain sizes of
�10 μm, the oligophenylene forces the ZnPc to stand
up rather than lie flat on the substrate. This orienta-
tion improves in-plane intermolecular π–π coupling,
and hence the mobility along the channel. Indeed,
ZnPc initiated on p6P films on BG/TC OTFTs result
in μFEp ¼ 0.32 cm2/V s compared to only 0.022 cm2/V
s for films grown on SiO2 without the template. It is
likely that a combination of the templating layer de-
posited on a directionally modified substrate surface

PPE solution

PTFE rod

ForcePTFE layer

substrate substrate

PPE
PTFE

(a)

(c)(b)

Figure 8.93 (a) Friction transfer of a PTFE template layer (left) followed by drop casting of a solution of the semiconductor, PPE, whose molecular
structural formula is shown in (b). (b) Polarized optical microscope and (c) SEM images of the PPE film using the friction transfer method (Dong et al.,
2008).
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(e.g. via friction transfer, rubbing, etc.) would result in
further orientation of the π-stacks along the channel
from source to drain.

8.7.3 Direct printing of OTFT contacts

A discussion of numerous printing techniques of or-
ganics and their contacts has already been provided in
Section 5.6. Several of these methods, such as gravure
and flexographic printing have been employed to pat-
tern the S,DandGcontacts ofOTFTs (Sirringhaus et al.,
2006, Yan et al., 2009). Here, we discuss two methods
that are particularly promising for contact patterning
due to their potential for high resolution, and ability to
print over large areas: inkjet andmicrocontact printing.

Well-defined inkjet printed contacts can be realized
by functionalizing the substrate surface into regions
that are variously hydrophobic and hydrophilic.
Then, droplets dispensed onto the surface form re-
gions whose boundaries are defined by the difference
in energy of the solution and the surface on which it is
deposited. Figure 8.95a illustrates how droplets are
confined by variations in substrate surface energy to
form OTFT contacts. The first step involves depos-
ition of a 50 nm thick hydrophobic layer of PI on a
glass substrate surface. After pattering, the surface is
made hydrophilic by exposure to an O2 plasma that
also removes PI from the source and drain regions.
Next, a conducting PEDOT:PSS layer is dispensed
from an inkjet nozzle near to the PI barriers. Due to

the low surface energy of the substrate, the droplet
flows until it comes into contact with the barrier,
whose width, L, defines the channel length. Since the
PI surface is hydrophobic, the droplet does not over-
top the barrier, forming a pattern whose resolution is
limited by photolithography. Droplets are continually

(a)

(d)(c)

(b)

Figure 8.94 AFM image of a (10 μm)2 region of a (a) 2 nm p6P, (b) 3
nm ZnPc on 2 nm p6P, (c) 30 nm ZnPc on 2 nm p6P, and (d) 30 nm ZnPc
film. The films are on SiO2 (Wang et al., 2007).

Copyright © 2007 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 8.95 Inkjet printing of contacts. (a) Droplets of conductive,
aqueous PEDOT:PSS solution are dispensed onto a hydrophilic glass
substrate with a patterned hydrophobic polyimide (PI) barrier that defines
the source and drain contacts separated by the channel of length, L.
(b) AFM image of the S and D contacts. (c) Completion of the OTFT by
deposition of the F8T2 channel and PVP gate insulator, followed by a
second inkjet printed PEDOT:PSS gate contact (Sirringhaus et al., 2000a).
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ejected onto the substrate surface as the inkjet nozzle
is translated parallel to the barrier, defining the chan-
nel width. The rate of droplet dispensing is set by the
inkjet nozzle speed to write a continuous conducting
contact without necks or breaks.
The effects of the non-wetting barrier are visual-

ized by the droplet shape in the AFM image of the
contacts in Fig. 8.95b. The OTFT is completed by
depositing F8T2 in a xylene solution (see Fig. 8.95c).
This solvent is orthogonal to the aqueous PEDOT:
PSS solution, thus preventing re-dissolving of the
S and D contacts. Finally, the PVP gate insulator is
applied, followed by a second inkjet printing of the
PEDOT:PSS gate electrode.
Unipolar inverter circuits featuring a pair of printed

F8T2 transistors with L ¼ 5 μm, interconnected by
inkjet- printed conducting vias have been demon-
strated (Sirringhaus et al., 2000a). The vias are realized
by dispensing a droplet of isopropanol onto the PVP,
thereby dissolving it and allowing the drain of the load
to connect to the source of the drive transistor.
It may not be necessary to dispense two droplets to

separately define the S and D contacts. A single, larger
droplet can alternatively be dispensed directly onto
the center of the barrier. The droplet then splits into
two, with each half falling into opposing wells
(Sirringhaus et al., 2006). Furthermore, controlling
the volume of the droplet consisting of Ag nanopar-
ticles suspended in a tetradecane solution to less than
1 fl has led to pattern resolutions of <1 μm, which is
ultimately limited by the diameter of the droplets. The

Ag particles form into conductive S and D electrodes
when fused at 130°C for 1 h in N2. An illustration of
BG/TC OTFT employing printed Ag NP S and
D contacts is shown in Fig. 8.96a, with a micrograph
of the top of the device shown in Fig. 8.96b. The
thickness, and hence the resistivity of the lines is
determined by the number of printer passes. As the
number of passes increases from 1 to 20, the thickness
increases from 30 nm to 600 nm, and the resistivity
approaches that of bulk Ag. The dependence of resist-
ivity on the number of passes is shown in Fig. 8.96c.
Due to the very thin AlOx gate insulator functiona-
lized by an n-octadecylphosphonic acid SAM, the
operating voltage of the OTFT is <3 V, making the
devices useful for high gain, low power circuits oper-
ating at �1 MHz (Sekitani et al., 2008). A position-
sensitive pressure sensor discussed in Section 8.9 has
been realized with integrated arrays of such printed
transistors (Noguchi et al., 2006).
Contact printing of electrodes is an alternative to

inkjet printing. In Section 5.6.4, we introduced the con-
cept of cold-welding as a method for transferring very
high resolutionmetal or organic patterns from a stamp
to a receiving surface to fabricateOLEDs, detectors and
other organic electronic devices (Kim et al., 2000, Kim
and Forrest, 2003, Xu et al., 2008). A variation of the
stamping process has been used to both functionalize
and pattern the gates of BG/TC OTFTs.
The patterning process is illustrated in Fig. 8.97

(Zschieschang et al., 2008). The fabrication of the
OTFT begins by coating the substrate (in this
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Figure 8.96 High resolution inkjet-printed pentacene OTFT. (a) Schematic of the OTFT with thicknesses of each layer indicated. (b) Micrograph of the
OTFT channel region with L ¼ 1 μm. (c) Resistivity of the inkjet printed S and D contacts vs. number of printing passes (Sekitani et al., 2008).
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example, glass) with a layer of Al. The substrate is
exposed to an O2 plasma to form a 3.6 nm thick oxide
surface that serves as the gate insulator in the BG/TC
OTFT. Next, a PDMS elastomeric stamp with the gate
patterns occupying raised portions is formed by
photolithographic patterning followed by etching re-
cesses in a master (typically Si or glass). The master is
filled with PDMS, which is subsequently cured and
peeled from the master. The stamp is dipped in a
solution containing the appropriate functionalizing
SAM such as n-octadecylphosphonic acid, which at-
taches to the PDMS surface. The stamp is pressed
against the AlOx surface on the substrate, leaving
behind the 2.1 nm thick SAM, which is stabilized by
heating and drying. Areas covered by the SAM are
protected from the wet acid etchant used to remove
the Al/AlOx in the exposed regions. At this point,

there are three options for completing the device. A:
vacuum deposit the organic channel layer, followed
by deposition of the source and drain electrodes that
are patterned using a shadow mask. B: The substrate
is dipped in a solution of phosphonic acid to improve
coverage along the exposed edges of the Al gate to
prevent leakage into the channel. This step also re-
pairs damage to the top gate surface SAM incurred on
wet etching and handling of the sample during the
gate etch step. The remainder of the process is as in
option A. C: Assuming that the gate etching step
irreparably damages the SAM, it is completely re-
moved in an O2 plasma, and the substrate is dipped
in the SAM solution. Subsequent steps then are once
more identical to option A. The disadvantages of
options B and C are that they are slightly more com-
plex than A, but this is counterbalanced by the
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substrate
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Figure 8.97 Three microcontact approaches for using an SAM to both pattern the oxidized gate contact, and functionalize its surface (Zschieschang
et al., 2008).

Reprinted with permission from Zschieschang, U., Halik, M. & Klauk, H. 2008. Microcontact-printed self-assembled monolayers as ultrathin gate dielectrics in organic
thin-film transistors and complementary circuits. Langmuir, 24, 1665–1669. Copyright 2008 American Chemical Society
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advantage of improved device performance and yield
due to reduced gate leakage.
This process has been implemented to fabricate

complementary inverters based on pentacene
p-channel and F16CuPc n-channel OTFTs. The field ef-
fect mobilities were μFEp¼ 0.4 cm2/V s and μFEn¼ 0.01
cm2/V s, respectively. Importantly, the gate leakage
current, IGS, decreased from 10�8 A for option A, to
<10�10 A for B, to <10�11 A for C. This results in
significantly lower power dissipation in the inverter
quiescent mode. With a peak ID ¼ 1 μA, the ratio ID/
IGS ¼ 100, 104, and >105, for options A, B, and C,
respectively (Zschieschang et al., 2008).
The dependence of the inverter transfer character-

istics on process procedure is shown in Fig. 8.98.
Owing to the very thin gate insulator comprising the
AlOx/SAM combination, the operating voltages are
<3.0 V. The gate leakage (blue lines) as Vin ! 0 V is
related to the quiescent circuit power dissipation. The
repair and replacement of the SAM following gate
etching has a dramatic effect on reducing the leakage
from �40 nA, to 110 pA, to 12 pA for circuits fabri-
cated by options A, B, and C, respectively. This cor-
responds to respective power dissipations of 114 nW,
330 pW, and 36 pW, a substantial difference when
employed in large integrated circuits where each gate
contributes to the total circuit power. Other perform-
ance parameters of the inverters such as voltage gain
and operating voltage are relatively independent of
process procedure.
The stamping process has numerous variants, as

described in Section 5.6.4. The apparent ease with

which direct printing can produce high performance,
low power dissipation circuits is emblematic of one of
the signature advantages of organic electronics. The
adaptability of processing techniques that are
largely inaccessible to inorganic semiconductors al-
lows for their implementation over very large areas,
and they may even be adapted to continuous R2R
manufacturing processes. Ultimately, this can lead to
low cost, provided that the performance of the de-
vices thus produced is sufficient to meet the demands
of their intended applications.

8.8 Reliability of organic transistors
and circuits

Integrated circuits are expected to provide reliable op-
eration from days to years, while being exposed to
environments that may require hermetic packaging
However, the stability requirements for OTFTs
may not always be as demanding as for other organic
electronic devices such asOLEDs andOPVs, especially
where the circuit is employed for chemical sensing, or
in one-time use, disposable medical applications.
Unstable device operation is identified by time-

dependent changes in the threshold voltage, sub-
threshold slope, transistor “off” current, channel mo-
bility, output (or channel) conductance, gate leakage,
and hysteresis in the drain current as VDS is swept
across the transistor operating range in the positive
vs. the negative directions, etc. If we rule out
catastrophic failure due to shorts or dielectric break-
down, the most common sources of device aging are
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Figure 8.98 Complementary inverter transfer characteristics based on pentacene p-channel and F16CuPc n-channel OTFTs fabricated by the three options
in Fig. 8.97. The transfer characteristics shown by red lines are referred to the left axes, and the gate leakage current shown by blue lines refer to the right
axes (Zschieschang et al., 2008).

Reprinted with permission from Zschieschang, U., Halik, M. & Klauk, H. 2008. Microcontact-printed self-assembled monolayers as ultrathin gate dielectrics in organic
thin-film transistors and complementary circuits. Langmuir, 24, 1665–1669. Copyright 2008 American Chemical Society
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time-dependent charge trapping at interfaces and
grain boundaries due to morphological changes in
the thin films, ingress of contaminants from the en-
vironment, decomposition of the organic semicon-
ductors, migration of ions within the dielectric and
into the channel, and deterioration of the source and
drain contacts, also potentially due to material de-
composition or even electromigration of the S and
D metals into the organic layer.

We have seen that the noise margin determines the
circuit reliability, that is, larger noisemargins in a logic
stage result in a greater probability that the subsequent
stage will correctly identify its input as a high or low
state. The gains and threshold voltages of the individ-
ual transistor stages, in turn, determine the noise mar-
gin. Clearly, the threshold voltage must be stable, and
within a minimal spread of values for a large inte-
grated circuit to operate properly. Hence a preponder-
ance of work on understanding and improving OTFT
reliability has focused onmechanisms that affectVT. In
the following sections, we describe methodologies
used to quantify and understand changes in VT and
other operating characteristics, and several theories as
to the source of these phenomena.

8.8.1 Tracking and understanding
threshold voltage shifts

The lifetime of the transistor is quantified in terms of
its duration of use (operating lifetime) and storage (shelf
life). The device is under far higher stress during

operation, and hence this is the most important
mode of aging. However, the devices must be stable
even when not in operation to ensure that the circuit is
fully operational when it is eventually “plugged in.”
The latter failure mode occurs on a much longer time
scale than the former, and is almost always due to the
use of unstable organic molecules or exposure to con-
taminants during storage or fabrication. For this dis-
cussion, we assume that the shelf life of the device is
long, and is not of primary concern since its origins
are almost always extrinsic.
Intrinsic aging processes that limit the operating

lifetime are not easily eliminated by improved pro-
cessing or packaging. They are studied by applying a
d.c. or a.c. signal to the gate while measuring the
transfer characteristics over an extended period. Deg-
radation can be accelerated by using a high voltage
stress, elevated temperature, or large drain current,
although test conditions are generally those used
under normal operating conditions (Lee et al., 2012b,
Jia et al., 2018).
The drift of the transfer characteristics (or the drain

current at fixed VGS) over an extended period of a
PTAA BG/TC transistor employing an HMDS-coated
SiO2 gate insulator are shown in Fig. 8.99a. The char-
acteristics are obtained by applying a constant stress
of VDS ¼ �3 V and VGS ¼ �20 V while periodically
halting the test to measure the ID-VGS characteristics
(Sharma et al., 2009). Several time-dependent changes
are noticed in these characteristics. The threshold
voltage, which is estimated by the extrapolation of
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Figure 8.99 (a) Transfer characteristics of the device in the inset as a function of time. The stress conditions used during aging are VDS ¼ �3 V and
VGS ¼ �20 V. (b) After the stress is applied for 25 h and then removed, the transfer characteristics slowly return toward their original values. The original
transfer curve (dashed line) is not entirely recovered within the time of the test (Sharma et al., 2010).
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the linear region of the characteristics to ID ¼ 0
(dashed line and arrow, Fig. 8.99a), shifts to larger
negative voltage (i.e. in the direction of the applied
gate potential) for this p-channel device. The thresh-
old voltage appears to reach an asymptote after
�100 h at the gate stress bias of �20 V. Also, the
slope of the ID–VGS characteristics decreases with
aging, indicating a decrease in the mobility and
sub-threshold slope, S. Once the stress is removed
after its application for 25 h, the drift in the transfer
characteristics reverses direction, returning toward
their original values (dashed line, Fig. 8.99b). How-
ever, the characteristics rarely recover completely,
showing a permanent offset in VT from its original,
as-grown value.
The drift in VGS has been attributed to defects that

gradually migrate into the channel, or reside at the
organic/insulator interface. This induces in a change
in the fixed charge concentration in the dielectric bulk
or at the interface that reduces the field in the channel
for a given VGS. This, in turn, reduces the drain cur-
rent (Sharma et al., 2009, 2010). The shift in threshold
voltage is given by

�VT tð Þ ¼ VT tð Þ � VT 0ð Þð Þ ¼ q�Ntr tð Þ
Ci

; ð8:75Þ

where �Ntr tð Þ is the time-dependent change in insu-
lator and/or interface charge concentration.
The drift has been fit to a model used to describe

metastable defect formation in hydrogenated amorph-
ous Si transistors that show similar long-term behavior
(Jackson et al., 1989). While the mechanism of hydro-
gen defect formation is clearly not active in organic
transistors, the model is based on the existence of an
exponential distribution of trap energies that results in
dispersive diffusion of defects over time, similar to that
observed for the charge mobility in the presence of an
exponential density of defect states (see Section 4.3.2).
The diffusion constant follows

D tð Þ ¼ D00 νtð Þm�1; ð8:76Þ
where D00 is a constant, ν is the attempt frequency
for diffusion (i.e. the frequency with which a defect
attempts to move from site i to i±1 in the solid),
and m ¼ T/T0. The characteristic temperature, T0, de-
fines the exponential defect distribution (cf. Eq. 4.140).
That is, the defect distribution follows, htr Eð Þ ¼
htr0 exp �E=ETð Þ, where htr0 is a constant, ET is the
characteristic defect energy, and E is the energy.
The change in defect density with time is then

(Jackson et al., 1989)

d�Ntr

dt
¼ �AD tð Þ�Ntr ¼ �AD00 νtð Þm�1�Ntr; ð8:77Þ

where A is a constant. The solution to this equation is
the familiar stretched exponential that provides a good
fit to the time rate of change of other electronic de-
vices such as OLEDs and OPVs. That is, from Eq. 8.77
we obtain

�Ntr tð Þ ¼ �Ntr 0ð Þexp � t
τ

� �m

; ð8:78Þ

which yields a time dependent threshold voltage of

�VT tð Þ ¼ �VT ∞ð Þ 1� exp � t
τ

� �m� �
: ð8:79Þ

The maximum threshold voltage shift at t ¼ ∞ cannot
exceed the gate voltage, thus, �VT ∞ð Þ ! VGS. The
time constant for �VT is given by

τ ¼ 2πνð Þ�1exp ET=kBTð Þ; ð8:80Þ
which has activation energy:

ET ¼ kBT0log
2πνm
AD00

� �
: ð8:81Þ

Hence, the rate of threshold voltage shift is thermally
activated with energy, ET. The activation energy is the
energy required for the defects to form or migrate into
the channel, and thus provide a site for charge trapping.
The defect diffusion model has been applied to

PTAA OTFTs in Fig. 8.99 with results shown in
Fig. 8.100 (Mathijssen et al., 2007). The thermal activa-
tion of the characteristic time constant for �VT is
obtained from the fit to stretched exponential data
following Eq. 8.79 at several different temperatures
in Fig. 8.100a. The fit yields a time constant of τ ¼
107 s (approximately 2800 h) at room temperature,
and m ¼ 0.3 using an attempt frequency of ν ¼ 1
kHz. The thermal activation energy for defect migra-
tion is ET ¼ 0.6 eV, which differs significantly from ET

� 1 eV for more thermally active hydrogen defects in
a-Si (Deane et al., 1998). In Fig. 8.100a, inset, the trap
exponent, m, is plotted vs. temperature. As noted
above, the model predicts that m∝T, which is indeed
found for the PTAA transistors. The slope gives T0 ¼
900 K, which is comparable to T0 ¼ 720 K for a-Si.
The stretched exponentialfit to the threshold voltage

shift provides an accurate representation of the data
(see Fig. 8.100b). The applied voltage stress is VGS ¼
�20V atT¼ 140°C. The parameters used tofit the data
are m ¼ 0.43 and τ ¼ 104 s. Data similar to those in
Fig. 8.100 are also obtained during recovery. The T0 is
the same as obtained under stress, since the trap dens-
ity distribution does not change with time. However,
the activation energy during recovery is 0.3 eV, or only
half that during stress. Likewise the attempt frequency
is only 4 Hz, compared to 1 kHz (Mathijssen et al.,
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2007). These differences suggest that trapped charge
relaxation occurs once stress is removed, resulting in a
much longer time for the charge to be neutralized.

The thermal activation of the aging time, τ, suggests
that degradation can be accelerated at elevated
temperatures. For example, in pentacene films with
τ0 ¼ 10�8 s and ET ¼ 0.67 eV, aging for 30 min at 80°C
is equivalent to aging for 2 days at room temperature
(Lee et al., 2012b).

Figure 8.101 illustrates how the pinch-off voltage
(and analogously, the threshold voltage) depends on
charge trapped in the dielectric. Prior to the applica-
tion of stress (Fig. 8.101a), the threshold voltage of
the p-channel OTFT is positive due to negatively
trapped charges within the dielectric, or at the

interface. At equilibrium (i.e. all the contacts are
grounded), the number of holes in the channel exact-
ly compensates the immobile trapped charges. This
causes the potential at the dielectric/channel inter-
face to vanish, that is, the surface potential is VS ¼ 0.
For drain current to flow, a negative VGS is applied
to increase the mobile holes to a concentration that
exceeds the immobile negative charge in the gate insu-
lator. The injected holes are trapped, resulting in a posi-
tively charged trap concentration that exceeds that of
the residual trapped electrons. In this case, VS > 0 at
equilibrium, andVS andVT become negative, as shown
in Fig. 8.101b.
Charge trapping has been observed along the OTFT

channel by measuring the spatial dependence of the
surface potential using amodification of AFM, known
as scanning Kelvin probe microscopy (SKPM)
(Nonnenmacher et al., 1991, Bürgi et al., 2002), shown
schematically in Fig. 8.102a. In SKPM, the potential
between a conducting AFM tip and the sample surface
is VtipðxÞ ¼ �ϕTS þ ψSðxÞ, where�ϕTS is the difference
in work functions between the probe tip and the sam-
ple, and ψSðxÞ is the local value of the surface potential.
In the AFM non-contact mode, a small vibration of the
tip at frequency, ω, induces a change in capacitance,
�C. This, in turn induces a current:

iðtÞ ¼ ω�CVtipcos ðωtÞ: ð8:82Þ
In SKPM, the voltage across the tip is set to i ¼ 0, and
then the force between tip and sample at a position x
is inferred from the voltage-induced oscillation of the
tip as it is translated along the sample surface. The
oscillations, which yield ψS xð Þ, are detected using a
beam of light that is reflected from the top surface of
the probe (Martin et al., 1988).
The potential along the channel of HMDS-

functionalized SiO2/PTAA OTFTs was measured by
first stressing the transistor, measuring ψS xð Þ along the
channel by SKPM, and then peeling away (i.e. exfoli-
ating) the PTAA channel. Then ψS xð Þ was measured
once more. The organic was removed by attaching a
piece of adhesive tape to its surface, and mechanically
lifting it off from the dielectric. As shown in Fig. 8.102,
initially VP, the pinch-off voltage, is positive due to
excess negative charge in the SiO2. As a consequence,
the surface potential after PTAA removal is negative
(data point 1, Fig. 8.102b and c). With the channel
semiconductor in place, holes are drawn in from the
source and drain to compensate the negative charge,
resulting in ψS(x) ¼ 0 across the entire channel length
(point 2). After stress, VP becomes negative since the
surface potential is positive due to filling of surface
traps with positive charge drawn in from the channel
contacts (point 3). This immobile positive charge
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remains even when the PTAA is attached. Since the
charge is not removed along with the channel semi-
conductor, it must be present in the insulator itself.
Charge residing in the gate insulator or at the insula-
tor/semiconductor surface gives rise to the drift in VT

with time. Similar phenomena, but with opposite po-
larities have also been observed in n-channel OTFTs
employing polymer (Chua et al., 2005, Barra et al.,
2010) or vacuum-deposited perylene derivative-based
channels on anHMDS-functionalized SiO2 gate dielec-
tric (Mathijssen et al., 2010).

8.8.2 Effects of water on transistor stability

The source of trapped charge is obviously different
than hydrogenation of a-Si implicated in the thresh-
old voltage drift in those devices. The long durations
observed in the voltage drifts suggest that the effects
are due to ionic motion within the gate insulator.
Adsorbed water on SiO2 is known to increase its
surface conductivity. Large concentrations of elec-
trons and holes at the SiO2 surface near the source
and drain electrodes produces redox reactions that
introduce mobile charge species, via

2H2O$ 4Hþ þO2 þ 4e� ð8:83Þ

That is, water electrolysis results in the production of
protons and electrons on the insulator surface. The
charges are mobile and, hence, are easily neutralized
by charges within the accumulation layer. A slower
diffusion of charge into the insulator, therefore, must
also be active. It has been proposed that the electrons
in the redox reaction Eq. 8.83 are neutralized by holes
in a p-channel OTFT, leaving an excess of protons
(Sharma et al., 2009, 2010). The surface protons sub-
sequently and reversibly migrate into the insulator on
a time scale consistent with that observed in the drift
of VT.
The volume concentration of protons in the dielec-

tric bulk should be linearly proportional to the areal
hole concentration, viz.

Hþ½ 	 ¼ α hþ
� 

; ð8:84Þ

where α is a constant. Hence, a higher drain current
results in a higher [H+] concentration, leading to a
more rapid and larger drain current drift over time.
A fit to �VTðtÞ in Fig. 8.100b that takes only proton
diffusion into account (green dashed line) results in
noticeable differences with the data, suggesting that
this simple model is insufficient to describe charge
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diffusion. The fit to the stretched exponential func-
tion is more accurate when the presence of the elec-
tric field under the gate is included (solid line).
The fit employs only two parameters, α ¼ 2.2 nm�1

and D ¼ 1.6 � 10�19 cm2/s, from which one infers
that, after a stress of 4 � 105 s, the protons penetrate
into the insulator to a distance of 30 nm (Sharma
et al., 2009, Bobbert et al., 2012). The protons in the
dielectric contribute to an electric field at the semi-
conductor/insulator interface that results in charge
scattering. Consequently, the charge mobility is

reduced along with the drift in VT, both leading to
a reduction of ID and S with time.
Note that the threshold recovery also follows a

stretched exponential, albeit with a different time
constant as noted previously. During recovery,
hþ
� ! 0. Since the proton concentration is in equilib-
rium at the insulator surface, protons reverse their
migration out of the dielectric where they react with
solvated oxygen to form holes once the stress is re-
moved (cf. the redox reaction, Eq. 8.83). This causes
VT to relax back toward its initial value.
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The model is specific to SiO2 gate dielectrics inde-
pendent of the organic semiconductor used as the
channel material. The time constant for the stretched
exponential is given by

τ ¼ 1
πα2D

; ð8:85Þ

where α and D are properties only of the dielectric
(Sharma et al., 2010). Similar mechanisms may also be
active in other dielectrics since the redox reaction only
requires the presence of water.
The effects of water on drift during bias stress

have been inferred from the dependence of the
drain current vs. temperature for several BG/BC
OTFTs employing different channel materials (poly
(3-sexithiophene), polyarylamine, and sexithio-
phene) on an HMDS-treated SiO2 gate insulator.
The devices were exposed to a humid environment
for 24 h following fabrication, and then excess mois-
ture was removed by exposure to vacuum for 20 min
prior to electrical characterization. All devices
showed that the drain current increases monotonic-
ally with temperature, independent of the channel
material used, until approximately T¼ 200 K. At this
point, the drain current dips and rises once again
until approximately 273 K when a second, smaller
decrease in ID is observed (see Fig. 8.103). The as-
grown devices (i.e. those not exposed to the humid
environment) did not show either of these features;

ID simply increases with temperature across the en-
tire range tested (Gomes et al., 2006). Water in con-
fined environments (e.g. water molecules dispersed
at the semiconductor/insulator interface, or in the
insulator bulk) are supercooled in the liquid phase
below�273 K. In this environment, water transitions
to the solid phase only when T ¼ 200 K. The add-
itional feature at 273 K corresponds to freezing of
water that does not undergo a supercooled phase
transition. Only liquid water can undergo the reac-
tion in Eq. 8.83 that results in protonation of the
insulator.
The drain current unexposed to water is higher

than in its presence, and shows none of the anomalies
of the latter devices. Furthermore, the fact that these
features are found in each of the organic channel
layers whether they are vacuum deposited (in the
case of sexithiophene) or cast from solution (for the
polymer channels) suggests that the water-related de-
fects are either attached to the insulator surface, or
diffuse into its bulk. These experiments show that
cooling discontinuously changes the drain current at
precisely those temperatures at which water under-
goes a liquid–solid phase transition, reinforcing the
conclusion that water plays an important role in tran-
sistor instability (Gomes et al., 2006).
We have shown in the foregoing discussion how

protons generated from a water redox reaction, and
that subsequently diffuse into the gate insulator at a
rate largely independent of the presence of a SAM
(Chua et al., 2005), can cause threshold voltage drifts
by electric field screening in the channel. Another
possible effect of water arises from its dipole moment
of p ¼ 1.85 D. We showed in Section 4.6.3 that dipoles
at the surface of an organic can affect the density of
transport states (Baldo and Forrest, 2001). In the con-
text of an OTFT, the dipolar water molecules ad-
sorbed onto the dielectric surface induce a
broadening of the transport DOS within the channel,
as illustrated in Fig. 8.104a (Richards et al., 2008). The
H2O dipole alignment at the interface is disordered.
This creates a distribution of local electric fields ex-
perienced by organic molecules near the interface.
This, in turn, broadens the charge carrier DOS in the
channel, as apparent from the calculated profiles in
Fig. 8.104b (Richards et al., 2008), with the broadening
extending several nanometers into the charge accu-
mulation region (Sharma et al., 2011).
The Gaussian disorder model in Chapter 4 provides

an empirical dependence of mobility on the width in
the DOS (σGDM(z)) at distance, z, from the dielectric
surface. That is (Novikov et al., 1998, Hertel and
Bässler, 2008),
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μ zð Þ ¼ μ0exp � 3σGDM zð Þ
5kBT

� �2
 !

: ð8:86Þ

Here μ0 is the mobility at T ! ∞. The field effect
mobility, μFE, is then

μFE ¼
ðzmax

0

μ zð Þp zð Þdz; ð8:87Þ

where zmax VDS;VGSð Þ is the width of the accumula-
tion region and p(z) is the hole concentration.
Equation 8.86 shows that μ is a decreasing function
of the width of the Gaussian DOS. Hence, the pres-
ence of water (or any dipolar contaminant) at the
dielectric surface results in a decrease in mobility,

and hence a decrease in ID. With increased exposure
time during device operation, the amount of water
adsorbed at the gate dielectric/organic interface is
also expected to increase, resulting in a shift in VT.
The decrease in mobility with dipole strength has

been observed by comparing μFEp obtained for PTAA
OTFTs using either a high (εi ¼ 3.8 for PMMA) or low
dielectric constant (εi ¼ 2.1–2.3 for a fluorene-
thiophene copolymer, poly(9,9-dioctylfluorene-co-
bithiophene)) gate insulator. The mobilities for the
low εi insulators were found to exceed the PMMA-
based devices by nearly an order of magnitude. The
higher εi corresponds to a larger polarizability, and
hence a higher dipole moment (Veres et al., 2003). The
trend in μFEp for these devices is, therefore, consistent
with the prediction of Eqs. 8.86 and 8.87.
While the change in mobility due to water adsorp-

tion must affect the mobility as described, the time
constant of the shifts in VT should be relatively short,
determined by the rate of water adsorption and de-
sorption. This is inconsistent with the very long time
constants (104–107 s) associated with�VT in Figs. 8.99
and 8.100. Hence, proton diffusion is more likely than
water adsorption to be the source of the long term
drifts in current and voltage. However, it is also clear
that dipolar broadening of the DOS can indeed affect
the transistor transfer characteristics. This can lead to
hysteresis in ID when sweeping VDS in the positive vs.
the negative direction observed in many OTFTs after
exposure to atmosphere. Hysteresis may also be due
to trapping of charge within the near-interface region
(Noh et al., 2006, Uemura et al., 2014).
The time dependent drifts in the drain characteris-

tics can be reduced by employing a bilayer dielectric,
whereby the drift due to charge trapping in one insu-
lator interface is compensated at the second interface
by a mechanism in the opposite direction. This has
been demonstrated in OTFTs employing channels
that are microcrystalline (μc) blends of TIPS-
pentacene or dif-TES-ADT and PTAA. The gate di-
electric comprises 35 nmCTYOP directly layered onto
the semiconductor channel, followed by a layer of
Al2O3/HfO2 of approximately the same total thick-
ness. The secondary dielectric is deposited in five
alternating layers of the two constituents by
ALD. Its �VT approximately compensates the drift
due to the CYTOP insulator, although the mechanism
for these two competing processes was not explained.
Nevertheless, the devices showed minimal drifts even
when immersed in water or air. Indeed, the minor
drifts encountered by direct immersion in water
were largely reversed when the devices were placed
in vacuum at 100°C for 16 h (Jia et al., 2018).
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Figure 8.104 (a) Schematic illustration of surface dipoles at the
insulator/organic interface. (b) Calculated density of states (DOS) in a
PTAA channel due to a surface dipole of moment p¼ 2 D as a function of
distance from the interface (x) ranging from 0 to 5 Å. Adapted from
Richards et al. (2008).
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The deleterious effects of water and other envir-
onmental contaminants can also be mitigated, at
least to some degree, by device packaging, similar
to that employed to extend the lifetime of OPVs and
OLEDs. The primary goal of encapsulation is to pas-
sivate the semiconductor, that is, to make it less
vulnerable to changes when operated in ambient.
A passivating coating should have the following
properties: (i) it should prevent ingress of contamin-
ants into the device active region, (ii) its application
should be non-destructive to the device on which it
is deposited, and (iii) it should prevent or retard
degradation at elevated temperatures by preventing
the organics from vaporizing. (iv) Since OTFTs are
often used in circuits that need to conform to an
irregular substrate or are bent during operation, en-
capsulations may also need to allow for device
flexibility.
A BG/BC pentacene OTFTwith a flexible polyether

sulfone substrate has been coated with a polymer
passivating layer to decrease time-dependent drifts
in ID, μFE, and VT (Han et al., 2006). The passivating
layer consists of a 500 nm thick dichromated PVA
film, capped with a 1 μm thick photoinitialized acryl-
ate, see inset, Fig. 8.105a. After patterning the acrylate
layer, the devices were rinsed in water and then
baked in vacuum at 80°C for 4 h. Following this
treatment, the devices showed μFEp ¼ 0.80 cm2/V s
and VT ¼ �9.2 V.
The drain current and VT characteristics vs. time are

shown in Fig. 8.105a and b, respectively. The ID data
were collected in the linear regime atVGS¼�30 V and
VDS ¼ �1 V. The empirical dependences of ID and VT

are shown by the straight line fits to the data using

ID tð Þ ¼ ID0 exp �γtð Þ ð8:88aÞ
and

VT tð Þ ¼ VT0 exp �βtð Þ; ð8:88bÞ
where ID0 and VT0 are the values of drain current and
threshold voltage at t¼ 0, and γ and β are degradation
rate constants. The passivated devices have consider-
ably lower degradation rates than unpassivated ones,
suggesting that the bilayer coating is effective in re-
ducing drifts in the operating characteristics. Interest-
ingly, while the slopes of the ID data are both negative
(i.e. ID decreases with time) the rates of change in VT

are opposite for the passivated and unpassivated
OTFTs. This is attributed to negatively charged traps
due to water at grain boundaries in the pentacene
film, requiring increasing the gate voltage over time
in the unpassivated devices. The opposite slope for
passivated devices is presumably due to oxygen

entering the film, which forms a negatively charged
oxygen ion (Han et al., 2006). Regardless of the origins
of the effects, coating the devices is effective in ex-
tending their operational lifetime by reducing their
exposure to the environment.
To summarize this section, ionic migration that is

widely observed in conventional MOSFETs and MIS-
FETs is undoubtedly also active in OTFTs. When
stressed by an external potential, there is a change in
the total electric field in the channel. This, in turn,
causes both the threshold voltage and current to
change with time, ultimately leading to circuit failure
as the changes exceed the acceptable noise margin.
Importantly, the mechanistic studies described high-
light the vulnerability of OTFTs to exposure to mois-
ture and other atmospheric contaminants, which

γ = 0.074

γ = 0.78

β = –0.17

β = 0.065

101 102 103

10–6

10–7

10–8

102

101

100
100 102 103

Time  (h) 

V
T 

(V
) 

Acryl
PVA

S D

Dielectric

Plastic

o With passivation

W/o passivation

W/o passivation

With passivation

(a)

(b)

I D
 (A

)

Time  (h) 

Pentacene

G

Figure 8.105 (a) Drain current vs. time for both a passivated (i.e.
coated) and uncoated pentacene OTFTs. (b) Threshold voltage vs. time for
the devices in (a). Lines are fits to Eqs. 8.88a and b. Adapted from Han
et al. (2006).

886 ORGANIC THIN FILM TRANSISTORS



must be considered when adapting this technology
for a particular application such as displays, RFIDs, or
sensing.

8.8.3 Other sources of instabilities in
OTFT performance

Thus far, we have focused almost entirely on the
effects of moisture on the transistor characteristics.
Here we will describe a few of the other possible
causes that reduce operational lifetimes. This should
give a view of a few of the more important effects
among a complex range of phenomena.

Gate leakage: Recall that the gate leakage must be
minimized to reduce the off current, and hence the
power dissipation in complementary logic circuits. In
addition, very thin insulator layers are required to
achieve low voltage operation. But thin insulators
often have a tendency to have pinholes, and can
undergo dielectric breakdown at 1–10 MV/cm, lead-
ing to catastrophic failure (Halik et al., 2004).

Figure 8.106 shows the leakage of a polystyrene
gate insulator on a pentacene channel for a device in
its off state (VGS ¼ 0 V and VDS ¼ �30 V) in air over a
period of weeks. The drain current tracks the gate
leakage. That is, ID increases at the same rate as IGS,
although the current polarities are opposite. After
annealing in air at 70°C for 5 min, both IGS and ID
are decreased by the same amount. Analysis of the
C–V characteristics of a metal–polystyrene MIS cap-
acitor indicates that aging results in an increase in
positive trapped charge within the insulator. The
positive charge shifts the gate potential, resulting in
the observed changes in ID. The positive charge arises

from diffusion of moisture into the bulk, which is
removed by high temperature annealing that restores
the original gate and drain leakage currents (Hong
et al., 2008). This is consistent with the proton diffu-
sion model in Section 8.8.2.
Interestingly, gate leakage also accelerates the

aging of single crystal tetracene OTFTs in the on
state, even when it is several orders of magnitude
smaller than the drain current (De Boer et al., 2005).
While no definitive reason has been given for this
effect, it was suggested that high energy electrons
accelerated through the high dielectric constant
metal oxide dielectric induce damage in the tetracene
near the dielectric/organic interface.

Bulk defects: Charges trapped within the channel
can result in changes in current, just as the charges
at the insulator surface. Both result in a local change in
potential that influences the charge density in the
accumulation region. Indeed, many reports suggest
that charge trapping in the semiconductor bulk can
result in threshold and drain current drifts (Salleo and
Street, 2003, Chang and Subramanian, 2006), and in
the hysteresis in the transistor output characteristics
observed during positive and negative sweeps of
VGS and/or VDS (Ucurum et al., 2008). Unfortunate-
ly, it is difficult to definitively determine the location
of the traps. Hence, most reports of bulk trapping are
based on inferential analyses. An exception is obtained
using spatially resolved SKPM, where the location of
the charge trapping sites can be directly correlated
with grain boundaries between domains within the
channel semiconductor thin film (Tello et al., 2008,
Hallam et al., 2009). Figure 8.107 provides one such
direct study of charge trapping in the bulk of a p-
channel pBTTT on an untreated SiO2 gate dielectric in
a BG/TC OTFT. The polymer is known to form a
“ribbon”morphology when annealed at 260°C.
To study charge trapping, the OTFT was stressed

at VGS ¼ �80 V for 60 min in ultrahigh vacuum, with
the intention of filling deep traps within the film.
During stress, the drain current decreased by >50%
resulting from a shift in VT. Once the stress was re-
moved (VGS = VDS ¼ 0 V), ID recovered to 80% of its
original value over the ensuing 4–6 h due to trapped
charge release. The average surface potential in the
channel following stress is shown in Fig. 8.107a. The
change in surface potential of 8.5 V corresponds to a
total surface trapped charge density of 6 � 1011 cm�2

for an insulator capacitance of 11 nF/cm2. The surface
potential returns to its original value prior to
stress (horizontal dashed line) over approximately
6 h. Also shown is the average relative amplitude
of the potential corrugations across the channel before
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Figure 8.106 Gate and drain current vs. time of a BG/TC pentacene
OTFT in the off state with a polystyrene gate dielectric. The aging is in air
at T¼ 24°C and 42% relative humidity. Annealing conditions are 70°C in
air for 5 min (Hong et al., 2008).
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and after stress (Figs. 8.107c and e). These corruga-
tions decrease in amplitude during recovery; they
tend to diminish over the same period that the surface
potential relaxes to its pre-stress value.
The topographical AFM images in Figs. 8.107b and

d show the ribbon-like domains. The potential corru-
gations of the stressed film (Fig. 8.107c) match the
topographic pattern. The white areas of the SKPM
image are more positive than the shaded regions.
The correspondence between the AFM topographic
data and the SKPM derived potential indicate that
the trapped charge resides at the grain boundaries
between the individual ribbons. The relative lack of
contrast of the unstressed film (Fig. 8.107e) indicates
the absence of trapped positive charge in regions
between the domains (Hallam et al., 2009).

The surface potentials of the OTFTs were measured
during operation to further understand the nature of
bulk charge trapping. Figure 8.108 (top scan) shows
the topographic roughness of the films. The ribbon
domains are at the high points of the profile, and the
grain boundaries are at the valleys. The SKPM pro-
files acquired during operation in the linear and sat-
uration regimes (depending on VDS) are shown in the
lower figure. Within the grains, the potential is rela-
tively flat, corresponding to a very small internal
electric field. In contrast, there is a peak in the poten-
tial at each grain boundary, indicating a high density
of positive charge associated with trapping at these
locations. Note that even atVDS¼ 0 V, the peaks exist.
This suggests that the potential maxima between
grains result from immobile charge and not current,
since at VDS ¼ 0, ID also vanishes.
Surface potentialmeasurements have also implicated

structural boundaries in vacuum deposited pentacene
films as trapping sites leading to long-term changes in
transistor characteristics, particularly as the film thick-
ness is reduced to the point where it incompletely
covers the insulator (Tello et al., 2008). Finally, trapping
within the channel bulk is inferred from the depend-
ence of drain current under bias stress on pentacene
layer thickness. The thickness dependence indicates the
bulk is the source of traps, as opposed to the surface
(Chang and Subramanian, 2006).
While the SKPM measurements, and the observed

thickness dependence of drifts in VT and ID on chan-
nel layer thickness point to the importance of trap-
ping in the bulk semiconductor layer, the origins of
the trapping sites remain unclear, and indeed may
not be the same for all semiconductors. For example,
reduced orbital overlap between molecules across
the grain boundaries can be a source of levels deep
in the energy gap that inhibit charge transport be-
tween grains, and hence result in accumulation of
charge in the channel. Alternatively, the grain
boundaries may provide sites for the ingress of im-
purities (e.g. H2O) that also can trap charge. Inde-
pendent of the mechanism for the formation of traps,
their presence in the bulk has been established as an
important cause of stress-induced changes in device
performance.

Contact degradation: Contact resistance may change
as defects form in the channel, or from electromigra-
tion of metal into the channel at high drain currents.
This generally manifests itself as a decrease in chan-
nel output conductance, as well as an apparent de-
crease in field effect mobility (cf. Eqs. 8.23 and 8.24).
The rate and magnitude of the changes depend on
whether a top or bottom contact configuration is
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Figure 8.107 Average channel surface potential vs. time measured by
SKPM after the removal of bias stress for a SiO2 gate insulator/pBTTT
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Reprinted figure with permission from Hallam, T., Lee, M., Zhao, N.,
Nandhakumar, I., Kemerink, M., Heeney, M., McCulloch, I. & Sirringhaus, H.,
Physical Review Letters, 103, 256803. Copyright 2009 by the American
Physical Society.
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employed. In TC OTFTs, the source and drain metals
contact a large channel surface area. Since the electric
field lines extend to the opposite (dielectric) surface
of the channel, injection can occur over most of the
metal contact area. The injection area also increases
with the amount of overlap between the S and
D contacts and the gate, which extends the accumu-
lation region well into the channel contact area. In
contrast, bottom contacts result in preferential injec-
tion from the edge of the metal layer into the very
thin, charge accumulation layer. The differences in
contact areas are reflected in the contact resistances:
1–2 MΩ cm vs. 0.2–0.5 MΩ cm for the BC vs. TC
devices, respectively (Richards and Sirringhaus,
2008). The edge-on contact of the BC configuration
also results in several orders of magnitude higher
current densities needed to achieve the same drain
current compared to the top contact structure. This is
more likely to cause local heating and the formation
of defects in the channel than at lower currents, as
we have seen for OLEDs and OPVs. The stress-
induced defects lead a reduction of contact area
that ultimately results in shorting or reduced injec-
tion efficiency over time.

The output characteristics of BG/TC and BG/BC
F8T2 transistors are shown in Fig. 8.109a and b, re-
spectively. Although the devices have different gate

dielectrics (polystyrene for the BG/TC, and SiO2 for
the BG/BC device), the current in the BC OTFT is
several times lower than in the TC case. This, presum-
ably, is due to the larger contact area in the latter
structure. Also, there is hysteresis for the BC OTFT
that is noticeably absent in the TC device. This sug-
gests a more stable injection efficiency for the S and
D contacts of the TC transistor.
Gate bias stress of the BG/BC OTFT applied for

several minutes induces a noticeable reduction in the
drain current, and an increase in VT and source resist-
ance, with a much smaller fractional increase in drain
resistance. The degradation of the contacts becomes
important only when the contact resistance equals, or
exceeds that of the channel. The channel resistance in
accumulation is given by Rch ¼ L=WpqμFEp

for a p-
channel device. This sets a minimum channel length
for a contact resistance of RC of Lmin ¼ pqμFEpRC. Thus,
when RC >WRch, the contact resistance dominates the
output characteristics. Potentiometry suggests that
injection from the source is limited by bulk ohmic
contact resistance along with injection into the deple-
tion region at the contact, whereas RC alone deter-
mines the drain resistance (Bürgi et al., 2003). Hence,
it is the change in source (vs. the drain) resistance over
time that is responsible for the contact-limited oper-
ational lifetime in some OTFTs.
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Figure 8.108 Surface topography acquired via AFM (top) and the surface potentials (bottom) measured by SKPM along the 20 μm long channel of the
pBTTT OTFT in Fig. 8.107 as a function of VDS (legend) at VGS ¼ �30 V (Hallam et al., 2009).

Reprinted figure with permission from Hallam, T., Lee, M., Zhao, N., Nandhakumar, I., Kemerink, M., Heeney, M., McCulloch, I. & Sirringhaus, H., Physical Review
Letters, 103, 256803. Copyright 2009 by the American Physical Society.
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8.8.4 Achieving reliable OTFTs

We have shown that OTFTs are susceptible to bias-
stress-induced changes to the threshold voltage, drain
current, mobility, contact resistances, and so on.Mobile
charge in the gate insulator, at the insulator/channel
interface, and within the channel itself and at the con-
tacts all contribute to aging, with water being the most
deleterious impurity observed in almost all OTFTs.
The most effective means extending OTFT lifetime,

therefore, is to prevent or delay water entry into the
channel region. This can be accomplished by pack-
aging or encapsulation. However, one of the most
attractive features of OTFTs is their flexible and/or
conformable form factor. Flexible encapsulation as in
Fig. 8.105 is only marginally effective in retarding the
aging process. Beyond using improved encapsulation,
there have been reports of both n- and p-channel or-
ganic semiconductors and composites that are com-
paratively immune to contamination from ambient

water or oxygen (Roberts et al., 2008, Lei et al., 2011,
Kuribara et al., 2012, Feng et al., 2016). A combination
of all of these strategies can significantly extend the
OTFT stability.
Ultimately, the reliability that is achieved must

meet the demands of the target application. Since
thin film transistor technology serves a wide range
of applications, from driving display elements, to
chemical and medical sensing, to RFID transmit and
receive circuits, it is useful to compare the stabilities of
several TFT materials systems. Figure 8.110 shows the
change in threshold voltage over time for TFT tech-
nologies compared with microcrystalline (μc)-OTFTs
with a TIPS-pentacene:PTAA channel and a bilayer
CYTOP/Al2O3/HfO2 gate insulator (Jia et al., 2018).
The inorganic transistors based on a-Si, amorphous
indium gallium zinc oxide (a-IGZO), μc-Si, and low
temperature polycrystalline Si (LTPS) all show long
term drifts that are on the order of, or larger than
the organic device (Arai and Sasaoka, 2011). Care
must be taken in making such comparisons, however,
since the choice of devices is necessarily selective, and
their performance characteristics vary over a wide
range. Nevertheless, we can conclude that OTFTs
can have competitive reliability and electrical per-
formance compared to many inorganic thin film tech-
nologies, and indeed may have operational lifetimes
well over 10 years in some cases.

8.9 Organic transistor circuit applications

When considering the possible applications of a new
technology, we must first understand the incumbent
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technologies that stand to be replaced or augmented.
We must ask, what is compelling about the new tech-
nology, and what new applications can it fill that
otherwise are not served by existing solutions? In
the case of OLEDs and OPVs the answer is clear.
OLED displays offer high efficiency, a large color
gamut, and flexibility that are unique and not well
served by existing LCD or quantum dot/LED/LCD
(QLED) displays. Likewise OPVs can be efficient and
can serve the building integrated solar markets in
ways that cannot be replicated using Si or compound
semiconductor solar energy harvesting devices. The
case for organic transistors is less clear. There is little
doubt that enormous progress has been made in im-
proving OTFT performance and reliability, and nu-
merous examples of ICs such as logic circuits, RFIDs,
ring oscillators, etc. have been reported (Crone et al.,
2000, H. Klauk, 2006, Gelinck et al., 2010, Taylor,
2016). Yet, the electronics market is completely dom-
inated by Si ICs that are low cost, high performance,
extremely sophisticated and complex, reliable and
adaptable to an almost limitless range of applications.
Hence, prior to discussing particular applications
where OTFTs may find use, we list several attributes
of the technology that distinguish it from its competi-
tors, including those based on crystalline, polycrystal-
line, and amorphous inorganic semiconductor, and
metal oxide thin film transistors.

• Adaptability to large area circuits: Almost all applica-
tions envisioned for OTFTs entail their use as active
matrix pixel address arrays in sensing and display
applications. Their appeal in this regard is the same
as for almost all other organic electronic devices:
the ability to deposit materials over large areas on
any reasonably flat substrate. Hence, OTFTs are
ideally suited for use in pixel address circuits. The
competition in this space is thin film Si (LTPS) and
metal oxide transistors that can also be deposited
over large areas.

• Flexibility, stretchability, and conformability: A distin-
guishing feature of OTFTs is their ability to be
deposited at room temperature. This allows for
the use of plastic substrates that are flexible and
conformable, and uniquely, on stretchable sur-
faces. Whereas other transistor technologies (most
notably metal oxide TFTs) can also be deposited at
low temperature, an apparently unique feature of
OTFTs is their compatibility with ultrathin (�1 μm)
substrates that opens completely new application
areas, particularly in wearable electronics.

• Potential low cost when fabricated over large areas: In
Section 5.7, we have seen that room temperature

R2R deposition on flexible plastic or metal foil
substrates is a path to very low manufacturing
costs. Thus, large area arrays of pixel address tran-
sistors for detection, sensing, and displays can be
manufactured at very large volumes using R2R
methods. This can potentially lead to significant
cost reductions compared to technologies based
on conventional, inorganic semiconductors that
are more suitably processed in batches.

The competitive edge of OTFTs, therefore, lies in de-
livering large area electronic circuits on flexible sub-
strates at very low cost. While this provides a
motivation for developingOTFT applications requiring
these attributes, it is equally important to understand
whereOTFTs are deficient. This chapter has focused on
the performance of OTFTs, and the following proper-
ties of these devices have shown to present some limi-
tations compared to inorganic transistor technologies:

• Low output current: The low output conductance of
an OTFT (which is a result of their low field effect
mobilities and large contact resistances) limits the
current that they can deliver compared to many
inorganic transistors. For this reason, an OTFT is
more suitable as a voltage than a current source.
While organic transistors have been proposed and
even demonstrated for OLED pixel drivers (Yagi
et al., 2008, Noda et al., 2011), a large, in-plane
OTFT footprint is necessary to provide the current
that can source sufficient current to attain high
OLED brightness. Hence, while using OTFTs for
OLED backplanes is possible, it is not optimal for
realizing high resolution and intense OLED dis-
plays. As shown in Section 8.4.3, vertical tran-
sistors may be suitable for this purpose. In
general, however, OTFTs are more useful as volt-
age sources for field-driven displays.

• Limited stability: Drain current drift during oper-
ation leads to a decrease in noise margin and hence
instabilities in integrated circuit operation. OTFTs
share this deficiency with a-Si TFTs, although drift
can be lower in polycrystalline Si transistors. Very
long term operation (>10 years) typical of inorganic
semiconductor transistors have not been reported
for OTFTs, although as we have seen in Fig. 8.110, a
few OTFT designs are showing promise of reliabil-
ities competitive with inorganic TFTs. In this con-
text, many sensors, such as those found in medical
diagnostics, do not need to be used over long
periods, and hence may provide an application do-
main that can take advantage of the low cost and
conformability of OTFTs.
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• Low cutoff frequency: OTFTs have 3 dB bandwidths
typically less than a few MHz. This places another
constraint on the operating space available. Radio
frequency circuits (e.g. RFIDs operating well into
the MHz range), and fast logic circuits are beyond
the reach of almost all OTFT technologies. How-
ever, many display and medical sensing applica-
tions do not require circuits with high bandwidth
capabilities, providing a potentially rich domain
for their application.

In the remainder of this section we provide three
potential application areas for OTFT-based electron-
ics: voltage-driven displays, tactile, chemical and
other sensor applications, and “imperceptible” de-
vices for medical electronic sensing. All of these ap-
plications have the common needs for large area and
flexible circuits. The demand for device performance
and stability varies, depending on the application.
There are of course, other emerging areas where
OTFTs are finding use at the laboratory level, but
these three examples should serve to illustrate the
potential utility of the technology.

8.9.1 Flexible display backplanes

Organic transistor arrays are well-suited for informa-
tion display backplanes to activate voltage-driven
pixels (Gelinck et al., 2006, Yoneya et al., 2006). These
displays include LCDs and electrophoretic displays.
While a-Si TFTs can serve as the pixel driver, their
fabrication requires high temperature processing that
is incompatible with lightweight, flexible plastic sub-
strates that are often used for this application. A 320 �
240 pixel, 4.7” quarter video graphics array (QVGA)
electrophoretic display driven by a solution-processed
pentacene OTFT backplane is shown in Fig. 8.111a
(Gelinck et al., 2006). The backplane is fabricated on a
25 μm thick PEN substrate, with a single BG/BC ad-
dress transistor per pixel. The backplane is fabricated
by attaching the substrate to a rigid “handle,” and then
patterning the contacts and the semiconductor layer
via conventional photolithography. The solution-
processable, 100 nm thick pentacene, and the 350 nm
thick PVP gate insulator are deposited by spin-coating.
Following completion of the OTFTs, a second PVP
field insulator is spin-coated onto the transistor surface
to separate the Au pixel electrode from the semicon-
ductor surface while defining the pixel dimensions (see
Fig. 8.111b). Once the backplane fabrication is com-
plete, it is peeled off of the handle.
The display front plane comprises a sheet of micro-

capsules filled with reflective, electronegative white

particles and less electronegative black particles sus-
pended in a transparent fluid (Comiskey et al., 1998).
The top surface of the sheet is coated with an ITO
counter electrode, resulting in a total display-plus-back-
plane thickness of 100 μm. Applying a potential across
the microcapsules causes the white and black particles
(typically 1–5 μmindiameter) tomigrate to theopposite
top and bottom surfaces of the capsule.When thewhite
particles are at the top, the display is more reflective
than when the black particles are on top. Switching is
achieved via a reversal of the pixel electrode potential.
Physical and electrical characteristics of the

display are provided in Table 8.8. The properties of
electrophoretic displays, including low frame rates,
modest drive voltages, high on/off current ratio,
bendability over a radius of only 7.5 mm, and ultra-
light weight (1.6 g) are enabled by the properties of
the backplane OTFTs. Patterning the gates with L ¼ 5
μm uses stamp transfer, or transfer from a rigid han-
dle. The pixel size is considerably larger than the total
area defined by the OTFT gate dimensions, resulting
in a display with a very high aperture ratio (97.5%),

(a)

(b)

Column
Semiconductor

Row
Plastic substrate

Pixel electrode

Field insulator

Insulator

Figure 8.111 (a) Photograph of a flexible, 320 � 240 pixel, 4.7 inch
QVGA electrophoretic display with an OTFT address backplane.
(b) Schematic illustration of the backplane transistor and the
electrophoretic display elements. The total thickness of the integrated
structure is 100 μm (Gelinck et al., 2006).
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defined as the fraction of area occupied by the display
device to the total area of the pixel.

8.9.2 Sensors and sensor arrays

Organic transistors have been used in numerous
sensing applications. One example is the detector
focal plane array (FPA). In the previous chapter, we
showed that passive matrix arrays can be shaped
into hemispheres to create an imaging system with
the size, relative optical simplicity and some critical
functionalities of the human eye (Xu et al., 2008,
2009). Passive matrix addressing, however, has the
disadvantage of generating large background, or
sneak currents (see Section 7.2.2). A passive matrix
is comprised of N rows and M columns of detectors
that are addressed by an array of electrodes (busses)
connected to all of the detector cathodes, and an
orthogonal array of column electrodes connected to
all of the anodes. Then, if the reverse dark current of
each device is iD, the total dark current measured

between each pair of column and row busses is NiD.
Since the mean square shot noise current per unit
bandwidth is hi2Si ¼ 2qNiD, the added shot noise
from the array decreases the sensitivity as the FPA
size increases.
To reduce the dark leakage currents in passive ma-

trix FPAs, it is conventional practice to use an active
matrix backplane that places one or more transistors
at each detector as the pixel addressing element. The
circuit may consist of five or more transistors as well
as a charge storage capacitor to serve the multiple
purposes of pixel addressing, pre-amplification and
impedance matching. While the more complex circuit
(known as an active pixel sensor) can result in very high
bandwidth, ultralow noise operation, the size of the
transistor circuits may ultimately limit the pixel pitch,
that is, the number of detectors per length along a
column or row (Bigas et al., 2006). Given the limited
current sourcing capacity of an OTFT, the transistors
must be considerably larger that their inorganic coun-
terparts to achieve a large FPA dynamic range, DR,
given by

DR ¼ 20log 10
Imax

Imin

� �
ðdBÞ; ð8:89Þ

where Imax is the maximum photocurrent prior to
deviating from a linear detector response (and hence
constant efficiency), due to series resistance, heating,
etc. The Imax is identified when the current falls below
a predetermined linearity criterion, for example,
when the difference between the responsivity of the
pixel falls 1 dB below its value at lower input optical
powers. Also, Imin is the photocurrent required to give
a minimum acceptable signal-to-noise ratio (SNR). The
Imin is the current noise floor determined by the detect-
or and input transistor.
To achieve a very high pixel pitch (corresponding

to a high image resolution) using OTFTs, a single
transistor passive pixel sensor (PPS) provides a useful
compromise (Renshaw et al., 2010, Tong and Forrest,
2011). An example pixel structure along with its
circuit schematic is shown in Fig. 8.112. The photo-
detector is a bilayer consisting of the donor/acceptor
pair of 90 nm thick SubPc/50 nm thick C60 with a 30
nm thick MoO3 buffer. The device has an ITO anode
and an Al cathode connected to a Au drain contact.
The BG/TC OTFT consists of a parylene gate insula-
tor and a 50 nm thick pentacene channel. The bias
between the Al gate and the Au source addresses the
pixel (Fig. 8.112, inset). All layers are deposited in
vacuum and defined by shadow masks. The detector
dimensions are 100 μm � 800 μm, and the OTFT
dimensions are W/L ¼ 500 μm/30 μm.

Table 8.8 Characteristics of the electrophoretic display in Fig. 8.111
(Gelinck et al., 2006)

Parameter Value

Backplane OTFTs

L/W 5 μm/140 μm

μFE 0.01 cm2/V s

Ion/Ioff 1 μA/6 pA

VT 0.2 V

Backplane characteristics

Row voltages ±25 V

Column voltages �15 V/0 V/+15 V

Common electrode voltage 4 V

Display

Panel size 4.7" (72 � 96 mm2)

Pixel size 300 � 300 μm2

Display bend radius 7.5 mm

Resolution 320 � 240 (85 ppi)

Aperture ratio 97.5%

Thickness 100 μm

Frame rate 50 Hz

Image update time 1.5 s

No. gray levels 4

Contrast 10:1

Maximum reflection 35–40%

Weight 1.6 g
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The response of the photocurrent (i.e. Iout in
Fig. 8.112) is linear over four decades, showing a
departure from linearity at Imax ¼ 6 μA. Also, the
minimum detectable photocurrent is Imin ¼ 300 pA
(see Fig. 8.113a). These detection limits yield DR ¼
20log Imax=Iminð Þ ¼ 86 dB.
The external quantum efficiency of the detector is

18.2% at a wavelength of 580 nm, and the speed of
response of the circuit, shown in Fig. 8.113b yields a
pixel readout time of �400 μs. This is limited by the
OTFToutput conductance, given the relatively low μFEp
¼ 0.09 cm2/V s. The on-off current and particularly the
dark leakage of this device ultimately determines the
ability of the PPS to fully turn off and contribute only
negligible noise when used in an array. Here, Ion/Ioff ¼
105, with a pixel off-current of Iout ¼ 31 pA (Tong and
Forrest, 2011). The pixel is too large for use in high
resolution FPAs, and the small aperture ratio leads to
a reduced SNR. Nevertheless, the circuit shows that
even a rather modest performance OTFT can serve as
an effective switch in an FPA. The transistor can be
made smaller and the aperture ratio can approach
unity by vertically integrating the detector and OTFT,
and by using more precise patterning via photolithog-
raphy or direct pixel printing.
Tactile sensors, with uses in robotics, personal en-

tertainment, pressure sensing, etc., present significant
integration and materials challenges when imple-
mented in active matrices. A tactile sensor can com-
prise a transducer whose resistance changes with
pressure. The sensor arrays often must be flexible,
and even conformal to fit a human extremity or
other irregular surface. To obtain spatial information,
the sensor can be connected to the drain of an OTFT in
a cross-point array similar to the PPS in Fig. 8.112,
inset, except where the photodiode is replaced with
the pressure-sensitive element.

The fabrication sequence used to produce one such
tactile sensor array is shown in Fig. 8.114. Figure 8.114a
shows the flexible PEN base film with via holes cut by
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ITO
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Select row
Bit col.
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Figure 8.112 Perspective illustration of an organic passive pixel sensor (PPS). Inset: Circuit diagram of the PPS (Tong and Forrest, 2011).
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Figure 8.113 (a) Dynamic range of the passive pixel sensor in Fig. 8.112
showing the output current vs. incident optical power at a wavelength of
580 nm. The line shows the linear response of the PPS. (b) Temporal
response of the PPS. Fit to a biexponential (line) gives an RC time constant of
τ ¼ 29 μs and a readout time of tRO ¼ 400 μs (Tong and Forrest, 2011).
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laser drilling, and then back-filled by thermally evap-
orated gate and via contacts on the top and bottom
film surfaces. In this example, patterning is based on
shadow masks, although inkjet printing has also been
used (Noguchi et al., 2006). A 500 nm thick polyimide
layer is deposited and thermally cured (Fig. 8.114b),
and laser drilled to access the metal pad connected to
the sensor electrode. The 50 nm thick pentacene chan-
nel is deposited in Fig. 8.114c, followed by deposition
of the source and drain electrodes. The source makes
contact to the back side sensor electrode via the two,
laser-drilled vias. Finally, a pressure variable resistive
film with a Cu electrode is laminated to a polyimide
film, and is subsequently attached to the back surface
of the base film (Fig. 8.114d).

The pressure-sensitive transducer is a colloid of
conducting graphite particles in a PDMS film. Appli-
cation of pressure compresses the film. This, in turn,
increases the total contact area between the particles,
decreasing the resistance between the Cu plane and
the pixel transistor source electrode. Since the source
electrode defines the pressure sensitive area, the Cu
counter electrode covers the entire surface of the
array. This is similar to the architecture used in the
electrophoretic display described in Section 8.9.1.

The 32 � 32 pixel array fabricated using the process
sequence in Fig. 8.114 has a sensor pitch of 2.54 mm,
which is equal to the dimension of the transistor in
Fig. 8.114e. The OTFT characteristics are provided
in Fig. 8.115a, with μFEp ¼ 1.4 cm2/V s with Ion/Ioff ¼
106. These characteristics lead to the transfer character-
istics in Fig. 8.115b. The drain current is determined by
the resistance of the pressure transducer forVDS¼�20
V: it varies from 10 MΩ at pressure, P ¼ 0, to 1 kΩ at
P¼ 30 kPa. Pixelation allows pressure contact patterns
to be reproduced to within the spatial resolution
of the transistors. Also, there is only a small change
in characteristics as the array is bent over radii as
small as 10 mm. Changes in response are observed
when the bend radius is reduced to 2 mm, although
the array remains functional even in that case (Someya
et al., 2004).
A type of temperature sensor is the thermistor. In

array format, the sensors provide spatially resolved
information that can have applications to health
monitoring, robotics, and monitoring of local envir-
onments. A 16 � 16 flexible thermistor array on a 12
μm thick PEN substrate is shown schematically in
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Figure 8.114 (a–d) Fabrication sequence for a pressure sensor array
with an OTFT pixel address backplane. (e) View of the array showing a
detailed image of an individual pixel (right). The scale bar is 500 μm.
Adapted from Someya et al. (2004) and Noguchi et al. (2006).
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function of pressure. Inset: Pixel circuit schematic (Someya et al., 2004).
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Fig. 8.116a and b. The thermistor is a temperature-
variable resistor connected to the OTFT drain contact.
As temperature increases, the resistance decreases,
resulting in an increased ID. For accurate thermom-
etry, the characteristics of the transistor itself must not
be temperature sensitive. The array in Fig. 8.116 op-
erated between temperatures of 20°C and 100°C, a
range over which the transfer characteristics of the
BG/TCDNTT transistors (employing Al gate contacts
and oxidized Al/octadecylphosphonic acid SAM
gate insulator) in Fig. 8.116b were thermally stable
(Ren et al., 2016).
The thermistor itself comprises a layer of 5 nm Ag

NPs sandwiched between two, 20 nm thick pentacene
thin films. The temperature coefficient of resistance of
a transducer comprising 3 nm Ag NPs is thermally
activated, as shown in Fig. 8.117a. We have shown in
Chapter 7 that ultrathin Ag layers deposited onto or-
ganics do not wet the organic layer, but rather forms
NPs that are uniformly dispersed over the organic
surface (and may also penetrate a considerable dis-
tance into the organic film). The NPs are too dispersed
to contact each other, and thus the enhanced conduct-
ivity and significant increase in thermal activation en-
ergy compared with neat pentacene is due to NP-

induced trap states in the pentacene (Fig. 8.117b and
c). The traps lie above the pentacene transport level in
the HOMO tail states. The traps may result from dam-
age induced in the pentacene from impact of the high
kinetic energy, evaporated Ag atoms during depos-
ition (see Section 4.6.3).
The energy difference between the states is the acti-

vation energy, EA. Then the conductivity is thermally
activated following: σ ¼ σ0 exp �EA=kBTð Þ, where σ0 is
the conductivity at T ! ∞. It follows that the tempera-
ture coefficient of resistance of the thermistor is

TCR ¼ 1
R
dR
dT
¼ � EA

kBT2 : ð8:90Þ

The devices in Fig. 8.117a have EA ¼ 332 meV, com-
pared to a pentacene film with 157 meV. Further, we
observe that the conductivity decreases by 300 times
as the temperature is decreased from room tempera-
ture to 220 K. Hence, the thermistor provides a very
sensitive element with a temperature resolution of
0.4°C and TCR ¼ 0.044/°C between 20°C and 100°C.
The DNTT transistors used in the array have per-

formance similar to those discussed previously (cf.
Fig. 8.23) in that they exhibit both low voltage (VGS

� 4 V) and low gate leakage (50 pA), required for high
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Figure 8.116 (a) Illustration of the 16 � 16 temperature sensor array with (b) an illustration of an individual sensing pixel and its circuit schematic. By
placing a thermoelectric heater onto the array, both (c) heating and (d) cooling thermal images are produced, as shown to the right of each illustration.
The thermal scale in (c) is 10–40°C and in (d) is 30–70°C. Blue indicates the coolest regions, red are the hottest (Ren et al., 2016).
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sensitivity thermal monitoring. Also, by encapsulat-
ing the transistors with 6 μm parylene, the electronics
are located very near the neutral strain point (see
Section 8.9.3). Thus, the arrays were bent 104 times
over a radius of 3.2 mm without changes in their
operating characteristics (Ren et al., 2016). Imaging
of both the hot and cold surfaces of a 2� 2 cm2 Peltier
heater is shown in Fig. 8.116c and d, respectively. The
spreading of the thermal image due to thermal con-
duction ultimately limits the spatial resolution of this
device (Fig. 8.116d). However, the resolution can be
improved by using less thermally conducting sub-
strates or encapsulation layers.

The sensitivity of an OTFT to environmental factors
discussed in Section 8.8 has led to their use for sensing
a variety of analytes, ranging from water, oxygen,
nitrous oxide, and organic solvents (Crone et al., 2001,
Mabeck and Malliaras, 2006, Roberts et al., 2008,
Marinelli et al., 2009, Zhang et al., 2015, Feng et al.,
2016). This might seem a case of “turning lemons into
lemonade” by exploiting the unwanted sensitivity of
OTFTs to the environment into an advantage. Hence it
is useful to clarify the characteristics of practical chem-
ical sensors. They are: (i) Selectivity (or specificity). The
sensor must be able to distinguish between analytes
within the test environment. (ii) Sensitivity. The sensor
must respond with an easily detectable SNR to the
target analyte at the lowest possible concentrations.
(iii) Linearity. A linear response is desirable to provide

an output signal that is directly proportional to the
analyte concentration over a wide dynamic range.
(iv) Response time. This should be as short as needed,
particularly when detecting toxic or corrosive sub-
stances that must be rapidly identified to protect life
and equipment in time to reduce or eliminate the
source of exposure. (v) Reversibility. Following the ter-
mination of exposure to the subject analyte, the sensor
should rapidly recover to its original, pre-exposure
condition, and hence be ready for reuse. (vi) Reprodu-
cibility. The sensor itself should have predictable and
reproducible characteristics to avoid extensive calibra-
tion, or recalibration between uses.
An OTFT sensor uses a bottom gate configur-

ation. This gives the analyte access to the sensitive
channel and dielectric zones of the device. The tar-
get analyte creates or neutralizes traps within these
regions or at interfaces, resulting in a change in
operating parameters. Most commonly, changes in
drain current are monitored over time as a signa-
ture of the presence or absence of a particular spe-
cies. A high performance sensor generates a time-
dependent change in drain current, �ID(t), that is
easily measured even at trace concentrations of the
target analyte. Specificity and speed of response is
achieved by the choice of semiconductor and/or
dielectric, or by functionalizing the semiconductor
surface with compounds that selectively react with
the target molecules.
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Figure 8.117 (a) Thermal activation of pentacene and a pentacene layer with 3 nm (average) Ag NPs deposited near the center of the pentacene film.
Schematics of the two resistors are shown as insets. (b) Proposed DOS of the pentacene channel leading to thermal activation of the conductivity.
(c) Transmission electron micrograph of the Ag NPs on pentacene (Ren et al., 2013).
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A demonstration of a sensor family that provides
repeatable, selective, and rapid response to exposure
to organic solvents is based on a series of thiophenes
functionalized with increasingly longer end groups.
The channel semiconductors are: α-sexithiophene (α-
6T), dihexyl α-6T (DH α-6T), didodecyl α-6T (DD α-
6T), and dioctadecyl α-6T (DOD α-6T) used in BG/TC
OTFTs with an SiO2 dielectric. The change in drain
current in saturation, �ID(t), of a DH α-6T sensor
before, during, and after 72 consecutive, 5 s exposures
to 1-hexanol is shown in Fig. 8.118. The recovery
period is 1 min, which can be accelerated by an elec-
trical bias applied after each sweep. The drain current
recovers to within 2% of its initial, unexposed value
after reach cycle (Crone et al., 2001). Analysis of the
DD α-6T OTFT transfer characteristics due to expos-
ure to 1-octanol indicates that �ID(t) is in response to
a change in VT, whereas μFEp is unaffected. Exposure
to ketones and nitriles produce changes in both
parameters. These results indicate selective detection
of molecules that variously affect charge trapping in
the bulk (and hence VT and μFE), or at the interface
(which primarily affects VT).
The selectivity “map” of several OTFTs vs. analyte

is provided in Fig. 8.119. From the diversity of re-
sponses, an array of OTFTs with different channel
materials can be used to develop a “fingerprint” for
each analyte, thus creating a sensing system that can

readily distinguish between substances to which it is
exposed.
The sensitivity and selectivity to trace amounts of

three different impurities of a BG/BC p-channel
OTFT comprising a D3A film spin-coated onto a SiO2

gate dielectric (Marinelli et al., 2009) is illustrated in
Fig. 8.120. The response and recovery are reprodu-
cible, and occur over times of 50–100 s. The sensitivity
of the detector shows that NO2 concentrations as low
as 500 ppb are readily detected, whereas there is a
lower sensitivity of 1 ppm for NO. The device is also
selective, as there are no changes observed from ex-
posure to CO. However, the sensor lacks the ability to
distinguish between the different nitrides. Without
prior knowledge of the analyte concentration, distin-
guishing between exposure to NO2 or NO is not
possible.
Analysis of the transistor transfer characteristics

indicate that the changes in drain current are the
result of changes in μFEp, whereas VT is almost un-
changed for all concentrations of NO2. The change in
mobility indicates that the analyte affects the con-
ductive properties of the channel semiconductor, or
the dielectric/semiconductor interface. The nitrides
have a strong electron accepting nature. Introduc-
tion of these impurities in the channel can neutralize
negatively charged traps, shifting the threshold volt-
age to more positive values. This, in turn, is equiva-
lent to increasing the applied field in the channel,
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leading to a higher drain current at a fixed VGS, as
observed.

The ability to deposit OTFTs on virtually any
reasonably flat surface provides an opportunity for
OTFT sensors to find applications that are inaccess-
ible to competing technologies. For example, high
yield OTFT arrays and circuits deposited on bank-
notes have been shown to have performance charac-
teristics similar to those deposited on more
conventional plastic and glass substrates
(Zschieschang et al., 2011). This allows for the direct
integration of organic transistor-based RFIDs onto
paper currency as an anti-counterfeit measure.
While this solution has yet to be adopted, and indeed
may ultimately prove to be impractical, demonstra-
tions such as this can open up new possibilities for
applications of organic electronic circuits and
devices.

8.9.3 Ultrathin, stretchable, and
biocompatible electronics

A most compelling application with the potential to
make a significant impact in the fields of medicine,
robotics, and entertainment has been termed imper-
ceptible electronics (Kaltenbrunner et al., 2013). This
concept applies to electronics that are so thin, light-
weight, and conformable that they cannot be felt
when worn on the body, nor do they disturb the
organism to which they are attached (e.g. to internal
organs, limbs, etc.). Imperceptibility is achieved by
fabricating devices on ultrathin and stretchable sub-
strates, such that they conform to the natural topog-
raphy of skin, the tissue of internal organs, etc., even
as these tissues are naturally stretched or bent in vivo
(Sekitani et al., 2010). Images in Fig, 8.121 show elec-
tronic circuits on ultrathin and lightweight substrates
that can be bent over very small radii, or even crum-
pled without suffering losses in performance.
Achieving these goals requires more than just being

able to handle such thin and easily distorted sub-
strates. Bending over small radii requires that the
device avoid excessive strain that can damage the
active electronic layers. Also, long-term operation
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Figure 8.121 Examples of ultrathin imperceptible organic electronics.
(a) A polymer, P3HT/PCBM solar cell on a 1.4 μm thick PET substrate
wrapped around a human hair with a 35 μm radius (Kaltenbrunner et al.,
2012). (b) A crumpled 12� 12 matrix of tactile sensor pixels on a 1.2 μm
thick PEN substrate (Kaltenbrunner et al., 2013).

Reprinted by permission from Springer Nature, Nature, An ultra-lightweight
design for imperceptible plastic electronics. Kaltenbrunner, M., Sekitani, T.,
Reeder, J., Yokota, T., Kuribara, K., Tokuhara, T., Drack, M., Schwödiauer, R.,
Graz, I., Bauer-Gogonea, S., Bauer, S. & Someya, T. Copyright 2013.
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requires encapsulation that does not impede flexibil-
ity. The examples in Fig. 8.121 are flexible, but not
conformable: a property that requires stretching of
the substrate. This places additional constraints,
such as the ability for the interconnects to remain
conductive even when significantly strained.
Encapsulation can be used to eliminate, or greatly

reduce the strain on flexing if the active electronics are
located at the neutral strain point in the multilayer
package. This is illustrated in Fig. 8.122 for a film is
bent over a radius, R. The bottom surface is under a
negative compressive strain, εB, and the top surface is
under a positive tensile strain. The axial strain, εA, or
proportional deformation, is constant along the entire
film. Thus, there is a location (the neutral strain
point) within the film where the strain, εB ¼ 0. For a
homogeneous film, this point lies at its center. For the
general case where the Young’s modulus of the sub-
strate is Ysub, and that of an encapsulating film is Ye,
then the neutral point for substrate and encapsulation
layer thicknesses of dsub and de, respectively, are re-
lated via (Suo et al., 1999)

dsub

de
¼

ffiffiffiffiffiffiffiffiffi
Ye

Ysub

s
: ð8:91Þ

The Young’s modulus is the ratio of stress to strain,
that is, it measures the extension or shrinkage of a
material under tensile or compressive stress. Thus,

Y ¼ σ εð Þ
ε
¼ FL0

A�L
; ð8:92Þ

where σ is the uniaxial stress, F is the tensile force, L0
is the initial length of the object and A is its area
perpendicular to the force, and �L ¼ L � L0 is the
length change. When the active electronics are placed
at the point of zero strain, it can be bent over very

sharp radii, which is required for ultrathin substrates
as in Fig. 8.121.
Elastic conductors are another essential compo-

nent of bendable and conformable electronics. The
interconnects between active devices must remain
conductive, ideally without a significant change in
resistivity as they are distorted. One method to
achieve a stretchable interconnect is to pattern a
metal meander, coil or flexible bridge between ac-
tive circuit elements that expands as the elements
are separated, for example on the surface of a plane
that is distorted into a 3D shape (Huang et al., 2007,
Gonzalez et al., 2008, Ko et al., 2008). While this
may accommodate very large strains, it involves
complicated processes that may violate the condi-
tion for low cost. An alternative is to introduce
bundles of conducting carbon nanotubes (CNTs)
or metal nanowires into a prestrained (i.e.
stretched) elastomer such as PDMS (Lee et al.,
2012c, Sekitani and Someya, 2012). The contacts
between the long conducting tubes and wires
form percolating paths along the length of the com-
posite. The stress applied during film formation is
relaxed once the curing process is complete, allow-
ing the film to shrink. It can then be repeatedly
stretched to its initial length, and then relaxed with-
out a change in the resistance.
An example of a conducting film comprising a

matrix of Ag nanowires in an elastomeric matrix
that can withstand strains as high as 900% without
failure is shown in Fig. 8.123. The nanowires are
grown by a solution process that results in a very
high aspect ratio: the diameters range from 100 to
150 nm over lengths of 100–200 μm. The nanowire
films achieve 90–96% transparency and a resistivity
from 9–70 Ω/sq. (Lee et al., 2012c). Improved contact
between nanowires (and hence a lower resistivity
and higher tolerance to strain without failure) is
obtained by thermally annealing the composite dur-
ing curing. Results of the prestrained films and the
dependence of resistance on the amount of strain
applied during fabrication are shown in Fig. 8.123.
Strains as high as 460% are applied without failure
(indicated by an abrupt and very large increase in R/
R0, where R0 is the resistance at zero strain). No
significant changes in resistance are observed after
200 stretching cycles. The figure also shows illustra-
tions of the nanowire composite under several dif-
ferent strain conditions. On the bottom, left hand
side, the prestrained film is in its relaxed state,
where the Ag nanowires (orange region) form a
dense conducting network. As the film is stretched,
the nanowire network spreads out, until at the
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Encapsulation

Substrate

Active electronics

R

2mm

Figure 8.122 Active electronics on a thin substrate and encapsulated by
a top thin film is bent over radius R, inducing an axial (εA) and bending
strain (εB).
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highest strains applied, the network opens up, but
percolating conducting pathways (arrows) remain.
The resistance in this case is somewhat higher than at
zero strain. From the top graph, however, we see
that it has only increased ten-fold even at ε ¼ 460%.
At higher strains, the networks break apart and the
resistance abruptly increases.

There are many different approaches to achieving
very high conductivity using mechanical meshes, na-
nowires, CNTs, etc. For a more complete description
of these techniques that are a central element of highly
flexible and conformable electronics, the reader is
referred to the extensive literature on this subject
(Hammock et al., 2013, Lipomi and Bao, 2017).

Transistors in tactile matrix arrays such as that in
Figs. 8.114 and 8.121b represent early demonstrations
of an imperceptible electronic application that use
prestrained transistors such as in Fig. 8.124. A DNTT
transistor is fabricated on the neutral plane sand-
wiched between a 1.2 μm thick PEN substrate and a
perylene encapsulation layer of approximately the
same thickness (Fig. 8.124a). Since the Young’s mod-
uli of the two materials are approximately equal,
Eq. 8.91 indicates that the neutral strain point for the
electronics is in the center of the sandwich. The struc-
ture of the BG/TC transistor comprises a 25 nm thick
Al gate, a 19 nm thick potentiostatically anodized
AlOx gate insulator, an n-tetradecyl phosphonic acid
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Figure 8.123 Top graph shows the resistance (R) of pre-strained Ag nanowire films normalized to their values under zero strain (R0). The photos show
the macroscopic and microscopic views of the strained films, and the illustrations at bottom show the conductive pathways in unstrained (left), and highly
strained (right) films (Lee et al., 2012c).
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SAM, and a p-channel layer comprised of DNTT. The
source and drain metallization used VTE grown Au.
The OTFTs showed μFEp ¼ 3 cm2/V s.
The cross-sectional SEM image of the transistors

in Fig. 8.124b after wrinkling shows folds with
radii as small as 5 μm within the device area.
The folds are formed by fabricating the transistors
on a flat, rigid handle. The devices are then peeled
off from the handle and attached to a stretched,
elastomeric substrate. The substrate is allowed to
relax, crumpling the transistor, creating deep folds
as shown in Fig. 8.124b and d. Interestingly, even
with such deep and sharp creases, there is no
perceptible change in ID, VT, and μFEp up to tensile
strains of 233%, and compressive strains of 80%.
Radial compressive strains of 40% were also
achieved without changes in performance. The de-
vices were cycled through compressive and tensile
motions up to 200 times, also without significant
changes in device characteristics (Kaltenbrunner

et al., 2013). This demonstrates that fabrication at
the neutral strain position enables electronic de-
vices that are nearly immune from flexing and
stretching.
A potential application of electronics on such thin

substrates is the in vivo and real time monitoring of a
beating heart by wrapping it in a biocompatible array
of electrical sensors (Sekitani et al., 2016, Park et al.,
2018). The sensor inputs are the nerve impulses that
trigger the contraction of the heart muscle. These
impulses, however, are only 1–2 mV. An integrated
voltage amplifier at each pixel is needed to generate
an electrocardiogramwith an SNR that is easily moni-
tored without error.
The circuit schematic of the heart sensor is shown

in Fig. 8.125a. A biocompatible multiwalled CNT
gel electrode is placed in contact with the heart
tissue to be monitored. The electrode connects to
one plate of the input capacitor that, in turn, is
connected to the gate of the input transistor of a

Encapsulation
(parylene) 

Substrate foil (PEN)

Ultrathin electronic film

Pre-stretched elastomer

Source

Drain

Gate

DNTT

Au
SAM + DNTT
(20 nm)
AIOX (19 nm)

AI (25 nm)

Substrate

(a)

(c)

(d)

100 µm 20 µm
2 µm 20 nm

1 mm 1 mm1 mm

(b)Device layer

Figure 8.124 (a) A thin film transistor used in the tactile sensor backplane array of Fig. 8.114b. It is fabricated in the neutral plane
between the 1.2 μm thick PEN substrate and an equally thick perylene encapsulation. (b) Cross-section of the film after it is compressed
following the procedure in (c). The red line is the transistor plane. (c) Process for wrinkling the transistor in (a) by placing the fabricated,
ultrathin OTFT on a pre-stretched substrate and then allowing it to relax. (d) Micrographs of the transistor before and after relaxation
(Kaltenbrunner et al., 2013).

Reprinted by permission from Springer Nature, Nature, An ultra-lightweight design for imperceptible plastic electronics. Kaltenbrunner, M., Sekitani, T., Reeder, J.,
Yokota, T., Kuribara, K., Tokuhara, T., Drack, M., Schwödiauer, R., Graz, I., Bauer-Gogonea, S., Bauer, S. & Someya, T. Copyright 2013.
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single stage voltage amplifier circuit. This differen-
tiating voltage amplifier enables detection of the
small voltage pulses transmitted from the nervous
system encasing the heart muscle. The success of
this application relies on two key features: (i) bio-
compatibility of the electrode in contact with the
heart, and (ii) ultralight weight and flexibility that
prevents irritation, and otherwise does not affect
the normal function of the organ.

The electrode itself consists of a stretchable and
soft aqueous polyrotaxane-based gel with a move-
able cyclodextrin/polyethylene cross-linker mixed
with multiwall CNTs. The sheet in the array
shown in Fig. 8.125b and c is produced by drop
casting the gel onto a PTFE sheet. The array is
attached to the capacitor sheet comprising a
SAM/AlOx dielectric sandwiched between Au elec-
trodes. The active devices are p-channel DNTT
OTFTs employing structures similar to those used
in the tactile sensor arrays in Fig. 8.114. In this case,
the gate dielectric is a 4 nm thick layer of AlOx

formed by oxygen plasma treatment of the Al gate
electrode. This is followed by deposition of a 2 nm
thick n-octadecylphosphonic acid SAM prior to de-
position of the DNTT and the Au source and drain
electrodes. The entire array has a 3 dB frequency
roll-off of �20 Hz, as determined by the input
capacitor. The transistors themselves show fT ¼
42.7 kHz. Due to the use of the ultrathin (1.2 μm)
PEN substrate, transistor operation is unaffected by
bends around a 50 μm radius.
Electrocardiograms taken by wrapping the circuit

around a rat’s heart (Fig. 8.126a) are shown in
Fig. 8.126b. The gel electrode in contact with the
heart had a thickness of 1 mm and an outer dimension
of 6 � 6 mm2. The electrical input of 1.2 mV was
amplified 200 times to result in a 220 mV output
signal, increasing the SNR from 0.53 to 64 before
and after amplification.
Biocompatibility also requires that the devices

withstand exposure to extreme conditions found in
autoclave sterilization. This entails exposure to
steam at temperatures exceeding 120°C. Experi-
ments on DNTT transistors have shown that they
are sufficiently robust to withstand such treatments
for up to 30 min without inducing large changes in
their operating characteristics. To withstand
high humidity and temperature, the devices are fab-
ricated on moisture-impermeable and rigid Si
substrates. Furthermore, the top parylene encapsu-
lation layer is replaced by a trilayer comprised of
300 nm parylene, followed by 200 nm thick Au, and
a cap of a second 1 μm thick parylene layer. The
initial parylene layer protects the OTFT surface
from the Au coating. However, the parylene water
vapor transmission rate (see Section 5.8) is too high
to prevent degradation at elevated temperature and
humidity, and hence the Au layer is inserted as a
moisture barrier. The parylene cap provides the
final, biocompatible coating. The trilayer, along
with the environmentally impervious Si substrate,
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Figure 8.125 (a) Amplifier circuit consisting of a carbon nanotube (CNT)
gel contact, input capacitor and voltage amplifier circuit. (b) Schematic
illustration of the multilayer, ultrathin amplifier array. (c) Image of the
completed array (Sekitani et al., 2016).
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leads to stable OTFT performance up to 150°C
(Kuribara et al., 2012).
One additional feature that canbe added tomake the

electronic device precisely and softly conform to a
surface is to mount the circuits on a polymer with
shape memory. Shape memory is the property where a
deformed material can return to its original 3D con-
formation once the stimulus that has shaped it is re-
moved. Thus, thematerial can “remember” its original
form. Shape memory polymers (SMPs) can therefore be
used to conform to surfaces by heating above their
glass transition temperatures, Tg, whence they are
“pretrained” to fit into a particular shape. Reheating
the material causes it to assume its original conform-
ation (Liu et al., 2009b, Nair et al., 2010). For use with
living organisms, theTg of the SMPmust be sufficiently
low to prevent injury during deformation.
An example of a 25 μm thick thiolene/acrylate SMP

on a parylene-coated DNTT OTFT on a 1.4 μm thick
PEN substrate is shown in Fig. 8.127a. The system is
initially formed into a 2.5 mm radius helix by post-
cure annealing above Tg. It is then passed through a
slot in a thermal barrier at T > Tg¼ 70°C. This causes it
to reform into its original helical shape where it wraps

itself around a cylinder of similar dimension (Reeder
et al., 2014). The transistor characteristics are shown
in Fig. 8.127b when the OTFT is in its original config-
uration, in its flattened state, and when the helix is
recovered by heating. There is a small shift of VT to
more negative voltages with deformation, but no ap-
parent change in μFEp as inferred from the similar
slopes of the curves.
Conformation of the SMP OTFT circuit in vivo in

Fig. 8.128 shows its biocompatibility and its possible
utility for monitoring biological functions in real time.
The device is implanted into the living tissue of a rat
(Fig. 8.128a) where it is shaped due to a rise in tem-
perature in its subcutaneous location. After 24 h
(Fig. 8.128b) the device has conformed to the tissue
shape. Once removed, it retains its initial, heat-
induced conformation (Fig. 8.128c).
These several demonstrations, while still at early

stages, point to the promise of utilizing impercept-
ibly thin electronic circuits for medical purposes. It
is indeed remarkable that organic devices can
meet many of the most rigorous demands of steril-
ization and biocompatibility that are pillars of mod-
ern medical practice. These versatile attributes,
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therefore, may lead to the opening up of the exceeding-
ly broad applications space of biological and medical
sensing that cannot readily be accessed using conven-
tional, inorganic semiconductor-based electronics.

8.10 Summing up

In this chapter we described the remarkable advances
made in OTFTs over the more than three decades since
their first demonstrations. The operating voltages have
dropped by an order of magnitude, and the mobilities
have increased from <0.01 cm2/V s until today, when
they are routinely >1 cm2/V s. The OTFTs operate in
the accumulation mode, which is distinct from conven-
tional CMOS that operates in the depletion or inversion
regimes. Materials for both n- and p-channel operation
enable complementary logic with nearly identical char-
acteristics for transistors based on these different carrier
types. Andwe have seen that the channel as well as the
gate dielectric layers can be deposited with monolayer
control. Finally, many of the most important materials
have shown good stability when operated in low hu-
midity environments.
Similarly significant advances in device architec-

ture have complemented advances in materials.
Large area circuits with hundreds of devices for
RFIDs, oscillators, and array backplanes employ
OTFTs that are lithographically defined on sub-
strates ranging from glass to ultrathin plastic. Split
gate, dual gate OTFTs, and high performance verti-
cal transistors have been used in a variety of circuit
applications. Photosensitive transistors, or photo-
transistors, offer responsivities that are significantly
higher than HJ photodiodes due to inherent transis-
tor gain. Unfortunately, higher responsivities lead to
a concomitant reduction in bandwidth.
As in all photonic and electronic devices, reliability

during long term operation is essential. Considerable
work, therefore, has been devoted to understanding
how the operating characteristics change during extend-
ed use. Most of the work on device reliability has fo-
cused on drifts in VT, ID, and μFE that are accelerated
under bias-stress conditions. The most pervasive

10–5
Helix (initial)

VDS = –3.0 V

Flattened
10–6

10–7

10–8

10–9

10–10

10–11

10–12

10–13

0 –1
VGS (V)

I G
S 

(A
)

–2 –3

10–5

10–6

10–7

10–8

10–9

10–10

10–11

10–12

I D
 (A

)

(a)

(b)

10 mm

OTFT

RT

Therm. barrier

Warm Warm

Warm

Helix (deployed)

Figure 8.127 (a) Images of a SMP OTFT undergoing thermal relaxation
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temperature (RT). (b) Transistor transfer characteristics when the DNTT
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Figure 8.128 In vivo conformation of an SMP OTFT to the tissue of a rat. (a) As initially implanted, (b) after 24 h, and (c) after removal from the organism
(Reeder et al., 2014).
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contaminant leading to changes ismoisture. The dipolar
water molecule can invade the dielectric, attach itself to
the dielectric/semiconductor interface, or bind to struc-
tural defects within the semiconductor itself.Water con-
tamination, and contamination by other impurities
effectively screens the electric field induced by the gate
voltage, and hence shifts the VT required to achieve a
given charge concentration in the channel. As in the case
of OPVs and OLEDs, encapsulation of the transistor
circuits can provide an effective barrier to contamin-
ation, ultimately delaying degradation.
While there have been significant and impressive

advances in OTFTs, there is as yet no large-scale
application that has adopted this new transistor plat-
form. Should such an application arise, it will exploit
the unique features of OTFTs that are common to all
organic electronic devices: flexibility, conformability,
ultralight weight, and potentially low cost when de-
ployed over large areas. We have shown that OTFTs
provide unique capabilities in tactile sensing, identi-
fication of analytes through gas sensing, and as
photodetector FPA pixel addressing circuits. Import-
antly, the ability to fabricate very high performance
circuits on ultrathin substrates has enabled a new
genus of biocompatible, “imperceptible” electronic
appliances. Early demonstrations of their application
to monitoring organ activity suggest that OTFT cir-
cuits may find unique opportunities in medical moni-
toring, imaging, entertainment, and robotics. It
remains to be seen which of these applications will
first emerge. But there is little doubt that the unique
form factors and relatively high performance of
OTFTs will enable numerous applications currently
not adequately served by conventional inorganic
semiconductor-based electronics.
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Problems

1. Write expressions for the high and low frequency
capacitance-voltage characteristics for an n-channel metal/
insulator/organic semiconductor device. Assume the
dielectric constant of the insulator is εi and that of the
organic are εS, work functions are ϕM and ϕS, respectively,
a bulk charge concentration of ND, and for a surface state
density of:
(a) Nss ¼ 0.
(b) Nss large, and negative.
(c) Assuming the trapping rate is 10�4 s, plot the

characteristics for ϕM ¼ 4.5 eV, ϕS ¼ 4.8 eV, εi ¼ 3.5, εS
¼ 3.2, ND ¼ 1015 cm�3, and NSS ¼ 0 at a capacitance
measurement frequency of 20 kHz. Indicate VFB on
the plot.

(d) As in (c) but NSS ¼ �5 � 1012 cm�2.
2. Consider a p-channel OTFT with dimensions L ¼ 50 μm,

W ¼ 5 mm, and ti ¼ 50 nm for the gate length, width, and
insulator thickness, respectively. For μFE ¼ 1 cm2/V s and
a threshold voltage of VT ¼ 2.5 V using an SiO2 gate
insulator and VGS ¼ 0 to �40 V,
(a) Plot the drain current vs. drain-source voltage

characteristics of this device.
(b) What is the background doping concentration of the

channel?
(c) What is the surface potential at VGS ¼ 0?

3. The equivalent circuit of a p-channel OTFT in Problem 2 is
shown in Fig. P8.3. Here, v0G is the gate voltage in the
absence of external resistance, RS, and iD is the small
signal drain current. Based on this equivalent circuit,
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Figure P8.3 Equivalent circuit of an OTFT.
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(a) Show that the measured transconductance and drain
(or output) conductance are given by Eqs. 8.23 and
8.24, respectively.

(b) For the device in Fig. P8.3, show the drain current
characteristics in the presence of RD ¼ 5 Ω and
RS ¼ 1 Ω.

4. Equation 8.48 shows the effective field effect mobility,
μFEeff, in the presence of contact resistance derived in
the linear regime. Derive an expression for μFEeff in the
saturation regime.

5. Derive a general expression for the Johnson noise channel
current for an OTFT in saturation. Show that to good
approximation, the noise current is given by
Sth ¼ i2th ¼ 8

3 kBTð Þgm.
6. In an ambipolar OTFT, the voltage (V(x)) varies along the

channel from source (at x ¼ 0) to drain (at x ¼ L).
Assuming that there is 100% recombination of electrons
and holes at the point x0 along the channel,
(a) Derive an expression for the voltage V(x) vs. x/L along

the channel for a threshold voltage of VTn ¼ VTp ¼ VT

¼ 0.1VGS and VDS/VGS ¼ 0.5, 1, 5.
(b) Plot the normalized drain current (ID= μFEpWLCi

� �
)

characteristics in the linear, saturation and ambipolar
regimes of operation of an ambipolar OTFT for μFEp ¼
10μFEn for VDS/VGS ¼ 0.5, 1, 5, 10.

(c) Derive an expression for the transconductance in an
ambipolar OTFT in each of the three regimes of
operation. Plot the normalized transconductance vs.
VGS for each of the voltage conditions in part (b).

7. Design a complementary inverter logic circuit comprising
a p-channel organic phototransistor based on the P3HT
transistor shown in Fig. 8.59.
(a) Select an n-channelmaterial from Sections 8.6.3 or 8.6.5

to form a reasonable complement to P3HT. Decide on
the appropriate W/L and dielectric, and calculate and
plot the resulting drain current characteristics.

(b) In combination with the n-channel device, assume that
the channel of the p-channel device is illuminated at
energies slightly above its energy gap. Determine the
logical output function for the light ON and OFF states
at the input of the illuminated organic phototransistor.

(c) Calculate and plot the transfer characteristics of the
circuit as a function of the supply voltage, VDD, the
input bias voltage, VIN, and the optical intensity
illuminating the OPT.

8. In Chapter 6 we showed that OLEDs need to be driven at
10 mA/cm2 to achieve very high brightness often required
in displays and lighting. The question is whether or not
OTFTs can serve as backplane pixel address transistors in
displays. We will simplify this consideration by assuming
only a single OTFT is required to address each pixel,
although in fact it takes more than one transistor per pixel
in practical applications to fully control the OLED
brightness over the period of its useful life in a display.
(a) Assuming that the pixel dimensions are (50 μm)2 and

that the OLED occupies as much area as the OTFT
(e.g. it is layered onto the transistor surface), what is
the current that can be delivered to an OLED in a
common source configuration with μFEp ¼ 1 cm2/V s

assuming a power supply voltage of VDD ¼ �10 V
and VGS ¼ �5 V? The SiO2 gate dielectric has
thickness, ti ¼ 100 nm and L ¼ 10 μm.

(b) Plot the drain current density vs. gate capacitance per
area for the supply voltage in (a). What is the highest
practical drain current density that can be achieved
using OTFTs? Is it adequate for driving the OLEDs? Is
there another thin film technology that would be
more practical?

9. Figure 8.109b shows a polymer OTFT with hysteresis in
its drain current characteristics. Assume that these
characteristics are obtained at a voltage sweep rate of
500 mV/s. The dielectric thickness is 300 nm and the
S and D contact thicknesses are also 300 nm.
(a) Calculate the total trapped charge observed in these

characteristics.
(b) If the positive voltage sweep results in larger ID than

for the negative voltage sweep, what is the sign of the
trapped charge?

(c) What is the approximate electric field near the S and
D contacts atVG¼�40 V?What does this imply about
the position of the trap level in the organic energy gap
(i.e. are they hole or electron traps)?

10. A detector with a quantum efficiency at low optical
input powers (Pin � 0) of ηEQE0, and dark current
density of Idark, is connected to the input of the OTFT in
Fig. 8.98, option B.
(a) What is the total rms noise current vs. input voltage of

a common source single stage amplifier for this circuit?
(b) For an output conductance of the input OTFT of gD

and a diode series resistance of Rser, what is the
maximum linear input optical power range,
assuming that the maximum linear power
corresponds to a reduction in response to
�ηEQE Pinð Þ=ηEQE0 of � 1dB?

(c) What is the dynamic range of this circuit, assuming
that theminimumdetectable signal requires SNR¼ 2?

(d) Assuming the device values in Table P8.10, what is
the DR? How many bits of grey scale of an incident
light beam can be obtained from this circuit?

11. (a) Calculate the expected gate leakage for the transistor
in Fig. 8.98, option B assuming Frenkel–Poole
emission is its dominant source for an 3.6 nm thick
AlOx gate insulator coated by a 2.1 nm thick SAM (cf.
Fig. 8.96).

(b) How closely does this agree with the data shown
from the complementary inverter pair, assuming
both the drive and load transistors have the same
W and L?

Table P8.10 Circuit parameter values

Parameter Value

Idark 1 nA

gD 1 μS

Rser 100 Ω

�ηEQE 1 dB
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12. Figure 8.53b shows the transfer characteristics of n- and
p-channel OTFTs used in a complementary inverter. The
transistor dimensions areW/L¼ 25, L¼ 40 μm, ti =5.7 nm
SAM/AlOx gate insulator, and a unit-area capacitance of
700 nF/cm2.
(a) Calculate fT for both transistors at VGS ¼ ±0.5 V.
(b) Calculate fT for both transistors at VGS ¼ ±1 V.
(c) How does the calculated fT compare with that

obtained from the gate delay of 20 ms for a 5 stage
ring oscillator? Explain the sources of the difference.

13. Using ambipolar compound 50 in Table 8.6:
(a) Specify the W/L, L, and ti of a complementary

transistor inverter comprising a drive and load with
Av ¼ 25. The gate dielectric is Al2O3.

(b) Calculate the drain current and transfer characteristics
of both the n- and p-channel transistors.

(c) Calculate gm and gD of the transistors in (a) in both
the linear and saturation regimes.

(d) As in (a), design the physical characteristics of the
inverter with a 3 dB roll-off frequency of 5 MHz.

(e) Describe the fabrication sequence to make the
transistor pair in (a).

14. For a complementary inverter using transistor pair
in Fig. 8.53, graphically determine the noise margin
by plotting Vout vs. Vin for the load and drive
transistors.

15. We have shown in Section 8.9.3 tactile arrays based on
transducers whose resistance is varied by the application
of pressure. An alternative transducer that can be
very sensitive to pressure changes is one based on
capacitance.
(a) Using the transistor whose characteristics are given

in Fig. 8.23, design a capacitive pressure transducer
pixel based on a PDMS dielectric. The Young’s
modulus is 2 MPa and the compressive modulus is
130 MPa. Make sure that you specify the pixel
footprint (i.e. area) and the a.c. circuit used at
each pixel.

(b) What is the minimum deflection your pixel can
detect at a measurement frequency of 1 MHz and
an rms measurement signal amplitude of 10 meV?

(c) What is the pressure that corresponds to the
deflection in (b)?
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CHAPTER 9

Expect the unexpected: more
possibilities for organic electronics

“If you don’t know where you are going, you might wind up someplace else.”

Yogi Berra, Catcher for the New York Yankees from 1946 to 1963.

The possibilities for organic semiconductors seem limitless. With each year, researchers discover new phe-
nomena, and engineers invent new devices. In Chapter 1 we enumerated many common myths surrounding
organic materials and devices. Many of those myths suggested that there were limitations that were later
found not to be so at all. Indeed, it seems that every property of inorganic semiconductors has its analog in
organics, even though their materials properties are fundamentally different. Yet it is not the similarities
between these systems that make organics interesting. Their value lies in the new opportunities for discovery
and innovation that they offer. The purpose of this final chapter is to open a window to the many surprises
organics have yet to reveal. And perhaps this chapter will give you new ideas and paths to explore that
continue to exploit the “organic difference.”
Thus far in Part II, we have focused on three broad classes of devices and their applications: light emitters,

photodetectors, and transistors. There are several subclasses of devices within each of these categories. For
example, photodetectors include photoconductors, photodiodes, phototransistors, solar cells, and many differ-
ent specialized optical sensors. The emphasis on these three general device classes is justified by their attracting
the preponderance of attention by scientists, engineers and industries driven by their commercial potential. But
a fascinating aspect of organics that has given impetus for their continued exploration is the unparalleled
versatility in their properties compared to other materials systems. The versatility is enabled by a nearly infinite
palette of materials. The entire scope of their application space is only limited by our imaginations.
Here, we introduce a few devices and scientific topics that do not fit neatly into those covered in other

chapters. Yet they illustrate the breadth of the field, and some of the devices or their descendants may
eventually find applications at scales that will become comparable to those for emitters, detectors and
transistors. Given the abundance of research on novel devices, this could be a discussion without
end. Hence, only a few examples are introduced. The choices of topics are based on their potential for making
a substantial impact on the future of the field, or because they reveal a unique property of organics that has
not been adequately considered in previous chapters. Even so, very large and important scientific and
application domains have been omitted. Perhaps the most significant omission is that of waveguide-based
optical devices. Organics are exceptionally well suited for use as waveguides. These are not included since
passive waveguides do not employ an active electronic or excitonic property of the materials. Similarly,
waveguide devices employing nonlinear optical effects such as optical switching, optical mixing, etc. rarely
rely on an active electronic property such as electrical conduction or optical generation. This topic, therefore,
falls outside of the boundaries that define organic electronics, where we apply the working definition of
applications that require current for activation, or their characteristics are governed by excitonic effects. We
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9.1 Light emitting electrochemical cells

The conventional organic light emitting device consists
of one or more neutral organic species comprising the
emission layer (EML). A different approach to achiev-
ing electroluminescence is to combine the chromo-
phore with an ionic medium, or salt. The resulting
device is known as a light emitting electrochemical cell
(LEC). The LEC was initially demonstrated using a 1:1
blend of the polymers, MEH-PPV and PEO, doped
with the salt, CF3SO3Li (Pei et al., 1995). This is
known as a polymer LEC, or pLEC. Soon after, a
small molecular weight LEC (SMLEC) was demon-
strated based on the ionic ruthenium polypyridyl com-
plex, Ru(phen)2þ3 [2Cl�] (Lee et al., 1996).

A distinctive feature of the LEC is that it is an
ambipolar device: the cathode and anode contacts
can be interchanged. Likewise, it consists of only a
single layer that is ionically doped via charge injection
from the contacts. Another feature is that the energy
barriers between the contacts and the active region
are reduced by charge injection. This allows for the
use of relatively high work function contacts that
are resistant to degradation when exposed to the
ambient, thus eliminating the need for potentially
costly packaging required to protect conventional
OLEDs. Another distinguishing attribute is that the
devices are oriented within the substrate plane,
with anode and cathode positioned laterally as in

a photoconductor. Thus, the devices and their emis-
sion zones can be large; on the order of millimeters
vs. active regions in OLEDs that are only tens of
nanometers thick.
These several advantages are outweighed by sev-

eral disadvantages that have prevented LECs from
becoming a substitute for OLEDs. Chief among the
disadvantages is that they take a long time (hun-
dreds of microseconds to tens of minutes) for the
light to turn on to full intensity. This eliminates the
possibility of their use in conventional information
displays, although the faster devices may be suitably
fast for lighting. Since the conductivity is based on
ionic transport, the device performance (i.e. its con-
ductivity and luminous efficiency) is highly tem-
perature dependent: elevated temperatures result
in faster response, higher conductivity and effi-
ciency. Cooling such devices even slightly below
room temperature can deactivate almost all of their
electronic properties. The light output reaches a
peak, and then slowly decreases as the lateral dimen-
sion of the light emission zone shrinks with the con-
tinued lateral growth of the ionically doped
conductive regions where excitons are quenched.
Finally, the efficiencies of LECs are well below that
of conventional polymer and small molecule OLEDs,
even though phosphorescent transition metal com-
plexes have been employed as the active organic
material (van Reenen et al., 2013).

have also chosen to omit this large class of materials and devices in deference to other excellent texts available
that specifically treat this subject. Other topics that have been omitted include a vast and ever growing array
of electronic sensors such as distance and motion detectors, bioelectronic sensors, and so on. The list is indeed
very long. The interested reader is also encouraged to explore these topics that are well represented in the
scientific literature. There simply is insufficient space or time to cover everything in this one volume.
The topics selected for inclusion in this chapter are (i) light emitting electrochemical cells, (ii) microcavity

exciton polaritons, (iii) thermoelectricity, (iv) organic memories, (v) organic/two-dimensional (2D) junc-
tions, and (vi) single molecule devices. Each of these devices and/or phenomena has features that are
peculiar to organic semiconductors. For example, light emitting electrochemical cells exploit the property of
ionic conduction in active electronic devices. Exciton polaritons provide an understanding of organic
molecules in resonant optical cavities. This leads to phenomena such as ultrastrong optical coupling,
room temperature polariton lasing, and Bose–Einstein condensation. Thermoelectricity and electronic
memories represent two broad and very promising application areas where organic materials can offer
advantages over inorganics. And finally, limited dimensional systems open entirely new possibilities for
organics to be productively combined with ultrahigh mobility 2D inorganic films, or in single molecule
devices that may enable next generation (i.e. beyond Moore’s law) electronics used in artificial intelligence,
quantum computing and information processing, and molecular sensing.
The topics addressed, therefore, provide a limited but nevertheless important window into what this field

may have in store for the future. As the title of this chapter suggests, in the field of organics, it is always a good
idea to expect the unexpected.
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A schematic of an LEC is provided in Fig. 9.1. It
comprises two metal electrodes of the same compos-
ition. One is the anode and the other is the cathode,
depending on the polarity of the externally applied
voltage. The luminescent polymer mixed with a salt
provides ionic conductivity. Typically, the active
layer is from 100 nm to 300 nm thick. The simplicity
of this structure is one of its attractions; it requires
none of the complex layer schemes demanded of high
performance OLEDs.
Two explanations have been advanced that describe

the properties of LECs: the electrodynamic (ED) model,
and the electrochemical doping (ECD) model. These two
mechanisms are illustrated in Fig. 9.2. Apparently
both can be active in the same device, depending on
the bias voltage and whether the contacts are blocking
or non-blocking (Meier et al., 2014).

In the ED model, nearly all of the potential is
dropped across the ionically doped layers (EDLs)
at the anode and cathode. These regions contain a
high concentration of uncompensated anions (at the
anode) and cations (at the cathode) that are attracted
to these two regions by the applied voltage. The con-
centration of ionic species is sufficient to lower the
injection barriers, making ohmic contact to the organic
layer. Between the contact zones, the ionic species are
compensated by injected free charges. This results in
an extended charge-neutral region where oppositely
charged free polarons combine to form radiative ex-
citons. As soon as a recombination event occurs, add-
itional free charge is drawn in from the contacts to
maintain charge neutrality in the central, compen-
sated region of the device.
In the ECD model, electrons are drawn in from the

EDL at the cathode to compensate the cations, form-
ing a conductive “n-doped” region. Similarly, oppos-
itely charged ions and polarons injected from the
anode generate a “p-doped” region. In either ionically
doped region, the potential drop is minimal, resulting
in diffusion-limited charge transport. An intrinsic,
emissive charge recombination zone forms at the
interface between the doped regions. Thus, the EDL
model invokes the formation of a p-i-n type diode.
The applied voltage results in a redistribution of the

ionic species within the EDL layers that range in
thickness from 2 nm to 6 nm. The time to establish
the zones, and for the charges to redistribute within

L

Contact

Organic

Substrate

Light emission zone

Figure 9.1 Schematic of a light emitting electrochemical cell of length,
L. Light emission is from an irregular, undoped stripe located between the
metal contacts.
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the bulk of the organic layer, is ultimately a function
of the ionic mobility. This results in a slow,
temperature-dependent response of both pLEC and
SMLEC devices. Once the highly conductive regions
are formed, the intervening undoped region consists
of uncompensated charges that are able to recombine
and emit light. The position of the emission region
depends on the ratio of mobilities of the cations and
anions. The conductive zone increases in width with
the continued injection of free polarons over time.
This causes the compensated regions to grow at the
expense of the uncompensated region, thus resulting
in the shrinkage of the recombination zone, and a
concomitant decrease in emission intensity. The rate
of advance of the doping fronts is determined by the
magnitude of the applied voltage, the ionic mobilities,
and the thickness of the organic layer.

The various operating regimes have been modeled
to determine the ranges of validity of the ED and
EDL pictures, and under which circumstances these
models apply (van Reenen et al., 2010, Mills and
Lonergan, 2012). The potential distribution for a
pLEC comprising an active region, with and without
blocking contacts, is shown in Fig. 9.3a. In both cases,
there is a large voltage drop across the very narrow
EDL near the cathode and anode contacts. For the
blocking contact, there is almost no potential drop
across the intervening polymer layer. This corresponds
to the ED model of Fig. 9.2a where the entire active
region has a distribution of cations and anions that are
compensated by free polarons of opposite polarity. In
contrast, a p-i-n junction forms when Ohmic contacts
are used that do not block charge injection. Then, the
voltage drop across the heavily doped p and n regions
vanishes, and appears only across the junction and at
the doped regions near the contacts. This corresponds
to the ECD regime of operation in Fig. 9.2b.

The free charge and ion distributions for pLECswith
blocking and non-blocking contacts are shown in
Fig. 9.3b and c, respectively. For blocking contacts, the
ionic and free charge distributions lie directly on top of
each other, indicating complete compensation that pro-
duces a charge-neutral region across the semiconduct-
or. These distributions change near the contacts where
the anion and cation densities are large, but the free
charge densities fall toward zero. The recombination
zone is relatively large and near the center of the active
region between the contacts. It is in this region that the
anion and cation densities are small.

The electrochemically doped regime is established
by using non-blocking contacts, as shown in Fig. 9.3c.
The compensation between ionic and mobile free
charge is no longer complete in either the p- or

n-doped regions since the cations and anions are not
completely separated, contrary to the case of blocking
contacts. This results in a recombination zone that is
narrower in the ECD than the ED regime.
The validity of this analysis has been tested bymeas-

uring the potential across the active region of a pLEC
with scanning Kelvin probe microscopy (SKPM, see
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Figure 9.3 (a) Simulated charge distribution for injection limiting
(blocking) vs. non-limiting (i.e. Ohmic) LEC contacts. The charge
distribution for (b) limiting and (c) non-limiting contacts. The orange line
shows the recombination profile, whereas the red, black, green, and blue
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(van Reenen et al., 2010).

Reprinted with permission from van Reenen, S., Matyba, P., Dzwilewski, A.,
Janssen, R. A., Edman, L. & Kemerink, M., A unifying model for the operation
of light-emitting electrochemical cells. Journal of the American Chemical
Society, 132, 13776-13781. Copyright 2010 American Chemical Society
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Section 8.8.1). The device in Fig. 9.4 comprises Au/SY-
PPV:PEO:K+CF3SO3

� (1:1.35:0.25)/Au. Here, SY-PPV
is a PPV copolymer known as “super yellow,” and
potassium triflate, K+CF3SO3

�, is the salt (see
Fig. 9.5). The separation between contacts is 100 μm.
Since Au forms non-blocking contacts, the SKPM
image in Fig. 9.4a corresponds to the ECD regime.
Indeed, the potential distribution across the device is
consistent with expectations from Fig. 9.2b. There is
little or no voltage drop across the doped regions,
whereas voltage only drops near the anode and cath-
ode (at the left and right of the SKPMmap, respectively)
and across the undoped junction region. Likewise, the
light emission zone is located in the junction region
(Fig. 9.4b), where charges can recombine without
quenching. Note the thinness and irregular shape of
the recombination zone resulting from local vari-
ations in ionic transport within the organic semicon-
ductor. It is not centered between contacts due to
differences in the cation and anion mobilities: in this
instance the anion mobility is the smaller of the two,
resulting in recombination closer to the cathode.

Introducing physically small anion–cation pairs
increases their mobilities. Two archetype systems
are shown in Fig. 9.5. The small molecule Ir com-
plex in Fig. 9.5a comprises the cation-anion couple
[Ir(ppy)2bpy]+[PF6]� in a 1:1 blend. The transition
metal complex serves both as a phosphorescent emit-
ting molecule as well as a cation. The polymer system
comprises an MDMO-PPV fluorophore blended with
PEO that improves the ionic mobility. The KCF3SO3

forms a blend with the polymer mixture in the ratio
MDMO-PPV:PEO:KF3SO3 ¼ 1:1.35:0.25.
The transient response at different temperatures of a

MEH-PPV:PEO:KCF3SO3 (10:5:0.1.2) pLEC is shown
in Fig. 9.6a. The 700 μm long device is imaged using a
detector positioned at the opposite end of a scanning,
single mode optical pickup fiber whose diameter is
sufficiently small to resolve the spatial distribution of
the photoluminescence (PL) and electroluminescence
(EL) along the length of the channel, as shown in
Fig. 9.6b. Heating to 360 K while biased at 20 V acti-
vates the electroluminescence. After heating, the device
is cooled to 170 K, freezing the emission and doped
zones in place. At this temperature, the behavior of
these regions can be studied over long periods without
change. Note that the current drops by at least one
order of magnitude as the sample is cooled due to the
decreased electron and hole mobilities, whereas the
ionic mobilities nearly vanish.
The PL and EL maps of the active region during the

high temperature activation cycle are shown in a series
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Figure 9.4 (a) SKPM map of the potential across a pLEC device with
non-blocking contacts, at an applied voltage of 8 V. The region between
the dashed lines is the polymer, and the contacts are outside of the lines.
(b) Electroluminescence image under steady state operation at 8 V (van
Reenen et al., 2010).

Reprinted with permission from van Reenen, S., Matyba, P., Dzwilewski, A.,
Janssen, R. A., Edman, L. & Kemerink, M., A unifying model for the operation
of light-emitting electrochemical cells. Journal of the American Chemical
Society, 132, 13776-13781. Copyright 2010 American Chemical Society
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of images in Fig. 9.6b. Initially, there is no electronic
doping. Thus, the film is compensated, leading to uni-
form PL across the sample. Once a voltage is applied,
charges are injected from the contacts, and the anions
and cations drift toward the oppositely charged con-
tacts. This quenches the luminescence, thereby narrow-
ing the region where PL is observed. After 9 s, fully
doped n- and p-regions are established, at which point
the PL intensity drops to near zero while a line of
intense EL is observed near the cathode. The p-doped
region is dark, totally quenching all PL. The offset of
the EL emission toward the cathode is due to the
higher mobility of cations than anions. As time pro-
gresses, the jaggedness of the EL emission line de-
creases, and its intensity decreases due to narrowing
of the i-region as discussed above (AlTal and Gao,
2016). The response in Fig. 9.6 shows that changes in
the luminescence profile take at least 1 min to stabilize,
even at 360 K. Simply cooling the samples to only a few
degrees below room temperature can result in re-
sponse times of hours (van Reenen et al., 2013). Quali-
tatively similar time-dependent behavior is observed
for both pLECs and SMLECs, although the quantita-
tive sensitivities to time and temperature may vary
widely due to the different dynamics of the ionic and
polaronic species in these different materials systems.

Many advantages to LECs have already been men-
tioned, the most notable being their reduced sensitiv-
ity to environmental exposure. However, their

performance is substantially inferior to even modestly
performing OLEDs. One of the highest performance
LECs uses the oligoether, TMPE-OH as an electron
transporter containing the salt, LiCF3SO3, along with
the light emitting SY-PPV. The device turn-on times
are ~10–2000 s to reach a luminance of 300 cd/m2,
depending on details of the composition of the elec-
tron transporter. The maximum luminance efficiency
is 14 cd/A with an operational lifetime of approxi-
mately 350 h (Mindemark et al., 2016).
Electrophosphorescent SMLECs employing the Ir-

based cyan emitting molecule-anion pair [Ir(dfppz)2
(dtb-bpy)]+[PF6]� blended with the near infrared
(NIR) emitting cationic charge trapping DOTCI,
achieved an external quantum efficiency of 12.8%.
A maximum brightness of 16.6 cd/m2 is obtained
after 62 min following application of 3.3 V, although
after 45min the luminescence intensity decayed to half
that value. This slow response is also obtained in a
device with a vertical (vs. lateral) architecture of ITO/
PEDOT:PSS/emissive layer (200 nm)/Ag. While the
results are inferior to those of conventional small mol-
ecule PHOLEDs using the analogous, neutral Ir com-
plex, the relatively high efficiency reported for the
LEC is primarily a result of improved carrier mobility,
and hence charge balance from the addition of
DOTCI. Note that while the fluorescent emission of
DOTCI is in the NIR, it is only doped at 0.01 wt% in
the Ir salt complex. This prevents energy transfer, and
thus there is no NIR emission from DOTCI at 700 nm
(Liao et al., 2011).

9.2 Microcavity organic exciton polaritons

A polariton is a quantummechanical quasiparticle that
is the superposition of a photon that is strongly coupled
to a material state (e.g. an exciton) in a resonant
optical cavity. The polariton is unique in that it con-
tains attributes of both states of which it is comprised.
Thus, like a photon, it is a boson governed by Bose–
Einstein statistics. The most immediate outcome of
this property is that a population of polaritons can
occupy a single state, forming a Bose–Einstein conden-
sate (BEC) that exhibits coherent, laser-like emission,
superfluidity, vortices, and strong nonlinear optical
effects such as all-optical switching. On the other
hand, its matter-like properties give the polariton
mass, although it is far lighter than the excitons of
which it is comprised. Thus, an exciton-polariton can
diffuse farther and faster than the bare excitonic state.
Figure 9.7 is an illustration of the polaritonic state.

A microcavity with distance, L, between a pair of
mirrors has a resonance at frequency, ωcav, given by
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the well-known Fabry–Pérot expression kz ¼ Nπ=Leff .
Here, N is the integer mode number, Leff is the effect-
ive cavity length which is the sum of the separations
between the mirrors and the penetration of the optical
field into the mirrors, and kz is the out-of-plane wave-
vector. An example reflection spectrum of the bare
cavity is shown in the left-hand lower panel in
Fig. 9.7. This cavity has a stop band at 600 nm.
Since the in-plane wavevector, k∥, is unconstrained

by energy barriers at the mirrors, the cavity photon
dispersion is given by

Ecav ¼ h�ωcav ¼ h� c=nð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2z þ k2∥

q
¼ h� c=nð Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Nπ=Lð Þ2 þ k2∥

q
:

ð9:1Þ

Here, h� is Planck’s constant divided by 2π, c is the
speed of light, and n is the refractive index within
the cavity. The blue dashed line in Fig. 9.8 shows the
cavity mode dispersion spectrum. The photon outside
of the cavity follows a linear dispersion, Evac ¼ h� ck,
shown by the diagonal lines in the figure. Within the
cavity at small k∥, the curvature of the cavity mode
implies an effective mass for the photon equal to:

mcav ¼ πh�Nn
Lc

: ð9:2Þ
Typically, mcav � 10�5m0, where m0 is the electron
rest mass.

The exciton is a property of the material filling the
cavity, with a binding energy of Eex. The frequency of
the exciton is largely unchanged when the material is
placed inside the cavity except at large k∥. The reflect-
ivity of an excitonic material is shown in Fig. 9.7,
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the cavity detuning, � < 0.
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center lower panel, and its lack of dispersion is shown
by the flat dashed line in Fig 9.8.

For the condition where ωex is resonant with ωcav, a
new state is formed that is a superposition of two
coupled oscillators (the photon and the exciton, see
Fig. 9.7, right panel). The new state, sharing character-
istics of both the cavity photon and the exciton, is the
polariton. As with all coupled oscillator pairs, the
polariton has two normal modes, or resonances that
are separated into the more exciton-like lower polariton
branch (LPB) and the photon-like upper polariton branch
(UPB). The splitting energy at the anti-crossing be-
tween the LPB and UPB is known as the Rabi energy,
Ω (see Fig. 9.8). This is linearly proportional to the
exciton–photon dipole interaction strength, g0. The
coupling is divided between the two normal modes,
and hence is equal to half of the splitting between
branches.

The plot in Fig. 9.8 shows negative detuning, �,
between the cavity mode and the exciton, that is,

� ¼ Ecav k∥ ¼ 0
� �� Eex k∥ ¼ 0

� �
< 0: ð9:3Þ

The Rabi splitting is found at the value of k∥ where the
cavity and exciton energies are equal. The exciton
effective mass is also significantly reduced due to its
admixture with the photon mode. The mass is ob-
tained starting with (Deng et al., 2010)

α ¼ 1
2

1þ �Eðk∥Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�Eðk∥Þ2 þ Ω2

q
0B@

1CA ð9:4aÞ

and

β ¼ 1
2

1� �Eðk∥Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�Eðk∥Þ2 þ Ω2

q
0B@

1CA; ð9:4bÞ

where �Eðk∥Þ ¼ Eexðk∥Þ � Ecavðk∥Þ. For �E¼0 (e.g. at
k∥ ¼ 0 when �Eð0Þ ¼ � ¼ 0), then α ¼ β ¼ 1

2, and the
polariton consists of half photon and half exciton
content in both the lower and upper polariton
branches. The variables, α and β are the absolute
squares of the so-called Hopfield coefficients. The effect-
ive mass of the polariton in both the lower and upper
branches are related to these coefficients by

1
mLPB

¼ α

mex
þ β

mcav
ð9:5aÞ

and

1
mUPB

¼ β

mex
þ α

mcav
: ð9:5bÞ

With mcav � 10�5m0, and the reduced mass of the
exciton in organic compounds of mex � m0, we see

that the polariton effective mass is nearly equal to
the cavity photon mass in both branches. This results
in a longer exciton lifetime due to a reduced inter-
action between electron and hole owing to the larger
exciton radius (see Eq. 3.142), and a much larger ex-
citon diffusivity. This suggests that exciton polaritons
based on organic thin films can have vastly different
properties than a free exciton, at least near k∥ ¼ 0. At
higher in-plane momenta, however, the LPB flattens
and takes on principally excitonic character, in which
case β! 0, α! 1, and mLPB ! mex. Similarly, the
upper branch becomes purely photon-like.
The energies of two coupled harmonic oscillators

are found from solutions to the eigenvalue equation:

HΨp;k ¼
Ecav � iγcav k∥

� �
Ω=2

Ω=2 Eex � iγex k∥
� � !

Ψp;k

¼ ELPB;UPBΨp;k;

ð9:6Þ
which yields the following solutions for the upper
and lower branches:

ELPB;UPB k∥
� � ¼ 1

2
Eex þ Ecav þ i γcav þ γexð Þ
�

± Ω2 þ Eex þ Ecav þ i γcav � γexð Þð Þ2
h i1=2�

:

ð9:7Þ
Equation 9.7 is the general solution to the dispersion
relationship comprising the two branches in Fig. 9.8.
This solution only applies to a coupled binary
oscillator system. However, excitonic states in or-
ganics show strong vibronic character, often exhib-
iting 0–0, 0–1, 0–2, etc. modes that, if contained
within the stop band of a microcavity, can also
couple to the polariton state, generating additional
branches in the dispersion relationship. Then,
depending on the number of coupled modes, the
2 � 2 matrix of Eq. 9.6 needs to be expanded accord-
ingly (Kéna-Cohen and Forrest, 2008).

9.2.1 Cavity designs

In Eq. 9.7, γcav and γex are damping terms that add
to the homogeneously broadened cavity and exciton
linewidths, respectively. Cavities with mirrors whose
reflectivities are less than unity leak photons, thus
decreasing the photon lifetime. Escaping photons
couple to the external vacuum field where they can
be observed, and thus provide information about the
polariton population. The quality factor of a cavity
comprising two distributed Bragg reflectors (DBRs)
with reflectivities of R1 and R2 is
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Q ¼ Ecav

γcav
� π R1R2ð Þ1=4

1� R1R2ð Þ1=2
: ð9:8Þ

A cavity with a high Q has highly reflective mirrors
(R1;R2 ! 1), allowing for hundreds to thousands of
photon cycles within the cavity before escape. The
high Q results in a narrow linewidth, and hence a
concomitantly longer photon lifetime of τcav � h�=γcav.
Two types of cavities that are most commonly used

in organic polaritonic devices are shown in Fig. 9.9.
Two DBRs can form a symmetric cavity that sand-
wiches the organic at the central antinode of the
electric field (Fig. 9.9a). Alternatively, one DBR is re-
placed with a metal mirror in an asymmetric arrange-
ment (Fig. 9.9b). This structure generally has a much
lower Q ~ 50–100, while the double DBR cavity can
have Q ~ 500–5000. If both mirrors are replaced by
metals, with one being ultrathin and hence semi-
transparent, the Q is reduced to ~10. Such cavities are
known to result in ultrastrong coupling where Ω is an
appreciable fraction of the exciton energy. This is con-
sidered further in Section 9.2.5.
Finally, it is notable that one of the mirrors can

be eliminated completely in a one-sided, or “open”

dielectric structure shown in Fig. 9.10a. The optical
mode is trapped in the relatively high index DBR and
the organic film on its surface, penetrating into air with
an evanescent traveling wave, known as a Bloch sur-
face wave (BSW) (Lerario et al., 2017). The BSW is
excited by resonant coupling to the optical pump
using a prism attached to the glass substrate (known
as the Kretschmann configuration). This all-dielectric
cavity can have a very high Q-factor due to the use of
a lossless, low index dielectric (air) on one surface.
A compilation of cavity types, their Q-factors,

cavity volumes, polariton velocities, and propagation
lengths is found in Table 9.1. The table points to the
important characteristics of polaritons compared with
bare organic materials. Excitations in high Q cavities
result in a dramatic reduction in exciton effective
mass that consequently leads to extraordinarily long
diffusion lengths (~100 μm). We have seen in previ-
ous chapters that a long diffusion length can be util-
ized to great advantage in many photonic devices
including OLEDs, OPDs, and OPVs.

DBR 
mirror

DBR 
mirror

DBR 
mirror

Metal mirror

OrganicOrganic

(a) (b)

(c)

40

35

30

25

20

15

10

5

0
0 500 1000 1500 2000 2500 3000

2.4

2.2

2

1.8

1.6

1.4

1.2

1

Re
fr

ac
tiv

e 
in

de
x

Position (nm)

|F
|2

Air gapOrganic
SiNx

SiO2

Figure 9.9 Two example cavities for observing polaritons. (a) A high Q
cavity with two DBR mirrors, and (b) a lower Q cavity with one metal and
one DBR mirror. (c) Optical field intensity (|F|2) and index profiles in an
archetype double DBR structure. The organic layer is split into two sections
with an air gap in between. The optical field has antinodes in the organic
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Figure 9.10 (a) Calculated optical field intensity distribution in a one-
sided optical structure whose index profile is shown to the right. The
DBR consists of six pairs of alternating layers of 135 nm thick SiO2 and
101 nm thick SiNx on glass. It is capped by an organic film of thickness,
d. (b) Experimental configuration for exciting Bloch surface waves as
shown in (a).
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The optical field intensity profile for a symmetric
DBR cavity is shown in Fig. 9.9c, superimposed on the
index of refraction profile of the SiO2/SiNx mirror
stacks. The organic film itself is divided into two
sections, each attached to a different mirror surface,
with a gap between them. This arrangement results in
field antinodes within the organics as well as in the
gap, maximizing interactions between the field and
the excitonic material layers. Note that very little field
leakage beyond the DBR results in a long τcav, and
hence a high Q.

The radiative width of the exciton line is a materials
property that depends on the exciton oscillator
strength, fex (see Section 3.6.1). Thus,

γex ¼
π

n
q2

4πε0

h�
mexc

fex; ð9:9Þ

where ε0 is the permittivity of free space and q is the
electron charge. The interaction between photon
and exciton is determined by the magnitude of fex.
The linewidth increases linearly with the oscillator
strength, which is much larger for organic Frenkel

excitons compared with dielectrically screened, and
therefore weakly bound Wannier–Mott (W-M) states
in inorganic semiconductors.
Taking line broadening into consideration, the Rabi

splitting energy is given by (Zhu et al., 1990)

Ω ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
αLFγexγcav=π½ � � γex � γcavð Þ2=4

h ir
: ð9:10Þ

Here, F is the cavity finesse and α is the absorption
coefficient of the organic, which like γex, is propor-
tional to the oscillator strength. Thus the Rabi split-
ting increases with γex and γcav, and thus fex and Q, up
to the point where the linewidth becomes so large that
the second term in Eq. 9.10 is dominated by cavity
losses. Thus, the strong coupling regime corresponds
to the condition where Ω is greater than the combined
widths of the cavity and exciton modes.
A comparison of semiconductors commonly used

for studying polaritons is provided in Table 9.2. The
benefit of using organics is primarily due to their
large exciton binding energy. Thus, organic polaritons

Table 9.1 Comparison of cavity types and the resulting organic polariton characteristics

Cavity type Q Vol.a

(μm3)
Ω

(meV)
τ cav

(ps)
Velocity
(μm/ps)

Prop. length
(μm)

Ref.b

Metal-org-metal 10–30 ~1 >300 0.05–3 0.2–0.4 1 (Rozenman et al., 2017)

Metal-org-DBR 50 ~3 ~100 — — — (Hobson et al., 2002)

DBR-org-DBR 800 ~10 80–700 — 1–2 3 (Kéna-Cohen et al., 2008, Guillet and
Brimont, 2016)

DBR-org 7000 — 50–200 1 120–150 120–300 (Lerario et al., 2017)

Plasmon-orgc 10 10�7 80–200 — — — (Baranov et al., 2017)

a Vol. ¼ cavity volume.
b Some references provide reviews by multiple groups. Many additional details can be found in those reviews.
c Plasmons are supported in the near field in a metal cavity surrounding the organic. They are lossy due to finite resistance of metals, thus yielding relatively
low-Q cavities.

Table 9.2 Comparison of materials that support exciton-polaritons

Characteristic Zinc blende compound semiconductors Wurtzite compound semiconductors Organicsa

Examples GaAs, InP, CdTe GaN, ZnO Cyanine dyes, PAHs, Pcs

εoptb 10–15 4–6 3–4

Excitonc W-M W-M Frenkel

EB 5–20 meV 20–60 meV 0.5–1 eV

γex 0.1–1 meV 5–10 meV 25–100 meV

Rabi splitting 3–25 meV 30–150 meV 25–250 meV

Relaxation path Acoustic phonons, ex-ex scattering Acoustic, LO phonons, ex-ex scattering Optical phonons, radiative

a PAH ¼ polyaromatic hydrocarbon, Pc ¼ phthalocyanine.
b εopt is the dielectric constant at optical frequencies.
c W-M ¼ Wannier–Mott exciton.
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are stable at room temperature. Combined with their
large oscillator strengths, unique polariton phenom-
ena such as Bose–Einstein condensation and polariton
lasing can be observed in ambient laboratory condi-
tions. These physical properties are also reflected in
the large Rabi splitting energies of organics compared
to either high or low dielectric constant inorganic
semiconductors. Thus, organic semiconductors offer
a realistic route to the exploitation of polariton phe-
nomena in devices that are operated at, or even well
above room temperature.

9.2.2 Optically pumped organic polaritons

Optical pumping of the microcavity is generally done
at high k∥, as shown in Fig. 9.11. This creates an exciton
reservoir that continually replenishes polaritons that
are lost due to photon leakage from the cavity. At high
pump intensities, a BECmay form at k∥ ¼ 0. The dens-
ity at the LPB minimum however, is reduced by the
exciton bottleneck at the inflection in the dispersion of
the LPB. The large phonon energies characteristic of
intramolecular vibrations partially avoids the forma-
tion of the bottleneck. This is in contrast to inorganic
semiconductorswhere the phonon energies are at least
an order of magnitude smaller, inhibiting transfer to
k∥ ¼ 0 of the LPB. Thus, strong exciton–exciton and
exciton–phonon scattering in organics reduces the in-
plane momentum, allowing the condensate to form.
The exciton–exciton scattering rate in a microcavity

is (Tassone and Yamamoto, 1999)

�ex�ex ¼ π2

2
nexmexa40
� �E2

B

h� 3 ; ð9:11Þ

where a0 is the excitonic Bohr radius, EB is the exciton
binding energy, and nex is the exciton density per unit
area in the microcavity. We have shown that a0 for
Frenkel excitons is ~10% of the radius for W-M states
in inorganics (Eq. 3.142), but EB and mex are 10–100
times that for inorganics. Also, nex can be 100 times
larger for organics due to the large density of states
(DOS). Taking this into consideration, �ex-ex ~ 102–104

times higher for organics than for inorganic semicon-
ductors, thereby reducing the bottleneck to conden-
sation by an approximately equivalent amount.
The foregoing analysis suggests that narrow,

homogeneously broadened exciton linewidths are ne-
cessary to observe strong coupling, which would per-
haps rule out the possibility of such an observation in
organics whose vibronically broadened states result
in a linewidth greater than Ω. However, the first re-
port of strong coupling in an organic employed the
porphyrin, 4TBPPZn (Lidzey et al., 1998). Porphyrins
are characterized by their narrow Q-band absorption
in the visible and high luminescence efficiency. The
room temperature Rabi splitting showed Ω ¼ 160
meV due to the ~103 times higher fex for the organic
compared with inorganic InGaAs quantum wells,
where strong coupling is observed only at very low
temperatures. Another approach to achieving com-
paratively narrow linewidths is to use ordered organ-
ic layers known as J-aggregates. Comprised of cyanine
dyes, these ultrathin films feature sharp absorption
bands suitable for strong coupling. The molecules are
precipitated from solution onto a substrate to form a
an ordered morphology. When sandwiched between
a dielectric DBR and a Ag mirror, Rabi splittings as
large as 180 meV are observed (Lidzey et al., 1999).
Not long after these demonstrations, strong coup-

ling was also observed in vacuum-deposited thin
films with structural order extending possibly to
only nanocrystalline dimensions. The demonstration
employed a 60 nm thick layer of NTCDA sandwiched
between DBR and metal mirrors. It was striking that
both the 0–0 and 0–1 vibronic modes were hybridized
within the cavity stop band, resulting in two exciton–
phonon coupled states that effectively transferred en-
ergy between the LPB, the middle polariton branch
(MPB), and the UPB. The Rabi splittings observed
were exceptionally large: Ω0-0 ¼ 280 meV for the 0–0
exciton-polariton, and Ω0-1 ¼ 120 meV for the 0–1
state (Holmes and Forrest, 2004). Even though the
absorption lines of amorphous NTCDA films are
broad, polaritons can be observed when the vibronic
relaxation time is longer than the Rabi lifetime, Ω=h� .

Pump

Polariton 
bottleneck

Energy

Condensate

Exciton
reservoir

Eex

Ecav

UPB (E+)
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Evac

In-Plane Momentum (k||)

Figure 9.11 Optical pumping of an organic in a microcavity results in
the generation of a high k|| exciton reservoir that relaxes toward the
minimum of the LPB where a condensate is formed. The inflection in the
dispersion relation creates a bottleneck where polaritons are slowly
scattered to both higher and lower k||. This dispersion relation corresponds
to a detuning of � ¼ 0.
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This is equivalent to the condition that the Rabi split-
ting should be on the order of, or greater than the
homogeneously broadened exciton linewidth
(Skolnick et al., 1998, Holmes and Forrest, 2004).

An example of hybridization of the multiple vi-
bronics of polycrystalline tetracene illustrates how
strong coupling is quantified and analyzed, and il-
lustrates the robustness of organic exciton-polariton
states. Figure 9.12 shows the absorption spectrum of
a vacuum deposited tetracene film. It features an
extended progression of vibrational modes from
0–0 to 0–4, with the higher modes becoming less
distinct due to a combination of decreasing intensity
and line broadening. Interestingly, the Davydov
components of the 0–0 mode (p-band) along the a
and b crystalline axes are resolved using light that is
selectifvely polarized along these axes. Recall from
Section 3.6.4 that Davydov splitting results from
Coulomb interactions between the two tetracene
molecules within each unit cell. Although the do-
mains with diameters ranging from 1–10 μm are
axially symmetric in the substrate plane, the obser-
vation of Davydov modes is due to ordered stacking
in the out-of-plane direction typical of many planar
aromatic hydrocarbons.

To observe strong coupling, tetracene films were
deposited onto an Al back surface mirror, and then
capped by a semitransparent, 35 nm thick Ag top
mirror through which the cavity is illuminated. The
use of two metal mirrors results inQ ~ 26. Reflectivity
spectra taken in 5° increments are provided in
Fig. 9.13a. The spectra show a series of minima cor-
responding to the LPBs of both Davydov compo-
nents. Two branches that are hybrids between the

LPBs and the higher order vibronics are also visible.
The UPB, with its photon-like behavior, is clearly
resolved at approximately 2.8–3.0 eV.
Simulations of the dispersion data require that the

crystalline anisotropy be taken into account. This is
done using the dielectric tensor of tetracene, viz.

εijðωÞ ¼
εaðωÞcos 2φ cos φ sin φðεaðωÞ 0

þεbðωÞsin 2φ � εbðωÞÞ
cos φ sin φðεaðωÞ εaðωÞsin 2φ 0

�εbðωÞÞ þεbðωÞcos 2φ

0 0 εc

0BBBBBB@

1CCCCCCA:

ð9:12Þ
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Figure 9.12 Absorption spectrum of a 140 nm thick, vacuum deposited
polycrystalline tetracene film showing its vibronic progression. The 0–0
peak is split into its Davydov components parallel to the a and b
crystalline axes.
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Figure 9.13 (a) Angle-dependent reflectivity spectra of a microcavity
containing a 160 nm thick tetracene film. The spectra are taken in 5°
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branches (LPBs) from the Davydov splitting of the 0–0 exciton, hybrid
branches (HP) and upper branch (UP) are indicated. (b) Color contour plot of
the simulated average s-polarized reflectivity of the tetracene microcavities.
The data points are taken from the plot in (a) (Kéna-Cohen and Forrest, 2008).

Reprinted figure with permission from Kéna-Cohen, S. & Forrest, S. Physical
Review B, 77, 073205, 2008. Copyright 2008 by the American Physical Society.
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Here, φ is the angle of the principal crystalline axis
relative to the laboratory frame x-axis, ω is the light
frequency, and εa, εb, and εc are the relative dielectric
constants along a, b, and c directions of the triclinic
tetracene unit cell. Also, the in-plane momentum is
obtained from a projection of the angle of the incident
light to the sample, θ. Equation 9.1 gives the cavity
photon energy, from which we obtain the dispersion
relation:

E kð Þ ¼ E0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ h� 2c2k2∥=n2

eff E
2
0

q
; ð9:13Þ

where E0 ¼ hc=neff L is the energy at k∥ ¼ 0, and neff is
the effective index of refraction of the uncoupled, non-
absorbing cavity taking into account field penetration
into the mirrors. Now (Skolnick et al., 1998),

k∥ ¼ E kð Þ
h� c sin θ: ð9:14Þ

Substituting Eq. 9.14 into Eq. 9.13 gives the depend-
ence of energy on the light incident angle:

E θð Þ ¼ E0 1� sin 2θ

n2
eff

 !�1=2
: ð9:15Þ

Solutions to the 5 � 5 eigenvalue equation (cf. Eq. 9.6)
are solved for a five-level (see Fig. 9.12) coupled os-
cillator. The results are provided in the color map in
Fig. 9.13b for the two LPBs, the hybrid branches
coupled to the 0–1 and 0–2 vibronics, and the
UPB. The data (points) are accurately fit by this the-
ory, yielding the Rabi splittings between each pair of
bands of nearly 400 meV in some cases. The branches
and anticrossing features of polariton modes in the
reflection spectra are also found in the PL spectrum of
many materials.
Energy exchange between polariton branches is

due to hybridization of cavity and exciton modes.
Or, as we have seen, it can also result in hybridization
of multiple vibronics from the same molecules. Like-
wise, if more than one excitonic species (e.g. two
organics) with near resonant excited states are blend-
ed into a cavity, energy exchange between these ma-
terials also becomes possible. This leads to many new
possibilities for devices, and for exploiting emergent
energy transport phenomena.
An example of the utility of strong coupling can be

found in the use of hybridized vibrational modes of
different molecules to catalyze reactions between
them. Strong coupling between carbonyl, C¼O
stretching modes of PMMA and DMF in Fig. 9.14 is
possible due to their very narrow transmission spec-
tral linewidths and near resonance at 1729 cm�1 and

1662 cm�1. The IR states exhibit strong coupling by
sandwiching a blend of PMMA and DMF between
two DBRs consisting of Ge ðn ¼ 4:01Þ and ZnS
ðn ¼ 2:24Þ, with a cavity resonance at Ecav ¼ 0:21 eV
that couples to both states. The DBR materials are
chosen for their transparency in the near IR, and the
ease of film growth by vacuum thermal evaporation.
The appropriate thickness of each layer in the DBR is
λ/4n. The transmission spectra of the blend result in
three polariton branches corresponding to hybridiza-
tion of the photon and the two IR modes of PMMA
and DMF.
The measured dispersion relationships are shown

in Fig. 9.15a. The simulated dispersion curves are
shown by solid lines. These curves are obtained by
solutions to the 3 � 3 secular matrix of Eq. 9.6 assum-
ing γ ¼ 0. The polariton state mixing coefficients, α, β,
and γ, are the new eigenvectors of the strongly
coupled system, and give the relative contributions
from the DMF, and PMMA vibronic states, and the
cavity mode, respectively, in each of the three
branches. Thus α, β, and γ, are found from solutions to

Ecav VDMF VPMMA

VDMF EDMF 0
VPMMA 0 EPMMA

24 35 α
β
γ

24 35 ¼ E
α
β
γ

24 35: ð9:16Þ
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Figure 9.14 Infrared transmission spectra of DMF and
PMMA. Molecular formulae of the molecules are shown in the insets
(Muallem et al., 2016).
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Here, the two interaction potentials are (VDMF,
VPMMA), and the uncoupled exciton energies are
(EF, EW-M). The potentials are related to the Rabi fre-
quencies by V ¼ Ω=2. The calculated mixing coeffi-
cients for each branch are shown in Fig. 9.15b.

The UPB is principally photon-like (γ) at high an-
gles, whereas the PMMA contribution (β) is strongest
at low angles. There is almost no contribution from
DMF (α) in the upper branch. The situation is reversed
for the LPB, where near k∥ ¼ 0, the contribution from
DMF is small compared to that of the photon mode.
At high angles, the relative contributions are reversed,
and the branch becomes almost completely excitonic.
The MPB is most interesting, since it consists of

contributions from both molecular states, with only
a minor contribution from both cavity mode. How-
ever, at approximately 40°, α2 ¼ β2 indicating com-
plete mixing and energy transfer between PMMA
and DMF. The PMMA content is highest at large k∥,
and the DMF contribution is dominant as k∥ ! 0. The
cavity mode contribution is substantial in the transi-
tion region where there is complete mixing between
the DMF, PMMA and photon modes (Muallem et al.,
2016). One anticipates that chemical interactions can
be enhanced from this mixing within the
MPB. Indeed, the control of the kinetic coupling be-
tween spiropyran and merocyanine derivatives by
coupling to cavity modes has been reported, opening
the path to using quantum electrodynamic effects to
tune the rate of chemical reactions between species
whose vibronic states lie within the cavity resonance
(Hutchison et al., 2012).

9.2.3 Hybrid organic/inorganic
semiconductor polaritons

Energy transfer from excitonic to conventional
semiconductors is achieved by hybridization of Fren-
kel and W-M excitons in the same resonant cavity.
The first observation of this hybridization was
achieved by combining W-M excitons in red emitting
InGaP multiple quantum wells (QWs) that are
resonant with the Soret band of TPP, using the struc-
ture in Fig. 9.16a. The bottom mirror is a DBR com-
posed of 24 pairs of undoped Al0.46Ga0.54As (n¼ 3.45)
and AlAs (n ¼ 3.04), grown by gas source molecu-
lar beam epitaxy on a GaAs substrate. The nine,
12 nm thick In0.52Ga0.48P QWs between 12.5 nm
thick Al0.4Ga0.6In0.5P barriers are similarly grown to
form the inorganic active region. A 320 nm thick TPP
layer is deposited onto the 75 nm thick AlGaInP spa-
cer by VTE to produce a nanocrystalline film. Finally,
the TPP is capped with a 5.5 pair DBR consisting of
sputter-deposited TiO2 (n ¼ 2.30) and SiO2 (n ¼ 1.46).
The index of refraction profile and the resulting

electric field within the cavity is shown in Fig. 9.16b.
Several field antinodes coincide with the strategically
placed, three QW groups spaced by AlGaInP. Also,
the TPP is sufficiently thick to contain several field
maxima, ensuring strong coupling to both the inor-
ganic and organic regions of the cavity. Strong coup-
ling is observed at both 100 K and 4 K (Holmes et al.,
2006). The reduced temperature is necessary to ensure
the stability of the lower binding energy, W-M state.
The dispersion relationships shown in Fig. 9.17a taken
from the reflectivity spectra at T ¼ 100 K show hy-
bridization of the W-M and Frenkel excitons in the
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Figure 9.15 (a) Measured (points) and calculated (solid lines) infrared
dispersion curves of a PMMA:DMF microcavity showing the upper, middle,
and lower (UPB, MPB, and LPB, respectively) polariton branches, giving
evidence for strong coupling of carbonyl modes in the two materials.
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DMF, PMMA, and photon modes (α2, β 2, γ2, respectively) in the various
branches (Muallem et al., 2016).
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MPB, with mixing coefficients in Fig. 9.17b confirm-
ing the extent of the hybridization. Due to the ener-
getic separation of the uncoupled excitonic states,
there is only approximately 20% Frenkel and W-M
character at 55°. Pronounced and rapid energy trans-
fer between these two very different excitonic states
is promoted by strong microcavity coupling analo-
gous to the formation of a hybrid charge transfer
exciton (HCTE) at an organic/inorganic heterojunc-
tion (cf. Section 4.7.3).
Room temperature W-M/Frenkel hybridization

has been achieved between ZnO and NTCDA. ZnO
has a strongly bound (and hence thermally stable) W-
M state with EB ¼ 60 meV. The cavity structure is
shown in Fig. 9.18, inset, with the dispersion relation
obtained from its reflectivity spectra shown in the
figure. An interesting feature of this cavity is that the
NTCDA 0–1 vibronic is in near perfect resonance with
the ZnO exciton. Fits to the data using an approach
similar to Eq. 9.16 yield a Rabi splitting energy of
Ω2¼ 320meVbetween themiddle andupper branches.

The lower branch splitting is roughly half that value.
The resonance between the ZnO andNTCDA 0–1 state
leads to strong mixing, with α2 ¼ β2 ¼ 0:4 at an angle
of 30°, suggesting strong energy transfer even at room
temperature (Slootsky et al., 2014).

9.2.4 Polariton lasers and Bose–Einstein
condensation

A particularly attractive feature of polaritons is their
ability to form a BEC in the LPB. Emission from the
condensate is coherent, and unlike a laser, there is no
requirement for population inversion. Hence, while it
shares many of the characteristics of conventional
lasers, emission from the equilibrium condensate
does not require a threshold pump intensity as long
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as the LPB population can be supplied from the ex-
citon reservoir at a rate that is greater than or equal to
the polariton decay rate itself. Formation of a

condensate at the polariton ground state energy is
inhibited by a strong polariton bottleneck, shown in
Fig. 9.11. However, we have already noted that the
bottleneck is considerably reduced in organics com-
pared with inorganics due to their high phonon ener-
gies and strong exciton–exciton scattering.
Room temperature polariton lasing in anthracene

(Kéna-Cohen and Forrest, 2010) contrasts with lasing
in inorganics at low temperature needed to stabilize
the W-M exciton (Deng et al., 2003). Anthracene single
crystals have narrow linewidths that are suitable for
both strong coupling and polariton lasing. (Kéna-
Cohen et al., 2008) The cavity structure is shown in
the inset of Fig. 9.19. Two DBRs are deposited onto
separate quartz substrates. Gold strips are then depos-
ited on the DBRswhose combined thickness is equal to
the cavity length, L. The substrates are brought into
contact, and the Au strips cold-weld bond by applying
pressure (Section 5.6.4) to form the empty cavity. An
open end of the cavity is immersed into a molten
solution of anthracene that is drawn into the gaps
between Au strips by capillary action (Section 5.4.1).
Nucleation at the strip edges results in the growth of
continuous, single crystals, as shown in the upper
micrograph in the left inset of Fig. 9.19. In contrast, a
film of anthracene grown on the substrate without the
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constrained dimensions of the cavity forms a rough,
polycrystalline film, as shown in the lowermicrograph.
The spectra of the crystalline films shows Davydov
splitting between light polarized along the a and b
crystal axes, similar to that found for tetracene in
Fig. 9.12. The narrow linewidths are suitable for dem-
onstrating strong coupling. Thus, the growth of single
crystals within a precisely fabricated high-Q (�600)
cavity are essential steps to realizing polariton lasing
at thresholdswell below that assumed for conventional
anthracene lasers (Kéna-Cohen and Forrest, 2010).
The dispersion relations for cavity luminescence at

room temperature and 77 K are shown for the lower
polariton b polarized branch (LPb) in Fig. 9.20.
A signature of condensation is the abrupt and signifi-
cant narrowing of the angular dispersion near the
ground polariton state as the pump power is in-
creased above threshold. Furthermore, the lumines-
cence stays within the LPb branch rather than moving
into the cavity mode, as would be expected for con-
ventional lasing.

The transition to polariton lasing is accompanied
by a rapid increase in the slope of the output intensity
vs. pump fluence, as well as a narrowing of the output
emission spectrum. The trends in output intensity,
spectral linewidth and angular extent of emission
with pump fluence from the lower branch at ~120 K
are plotted in Fig. 9.21. The lasing threshold is at a
fluence of 17 nJ, at which point the spectral linewidth
decreases by a factor or 2 and the angular extent of the
lower branch luminescence decreases from 40° to 7°.
The intensity dispersion in Fig. 9.20 approximately
follows a Bose-Einstein distribution with a character-
istic temperature of 326 K when plotted vs.
E k∥
� �� E0, suggesting that the condensate is near

equilibrium. Also, the PL lifetime dramatically de-
creases from 1 ns below threshold, to < 30 ps above
threshold (Kéna-Cohen and Forrest, 2010).
Unlike a conventional laser, the polariton laser

characteristics are strongly temperature dependent.
This is illustrated in Fig. 9.22 where threshold vs.
temperature of a polariton laser is compared with a
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Reprinted figure with permission from Slootsky, M., Zhang, Y. & Forrest, S. R., Physical Review B, 86, 045312, 2012. Copyright 2012 by the American
Physical Society

934 EXPECT THE UNEXPECTED: MORE POSSIBILITIES FOR ORGANIC ELECTRONICS



conventional, low threshold laser employing an
Alq3 host doped at 2 wt% with the red-emitting fluor-
ophore, DCM2, described in Section 6.8. The conven-
tional laser has a threshold that is approximately ten
times lower than the polariton laser. Furthermore, its
threshold and other lasing characteristics are tempera-
ture independent owing to the “quantum dot” nature
of isolated fluorescent molecules in a wide energy gap
host matrix that contribute to the laser emission.

There are numerous possible explanations for the
higher threshold of polariton lasers, including the
much lower PL efficiency of neat anthracene (~0.6)
compared to DCM2 doped in a host matrix (~0.9),
and temperature-independent losses in the anthra-
cene cavity. Note that the increase in polariton
lasing threshold with temperature is opposite to
that expected for condensation limited by a bottle-
neck between the ground state and the exciton res-
ervoir, where lack of thermally-assisted scattering
results in an increase in threshold as temperature is
decreased.

The critical density for BEC is calculated by assum-
ing a finite two-dimensional system approximately
equal to the pump spot of radius, R, using the Bose–
Einstein distribution function:

Nc ¼ 1
πR2

X
kjj�2π=R

exp EðkjjÞ �Eð0Þ�μ
� �

=kBT
� �� 1

	 
�1
:

ð9:17Þ

The chemical potential, μ, approaches 0, allowing for
an unlimited number of bosons in excess of the critical
density,Nc, to populate the ground state. Substituting
the LPb dispersion and evaluating the sum in Eq. 9.17
gives the critical density as a function of temperature,
as shown by the line in the inset in Fig. 9.22. The
calculated linear regime for anthracene extends
above room temperature to nearly 400 K due to strong
light-matter interactions compared to that of analo-
gous inorganic systems.
The polariton density is N ¼ 0:5� η�Ninc=V for a

PL quantum efficiency, η, and an estimated 50% ab-
sorption of incident light by the active medium of vol-
ume, V. Also, Ninc is the number of incident photons.
Comparing the experimental threshold pump fluence
with the critical BEC density in the thermodynamic
limit in Eq. 9.17 yields a quantum efficiency of only
η � 10�6. The discrepancy between Nc (which assumes
an infinite particle lifetime) and the pump power re-
quired for lasing arises from the existence of loss path-
ways for the relaxation of excitons from the reservoir to
the bottom of the polariton branch.
The strength of exciton–photon interactions in or-

ganics has led to observations of BEC in the dis-
ordered polymer, MeLPPP, sandwiched between
two Ta2O3/SiO2 DBRs. This ladder-type polymer
has a relatively narrow emission spectrum with a
peak at 2.68 eV (Plumhof et al., 2014). The device
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exhibits another interesting feature of polariton lasers:
spectral blue shifts with pump fluence shown in
Fig. 9.23a–c. There are several notable characteristics
of these data. The pronounced decrease in the extent

of in-plane momentum above threshold is accompan-
ied by symmetric lasing intensity maxima about
k∥ ¼ 0. This is due to incomplete thermalization
from the polariton bottleneck between the exciton
reservoir and the LPB ground state. This, in turn,
results in an increase in threshold as temperature is
decreased, opposite to that of the crystalline anthra-
cene laser. Furthermore, laser emission (not shown) is
blue-shifted from the polariton emission by approxi-
mately 10 meV, although it remains >20 meV below
the cavity mode energy. Note that a second popula-
tion of non-lasing polaritons is also apparent in
Fig. 9.23c at lower energies, possibly due to the sec-
ond higher vibronic state of the polymer that also is
coupled to the cavity. The blue shift with pump flu-
ence is due to repulsive polaron interactions, and is
opposite to the red shift experienced by conventional
lasers that are pulled toward regions of higher gain as
the transparency increases above threshold. It is not-
able that neither the disordered polymer nor crystal-
line anthracene polariton lasers make a transition to
conventional lasing. This differs from inorganic la-
sers, possibly since the conventional lasing threshold
may exceed the damage limit of the organics.
An additional feature of a polariton laser is spatial

beam coherence, illustrated by the interferograms in
Fig. 9.24 for a thermally evaporated, amorphous
TDAF layer sandwiched between six-period, Ta2O3/
SiO2 DBRs. The cavity Q ~ 600 leads to Rabi splitting
energies of 580 meV for a detuning of � ~ 400 meV.
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Figure 9.24 Interferograms (a) below and (b) above threshold for a
TDAF polariton laser (Daskalakis et al., 2014).
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Below threshold, no fringes appear (Fig. 9.24a), indi-
cating a total absence of spatial coherence. At 1.9Pth,
ordered interference fringes are visible across the entire
emitting area of the laser, indicative of coherent emis-
sion. Also, the emission is TM polarized, independent
of the pump beam polarization (Daskalakis et al.,
2014). The presence of fringes and polarized emission
both point to spatial and temporal coherence.

We can draw several conclusions from the fore-
going observations of polariton lasing. The first is
that it can be observed for both crystalline and
amorphous films as long as strong coupling is pre-
sent. As noted above, this is possible when the exciton
and cavity linewidths are less than the Rabi splitting
that, unlike conventional semiconductors, can be very
large. Further, polariton lasing exhibits features that
distinguish it from conventional lasing, such as a blue
shift in emission above threshold, and in some cases
an increase in threshold as temperature is decreased.
Polariton lasing has a threshold far below that of its
conventional lasing threshold. The existence of a
low threshold is a consequence of the reduced polar-
iton bottleneck whereby supply of polaritons from the
exciton reservoir exceeds losses due to a combination
of non-radiative and radiative processes. To date, the
thresholds remain too high to enable electrically
pumped organic polariton lasing at room tempera-
ture. Cooling is not expected to improve this situ-
ation. Finally, like a conventional laser, the emission
from a polariton laser is polarized, and has both tem-
poral and spatial coherence.

9.2.5 Ultrastrong coupling and polaritonic
OLEDs and OPDs

In spite of the high thresholds for BEC formation, a
step toward realizing electrically pumped polaritonic
lasers has been made by the demonstration of a po-
laritonic OLEDs and organic photodetectors. Both
device types employ a pair of metal mirrors, resulting
in ultrastrong coupling between the exciton and photon
modes. Here, ultrastrong coupling is defined as the
condition where the Rabi splitting is an appreciable
fraction of the exciton energy, that is, when the nom-
inal condition that Ω � 0:1Eex is met. The simple di-
polar interactions employed in analyzing strongly
coupled polariton dynamics must be modified to in-
clude nonlinear effects such as antiresonant couplings
in the ultrastrong coupling regime (Ciuti et al., 2005,
Kéna-Cohen et al., 2013).

Small molecule based OLEDs whose spectra are
modified by ultrastrong coupling have been reported
(Tischler et al., 2005, Gubbin et al., 2014, Genco et al.,
2018). Ultrastrong coupling has resulted in a large

exciton to polariton conversion efficiency approach-
ing 25% in the device structure in Fig. 9.25. This de-
vice comprises a 55 nm thick C545T green fluorescent
emitting layer (EML). The amount of detuning is ad-
justed by varying the thickness of the EML as well as
the surrounding charge injecting layers from a total
thickness of from 110–130 nm. Ultrastrong coupling is
achieved by sandwiching this conventional OLED
structure between two Al electrodes, with emission
emerging from the bottom, 25 nm thick semitranspar-
ent anode.
Ultrastrong coupling was verified by measuring the

reflectance due to optical pumping. There the ratio of
the Rabi splitting energy to that of the bare exciton
was a remarkable G ¼ 0.92 eV/2.5 eV ¼ 0.37, which is
well beyond the nominal threshold of 0.1 for ultra-
strong coupling. Emission intensity vs. angle from
OLEDs with cavity detunings of 26 meV (A1) and
�283 meV (A2) are shown in Fig. 9.26. The emission
follows the expected dispersion curve of the LPB,
since the polaritons relax into the lowest available
energy state more rapidly than their recombination
rate. Also, this dispersion shows that the emission is
due to coupling to the electrically generated excitons.
Note that the emission from cavity A2 with the large
detuning is not centered at the LP branch minimum,
but rather has the highest intensity at approximately
40° from normal. This is due to the polariton bottle-
neck, preventing polaritons that are pumped at high
angles from relaxing into the minimum energy state at
0°. The external quantum efficiency of polariton emis-
sion is 0.2%, which corresponds to an approximately
25% coupling of exciton to polariton state emission.
Also, the OLEDs exhibit a maximum intensity of
700 cd/m2.
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EBL

p-doped HTL
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Substrate

Figure 9.25 Polaritonic OLED structure exhibiting ultrastrong coupling
via both electrical and optical pumping. The cavity is formed by the two Al
mirrors, and the EML comprises a 55 nm thick neat C545T fluorescent
layer (Genco et al., 2018).
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Ultrastrong coupling has been exploited in a polari-
tonic organic photodiode (OPD), where splitting
between the branches results in a large red shift of the
LPB. This permits photodetection at much longer
wavelengths than for the same materials used in an
uncoupled detector. Conceptually, this can be under-
stood by the illustration in Fig. 9.27. Like the polari-
tonic OLED, the active region is sandwiched between
metal mirrors to create a strong coupling environment.
The organic active region consists of a donor–acceptor
junction that can dissociate the polaritonic state, there-
by generating photocurrent. Ultrastrong coupling
splits the uncoupled excitonic absorption spectrum
into widely separated upper and lower branches. The
LPB is significantly red-shifted, with a nearly equal
blue shift of the UPB. This, in principle can result in
absorption deep into the IR that is typically poorly
accessed by the bare organic films due to rapid recom-
bination of IR excitons as limited by the energygap law
(see Section 3.6.1).
A NIR absorbing OPD employed a structure analo-

gous to that in Fig. 9.27. The structure is a planar-
mixed HJ (see Section 7.1.2): Ag anode (75 nm)/
HATCN (15 nm)/CuPc (15 nm)/SnPc:C60 (0.73:0.27
by vol., 110 nm)/C60 (30 nm)/Bphen (15 nm)/LiF
(1 nm)/Ag cathode (25 nm). The absorption of the
SnPc donor has a peak at 850 nm, with a tail extending
to 1 μm. The absorption and external quantum effi-
ciency (ηext) spectra of the device are provided by the
color maps in Fig. 9.28a and b, respectively. Remark-
ably, a very large Rabi splitting of Ω ¼ 0.70 eV is 42%
of the uncoupled exciton wavelength. The wavelength
shift of the LPB is as large as 0.44 eV, and the blue shift
of the UPB is 0.36 eV. The ηext spectrum follows that of
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the absorption in Fig. 9.28a. Additional spectral de-
tails are resolved in the internal (ηint) and external
quantum efficiency plots in Fig. 9.28b. The strongly
coupled spectra at 0° and 60° reveal the two peaks at
short and long wavelengths. The external efficiency at
long wavelength is considerably higher than for an
analogous, uncoupled device (dashed line), employ-
ing a non-reflective ITO anode. In particular, the
peaks at 970 nm and 1 μm for incident angles of 60°
and 0°, respectively, are considerably more intense
than for the conventional OPD. The peak external
quantum efficiencies at both short and long wave-
lengths of the strongly coupled devices, however,
fall short of those for conventional excitonic OPDs
(Eizner et al., 2018).

Finally, strong coupling between photons and
charges can generate a polaron-polariton that is quali-
tatively different from exciton-polaritons. The former
couples a spin-½ particle (a polaron) with a spin-1
photon, resulting in a quasiparticle that follows Fermi
statistics. This is in contrast to the exciton-polaron

which is a boson. The charged polaron-polariton can
respond to an external electric field, and is similar to a
trion, which is a weakly bound charge-exciton state
found in inorganic semiconductors at low temperat-
ures. The large Rabi splitting of the polaron-polariton
is a consequence of the intense, narrow spectral line-
widths of anionic and cationic radical organic species,
making them stable even at room temperature.
An energy level diagram of a cationic polaron-

polariton is shown in Fig. 9.29a. A missing electron in
the HOMO (i.e. a hole) is bound to an electron in the
HOMO-1 state, and is coupled to a resonant cavity
photon to form the quasiparticle. Analogously, a mo-
lecular anion radical with an unpaired electron in the
LUMO couples to the LUMO+1 or other higher LUMO
states. To prepare the cationic states, the hole conduct-
ing TAPC is doped with MoO3 whose large LUMO
energy serves as an electron acceptor. Electrons are
transferred from the HOMO of TAPC to MoO3. In-
creasing the dopant concentration increases the dens-
ity of TAPC+ cations.
Evidence for charge transfer is inferred from the

spectra in Fig. 9.29b. The extinction peak (with
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attenuation coefficient, κ) at 1.77 eV and its sidebands
only exists in the presence of the dopant. Therefore,
these features are assigned to a singly charged radical
cation species. The neutral exciton is found at ap-
proximately 3.5 eV. The increase in κ is accompanied
by a drop in the real part of the index of refraction, n.
This is confirmed by direct optical measurements of
the cationic species in solution (Cheng et al., 2018).
Films of 10 wt% MoO3:TAPC were sandwiched

between a reflective, 100 nm thick Ag mirror and a
semitransparent, 17 nm Ag mirror that form a strong-
ly coupled cavity. Reflectivity spectra are shown in
Fig. 9.30a along with the calculated spectra assuming
a coupled oscillator pair. The TAPC+ reflectivity peak
at 1.77 eV is split, resolving the anticrossing between
the two polaron branches with a Rabi energy of

320 meV. The magnitude of the splitting is indicative
of ultrastrong coupling found in cavities bound by
metal mirrors.
Interestingly, it is found that the splitting is related

to the film absorbance via Ω∝ αLð Þ1=2 (see Fig. 9.30b),
consistent with Eq. 9.10. That is, the TAPC+ density,
and hence its absorption increases linearly with MoO3

concentration. This, in turn, increases the coupling of
the TAPC+ to the cavity mode.
Since the polariton carries charge, it can be electro-

statically manipulated. Thus, the transport of polar-
ons from source to drain in a resonant cavity
transistor can be influenced by charge injection and
the gate potential. A remarkable aspect of polaron-
polaritons lies in their room temperature stability that
apparently is unique to organic materials with their
low dielectric constants, and consequently large bind-
ing energies of the molecular excited states.
The foregoing devices experience ultrastrong

coupling using cavities comprising two metal mir-
rors. However, ultrastrong coupling can be observed
for any cavity that provides sufficient optical feed-
back. An all-dielectric structure that supports BSWs
has demonstrated this degree of coupling in DBP
thin films on the surface of a DBR pre-deposited on
a fused silica substrate, see Fig. 9.10. The DBP ab-
sorption spectrum in Fig. 9.31a shows four well-
resolved peaks corresponding to the 0–0, 0–1, 0–2,
and 0–3 vibronics in the S1 manifold. Fits to the
coupled oscillator formalism for a d ¼ 10 nm thick
film are shown in Fig. 9.31b. All three of the domin-
ant vibronics are coupled to the BSWs, yielding a
Rabi splitting of 215 meV, which is at the lower
edge of the ultrastrong coupling regime.
The coupling increases with organic film thickness.

This is anticipated since the evanescent field that leaks
out of the DBR overlaps more of the organic film as its
thickness increases. However, the effect saturates due
to the exponential decay of the field intensity with
distance from the DBR surface. In the constant field
approximation, the Rabi splitting energy is given by
ΩðdÞ ¼ A

ffiffiffiffiffiffiffiffiffiffiffiffiffi
d� d0

p
, where A is a constant and d0 is a

distance that scales with the line broadening param-
eter, γ. This expression results in the dashed line fit in
Fig. 9.31c, clearly overestimating the coupling
strength at d > 15 nm. To correct for reduced field
interactions, the exponentially decreasing field amp-
litude over characteristic length, l, must be integrated
across the film thickness. Then, the Rabi splitting
follows (Hou et al., 2019)

ΩðdÞ ∝ μ
ffiffiffiffi
N

p
�F ¼ μ

ffiffiffiffi
N

p ðd
0

e�x=l

d
dx; ð9:18Þ
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N. C., Physical Review Letters, 12, 017402, 2018. Copyright 2018 by the
American Physical Society.
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where �F is the mean electric field, N is the number of
oscillators that is proportional to d, and μ is molecular
transitiondipolemoment.As shownby the solid line in
Fig. 9.31c, this expression no longer overestimates the
degree of coupling. Although the effect saturates with
film thickness, significant coupling is achieved with
the all-dielectric cavity, reaching Ω > 0.2Eex at film
thicknesses of 50 nm.

While the results of the active polaritonic OLEDs
and OPDs are promising, their performances still fall
short compared with conventional devices. Neverthe-
less, as noted above, the stable room temperature
polariton phenomena in organic semiconductors
open doors to many new potential nonlinear optical
applications, ranging from electrically pumped polar-
iton lasers, to all-optical logic gates and IR detectors
(Sanvitto and Kéna-Cohen, 2016, Snoke and Keeling,
2017). The list of properties accessed via strong coup-
ling, and of their concomitant optical phenomena yet
to be discovered, is long and growing. For example,
early demonstrations of using polaritons for the con-
trol of chemical reactions may eventually lead to new
chemistries based on the interaction of light and mat-
ter. The insights that polaritonic phenomena provide
into the understanding, and ultimately the control of
energy transfer between both homogeneous (organ-
ic/organic) and heterogeneous (organic/inorganic)
materials systems provides compelling reasons to
continue their investigation and exploitation.

9.3 Organic thermoelectricity

Thermoelectric materials provide a simple and poten-
tially low cost route to temperature control, measure-
ment, and thermal energy conversion to electricity.
However, many inorganic materials used in efficient
thermoelectric devices are often difficult or costly to
synthesize, are comprised of difficult to obtain mater-
ials, and may be brittle, preventing their being shaped
into desired form factors. The need for efficient ther-
moelectrics useful in a wide range of thermal gener-
ating and harvesting applications has therefore
focused attention on the use of organic thin films
that can be made from earth-abundant materials at
low cost, while having adaptable form factors via
fabrication on large area, flexible substrates.
The processes of thermal generation (i.e. heating

and refrigeration) and energy harvesting are comple-
mentary, and hence can be understood from a single
analytical perspective. The Seebeck effect is when a
temperature difference across a semiconductor results
in a voltage difference that can deliver power to a load
(energy harvesting). The converse, Peltier effect, is
when current across a semiconductor develops a tem-
perature difference, enabling heating or cooling, de-
pending on the direction of current flow.
These two effects are conveniently understood with

reference to the thermocouple in Fig. 9.32, where two
different materials (a and b) form a pair of parallel
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junctions, J1 and J2. If the two junctions are at different
temperatures, T0 and T0 þ�T, a voltage is developed
across the gap in material b, whose magnitude is
given by the Seebeck coefficient:

Sab ¼ �V=�T: ð9:19Þ
In this discussion, we use Sab for the Seebeck coeffi-
cient, although αab is also used. If the current flows
from the hot to the cold junction (�T > 0), then S > 0,
whereas if it flows in the reverse direction, S < 0. The
direction of current flow depends on whether the
majority carriers are electrons or holes. The Seebeck
effect is thus also useful for determining the majority
carrier type of a semiconductor.
The converse phenomenon of heating or refriger-

ation of a junction via the passage of current, I, is
characterized by the Peltier coefficient:

πab ¼ I= _Qth; ð9:20Þ
where _Qth is the rate of cooling or heating. That is, one
of the junctions is heated at rate _Qth > 0, while the
other is cooled at rate _Qth < 0. The Peltier effect is
most frequently used for thermoelectric heaters and
coolers. The Seebeck and Peltier coefficients are re-
lated via the Kelvin relationship:

Sab ¼ πab=�T: ð9:21Þ
The magnitude of the thermoelectric effect of a par-
ticular material is characterized by the dimensionless
figure of merit, z:

zT ¼ S2σT
κ

; ð9:22Þ

where σ is the electrical conductivity and κ is its
thermal conductivity. Here, z is an intensive param-
eter that is defined by the material characteristics
alone. However, to characterize a thermoelectric de-
vice with resistance, R, and thermal conductance K,
use of the extensive parameter:

ZT ¼ S2T
RΚ

ð9:23Þ

is more appropriate.
Finally, the power factor of the material is

PF ¼ S2σ: ð9:24Þ
Equation 9.22 shows that a high zT is achieved for
materials with a high electrical and a low thermal
conductivity. High electrical conductivity is required
to reduce internal power loss, I2R. On the other hand,
κ must be small such that the device can support a
large thermal gradient across a small distance so
as not to thermally short the hot to the cold end.
Shorting results in a decreased �T across the
thermocouple.
The thermal conductivity is due to the sum of the

conductivity from the lattice, κlat, and the electron popu-
lation, κel. Heat transport by phonons is expressed using

κlat ¼ 1
3
Cvvλph; ð9:25Þ

where Cv is the heat capacity per volume, v is the
velocity of sound, and λph is the phonon mean free
path. For conducting polymers, the lattice contribu-
tion to the thermal conductivity is 0.1–1 W m�1 K�1.
The electronic contribution is related to the electrical
conductivity via the Weidemann–Franz law, viz.

κel ¼ LσT; ð9:26Þ

where L ¼ π2=3
� �

kB=qð Þ is the Lorenz factor. Thus, κel is
proportional to the electrical conductivity, leading to a
tradeoff in finding σ that maximizes zT. In organic
semiconductors, κel ≪ κlat, and often can be neglected.
The Seebeck coefficient for a material is ultimately

determined by the DOS, g(E), available for conduction
by electrons and/or holes. Recall from Section 4.3.2
that the HOMO and LUMO densities of states can be
approximated by Gaussian distributions about the
frontier energy levels, EHOMO and ELUMO, respective-
ly. We have shown that conduction is affected by both
static and dynamic disorder, which are characteristics
of both polymers and small molecules. Thus, the pic-
ture is made more complete by inclusion of a separate
Gaussian DOS centered at energy ET near the Fermi
energy. An example DOS for an archetype p-type
material is shown in Fig. 9.33. A similar trap state
distribution can also exist at the LUMO edge, and in

a

bb

J
1

J
2T

0 + ∆T T
0

∆V

+S

I

–S

I

Figure 9.32 Schematic of two dissimilar materials, a, b, forming a
thermocouple. The thermocouple comprises a pair of junctions, J1, J2,
at different temperatures. This induces a voltage drop, �V, and hence
a current flow, I, in an external load. A clockwise current flow results
from a material with a positive Seebeck coefficient, S. Otherwise S is
negative.
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fact this most likely is the case in most organics. The
conductivity of carriers via either conduction or va-
lence states then can be written

σ ¼
ð
σ Eð ÞdE ¼ q

ð
g Eð Þμ Eð Þf Eð Þ 1� f Eð Þ½ �dE; ð9:27Þ

where μ(E) is the energy-dependent mobility, and the
terms including the Fermi function, f(E), account for
the probability that a charge can move from an occu-
pied to an unoccupied state. This analysis suggests
that the fraction of electrons between E and E + dE
contributing to conduction is given by σ Eð ÞdE=σ, in
which case we can calculate the Seebeck coefficient for
metallic materials (where κlat < κel ∝ σ) as follows
(Fritzsche, 1971, Mott and Davis, 1979):

S ¼ � kB
q

ð
E� EF

kBT

� �
σ Eð Þ
σ

dE: ð9:28Þ

This relationship is valid for materials where the con-
duction takes place at or near the Fermi energy, EF,
and σ is a slowly varying function about EF. Note that
in p- and n-type materials, the conduction level ener-
gies, E, are less than or greater than EF. Hence, the
sign of the integrand, and consequently, S, changes
for the different materials types. By convention, S < 0
for n-type, and S > 0 for p-type semiconductors.

In n- or p-type organics, the charges are primarily
transported within either the HOMO or the LUMO
level state distributions where E may significantly
differ from EF, making Eq. 9.28 incomplete (Kaiser,
1989). In disordered organic materials, electron–
phonon interactions must be considered, but are

absent in this expression. It is likely that organics
are single energy band conductors, that is, either
holes or electrons dominate the conductive proper-
ties of a particular material. If transport occurs by
three-dimensional (3D) variable range hopping, then
σ ¼ σ0exp � T0=Tð Þ1=4

h i
where σ0 and T0 are con-

stants. In this case, Eq. 9.28 becomes (Mott and
Davis, 1979)

S ¼ k2B
2q

T0Tð Þ1=2dlnD Eð Þ
dE


E¼EF

; ð9:29Þ

leading to the more realistic approximation used for
degenerate semiconductors (Cutler et al., 1964):

S ¼ 2kBm∗T

3h� 2
� �

π

3n

� �2=3 kB
q

� �
: ð9:30Þ

This is known as theMott formula. From the foregoing,
a thermoelectric device must balance the electrical
and thermal conduction properties to maximize its
efficiency. The tradeoffs are qualitatively illustrated
for insulators, semiconductors, and metals in
Fig. 9.34. In the lower panel, we show that the electron
contribution to the thermal conductivity is important
only in metals, and in very highly doped (i.e. degen-
erate) semiconductors, whereas for most semicon-
ductors and insulators, κlat is dominant. The
decrease in S due to an increasing σ is counteracted
by the low κ of insulators. Taking these factors into
consideration, the power factor peaks for highly
doped semiconductors. However, this applies
only to materials systems where σ and κ are linked.
One advantage of organic materials is the ease with
which doping and thermal conductivity can be inde-
pendently controlled. We will find below that com-
posites consisting of carbon nanotubes (CNTs)
dispersed in polymer matrices, or ionic doping of
PEDOT are two strategies used to optimize this tradeoff.
An additional figure of merit for a thermoelectric

generator (TEG) is its maximum efficiency, ηTEG,
which is equal to the ratio of the energy supplied to
the load to the heat absorbed at the hot junction. The
thermodynamic limit of ηTEG is the Carnot efficiency,
ηC ¼ �T=TH ¼ TH � TCð Þ=TH < 1, where TH (TC) is
the temperature of the hot (cold) junction. Then, it
can be shown for a generator with figure of merit, Z
(Rowe, 2005),

ηTEG ¼ ηC

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ Z�T

p
� 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ Z�T
p

þ TC=TH

; ð9:31Þ

where �T ¼ TH þ TCð Þ=2 is the average temperature.
Organic semiconductors are useful for thermal

power generation at temperatures that are tolerable
for these materials, that is, at T � 150°C. Fortunately
this range represents the largest fraction of waste heat
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Figure 9.33 Density of states (DOS) at the HOMO and LUMO energies,
along with a trap density centered at ET.
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generated in common household and building envir-
onments. Inorganics, however, can be used where
more extreme temperatures are produced, such as
scavenging heat from automobile exhausts, inciner-
ators, and in the production of materials such as Si,
steel, etc. Taking TC ¼ 300 K and TH ¼ 450 K as
reference temperatures, the Carnot efficiency is ηC ¼
0.33. Of course, ηC increases with TH, ultimately limit-
ing the maximum ηTEG that can be reached at the
lower end of the temperature range accessible to or-
ganics. Figure 9.35 shows the dependence of ηTEG and
ηC on TH for several values of Z in the temperature
range typically accessed by organic TEGs. The highest
ZT ~ 1–2 is achieved with inorganic alloys such as
Bi2Te3 and SiGe (Snyder and Toberer, 2011), which is
at least a factor of four higher than reported for or-
ganic TEGs (Russ et al., 2016). Also, Z is roughly 50%
that of z in the most efficient, practical thermoelectric
appliances. Thus, for an organic TEG operating at
450 K, we find an upper practical value of Z ~ 0.8 �
10�3 K�1, giving ηTEG ~ 2.2% at TC ¼ 300 K.
Analogously, the maximum efficiency for cooling is

ηCOP ¼
TC

ηCTH

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ Z�T

p
� TH=TCffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ Z�T
p

þ 1
; ð9:32Þ

which is also known as the maximum coefficient
of performance. This corresponds to a maximum

temperature difference of �Tmax ¼ 1
2ZT2

C. A plot of
the theoretical maximum temperature for a generator
with figure of merit Z, and with TH ¼ 298 K is shown
in Fig. 9.36. Using the performance values given
above, a refrigeration module employing organic
thin films is expected to have �Tmax ~ 50 K.

9.3.1 Organic thermoelectric module architectures

Figure 9.37 provides a compilation of representative
ZTmax values versus the year of their demonstration
for several inorganic and organic thermoelectric ma-
terials. The inorganic materials undergo a significant
increase in ZTmax when nanostructured such as with
quantum wells or nanowires, to break the strict de-
pendence between the electrical and thermal con-
ductivities of the materials (Hicks and Dresselhaus,
1993). The highest values are obtained for Pb-based
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II–VI semiconductors, with ZTmax > 2. Nanostructur-
ing of organic materials has also led to higher
thermoelectric figures of merit, as discussed below.
To date, the highest ZTmax for organics hovers at just
less than 0.5, with the best results obtained for

PEDOT and related polymers (Bubnova et al., 2011,
Kim et al., 2013b).
Selected values of S and PF for a population of both

n- and p-type organic thermoelectric materials are
shown in Fig. 9.38. The various points correspond to
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data taken from the literature, with specific references
provided in Russ et al. (2016). The data roughly
follow the empirical relationships S∝ σ�1=4 and
PF ¼ S2σ∝ σ1=2 shown by the lines. While there is con-
siderable scatter of the data about the trend lines, it is
nevertheless remarkable that the data follow these
trends over approximately 11 decades in conductivity,
and are independent of whether the material is n- or p-
type. The origin of these empirical relationships is as yet
unclear, and does not appear to be well fit by variable
range hopping (cf. Eq. 9.29) or conduction along the
mobility edge. It has been suggested that this trend
may be coincidental, in that it may exist for high con-
ductivity (and hence degenerately doped) organics
that blends smoothly into a similar functionality for
low doped, semiconducting-to-insulating materials
(Glaudell et al., 2015, Russ et al., 2016). In any case, it
is clear that the relationship between conductivity and
the thermoelectric properties of organics is robust, and
hence can be a useful predictive tool for selecting ma-
terials for specific applications.
The performance of the inorganic bismuth chalco-

genide, Bi2Te3, is shown for comparison (black, oppos-
ing triangles). While this material has the highest PF,
CNT composites, polyanylenes (PANI), polyacetylenes
(PA), and PEDOT-based compounds are competitive,
reaching a maximum PF ~ 3 � 10�3 W m�1 K�2. Also,
due to the generally higher hole compared to electron
mobilities in organics, the thermoelectric properties of
p-type organic thin films (blue data points) also tend to
be superior to n-type materials (orange points).
To scavenge a meaningful amount of energy, or to

cool or heat a loadwith a significant thermal mass, the
thermoelectric elements must be arranged in a mod-
ule comprising a parallel array of individual

thermocouples or heaters, as shown in Fig. 9.39. The
two types of elements employ either bulk or thin film
architectures (Fig. 9.39a and b, respectively). The hot,
heat-rejecting side is isolated from the heat-absorbing
(cold) side by thermoelectric materials that have a low
thermal but high electrical conductivity.
A module such as shown on the right in Fig. 9.39a

consists of an electrical series connection of individual
elements, with each element absorbing and rejecting
heat in parallel. Since n- and p-type materials have
Seebeck coefficients of opposite sign, using a combin-
ation of materials with opposite majority carrier types
results in effective thermal isolation of the hot and
cold surfaces while producing equal electron and
hole currents (In and Ip). If the values of σ and κ are
identical for materials of both carrier types (which is
almost never the case), then z ¼ Z.
Stacking multiple thermoelectric coolers (TEC) or

heat generators (TEG), with each subsequent cooler
module smaller than the one beneath it, results in an
increased�Tbetween the top andbottomsurfaces. The
stack should be mounted on an efficient heat sink to
dispose of waste heat when used as a TEC, or to in-
crease the highest possible temperature of a TEG. The
diminishing area for each module compensates for the
less than unity efficiency of the Peltier effect.
While bulk elements are readily achieved using in-

organics, organic materials are more adaptable to a
thin film form factor, making the geometry in
Fig. 9.39b preferable. The thin film TEC or TEG can
be mounted on a flexible and/or conformable sheet.
This allows for roll-to-roll manufacturing of large area
modules, which can lower cost and increase produc-
tion throughput. A disadvantage of thin film TE de-
vices is that thermal conduction through the substrate
can thermally short-circuit the device. Using low ther-
mal conductivity substrates is, therefore, imperative.
The thin film architecture also places constraints on

its orientation to achieve intimate contact with the
thermal load. As in the case of bulk elements, using
a combination of n- and p-type legs connected in
series increases the total current generated per device
area, while providing thermal isolation of the cold
and hot regions of the load. Matching hole and elec-
tron currents is accomplished in the in-plane config-
uration by adjusting the leg widths (w) via printing.
For example, if In ¼ xIp in a cooler whose legs are of
equal width, then the currents are balanced when x ¼
wp/wn, where wp and wn are the widths of the p- and
n-type legs, respectively. Note too, that the thermal
properties of the n- and p-type regions must be
matched to achieve the highest performance.
Thermal and electrical matching conditions may not

Ip In

I

TH

TC

(a)

p-type

p-type

n-type

n-type

TH TC

(b)

Figure 9.39 (a) Bulk thermoelectric cooling (TEC) element comprising a
p- and an n-type leg. On the right is a multistage TEC using arrays of bulk
elements. (b) Thin film TEC element.
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always result in the same leg geometries, in which
case tradeoffs are inevitable.

An example configuration for thin film thermo-
electrics uses a corrugated structure as shown in
Fig. 9.40a, originally demonstrated for Ag/Ni TEG
modules. The p- and n-type organic materials along
with their series/parallel electrical connections are
printed onto a thermoformable (e.g. PET) base film.
The array is attached only to the bottom substrate and
the top lid (also PET) along the interconnect lines.
Heating the package results in shrinkage of the
lid and base, causing the TEG array to buckle into
the third dimension. This allows for contact between
the hot and cold surfaces that are separated only
by the thin films themselves and the resulting air
gaps. The detail in Fig. 9.40b shows that the n- and
p-type stripe widths can be independently adjusted to
match the currents generated in each material. This is
one of many possible configurations. Depending on
the application (e.g. for thermometry on an irregular
skin surface), the 2D planar configuration may in fact
be preferable to 3D arrangements.

9.3.2 Example devices

The thermoelectric performance, including relevant
materials parameters for many organic thin films and
composites optimized for their thermoelectric proper-
ties, can be found elsewhere (Chen et al., 2015b,
Toshima, 2017). Among the various materials used as
thermoelectrics, PEDOT has shown the highest per-
formance (Bubnova et al., 2013, Kim et al., 2013b). As

we have shown in the preceding discussion, organics
have strong electron–phonon interactions that de-
couple the electrical from the thermal conductivity.
The challenge for organics, then, is to achieve a suffi-
ciently high electrical conductivity in both p- and n-
type materials to avoid dissipative I2R losses. In this
regard, the conductivity of PEDOT can be controlled
over several orders of magnitude by changing its ratio
with an ionic species such as PSS. Since PSS is hydro-
philic and PEDOT is hydrophobic, they can be readily
separated using organic solvents.
Dedoping, which increases the electrical resist-

ance, has been achieved by thermal annealing films
of PEDOT:PSS spun onto glass from solutions mixed
in either ethylene glycol (EG) or DMSO. Figure 9.41
shows the electrical and thermal properties of the
cast films that are dedoped by subsequent immer-
sion in an EG solution for extended periods; the
doping is decreased with the duration that the mix-
ture spends in solution. The electrical conductivity in
Fig. 9.41a increases with time until approximately
100 min, at which point it reaches a peak value
close to 1000 S/cm. After 200–300 min, the change
in conductivity decreases due to completion of the
dedoping process. Concurrently, the thermal con-
ductivity measured perpendicular to the film plane
(κ⊥), which is ~60% of the in-plane conductivity (κ∥),
decreases monotonically with time, as shown in
Fig. 9.41b. The similarity of the dependence of σ
and κ on annealing time indicates that the electrons
in PEDOT:PSS partially contribute to the film ther-
mal conductivity.
The Seebeck coefficient, S, is found by measuring

the change in voltage due to a temperature difference
across the sample after accounting for the substrate
thermal conductivity (Fig. 9.41c). Combining meas-
urements of S and σ gives the thermal power in
Fig. 9.41d, and the figure of merit, ZT. It is observed
that PF is maximized for the film with maximum σ,
achieving S2σ ¼ 500 μW m�1 K�2, with a correspond-
ing ZT ¼ 0.42. As shown in Fig. 9.37, this value is
less than the best inorganic alloy thermoelectric
materials, although it has the advantages of using
earth-abundant source materials to produce flexible
thin films.
An approach to segregating the thermal and elec-

trical properties is to create a nanostructured compos-
ite that has regions of high electrical conductivity
percolating through a thermally insulating, dielectric
matrix. Such composites are achieved by blending
conductive materials such as metal nanoparticles
(NPs) with a conducting organic or CNTs in an insu-
lating polymer. Figure 9.42a illustrates the random
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𝛼

Figure 9.40 (a) Fabrication of a 3D, corrugated TEG module using a 2D
thin film architecture. (b) Detail of a single element of the module.
Adapted from Sun et al. (2015).
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distribution of CNTs in a solution containing a poly-
mer emulsion. An emulsion is a stable suspension of
particles or liquid in a solution of different compos-
ition (e.g. water). When the emulsion is dried, a film is

formed that excludes the CNTs from the particle
volumes, forming conducting paths within the
interstices along the boundaries between the particles
(see Fig. 9.42b). In this way, narrow, electrically

(a)

(c)

(b)

(d)

CNT

Emulsion
particle

Emulsion
particle

CNT

Figure 9.42 Illustration of (a) a solution of a polymer nanoparticle emulsion mixed with carbon nanotubes (CNTs) and (b) the material after solidification.
Electron micrographs of the dried film containing 5 wt% CNTs imaged using a scanning electron microscope at (c) wide angle and (d) at higher
magnification of the region in the yellow box in (c). The scale bars correspond to 1 μm (Yu et al., 2008).

Reprinted with permission from 10.1021/nl802345s. Copyright 2008 American Chemical Society.
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Figure 9.41 Characteristics of thermally annealed PEDOT:PSS films mixed in either EG or DMSO vs. exposure time in an EG solution. (a) Electrical
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conducting paths are formed along the CNTs that are
separated by regions that inhibit thermal transport.

This film morphology is produced by blending
1–20 wt% of a distribution of single, double, and
triple-walled CNTs into a PVA homopolymer emul-
sion that comprised 55 wt% solids in water. The PVA
particle diameter distribution varies from 0.14 μm to
3.5 μm. The CNTs are dispersed in the matrix by first
adding gum arabic before blending into the PVA. The
solid composites are then dried in ambient for 2 days,
followed by vacuum for 24 h to generate the 3D
network in Fig. 9.42b. A microscope image of the
resulting network is shown in Fig. 9.42c. The CNT
clusters lie within the excluded volumes between
PVA particles, forming what is apparently a continu-
ous network. Indeed, the detail image in Fig. 9.42d
shows a high density of tubes that forms electrically
conducting paths that percolate throughout the film
volume.

The thermoelectric performance of the composite
is shown in Fig. 9.43. The electrical conductivity of
the networks increases over several decades as the
CNT concentration increases from 1 wt% to 20
wt%, indicating that the density of percolating
pathways increases with the volume of nanotubes.
It reaches a maximum of 50 S/cm at 20 wt% CNT,
which is considerably less than for PEDOT:PSS,
possibly due to resistance between the nanotubes
within the conducting paths. We showed in
Section 7.4.2 that casting CNTs from polymer sus-
pensions can result in resistive contacts between over-
lapping nanotubes. In contrast to the electrical

conductivity, the thermal conductivity (Fig. 9.43,
inset) is largely unaffected by the presence of the nano-
tubes. The Seebeck coefficient, too, is relatively con-
stant with CNT concentration even up to 20 wt%. At
20 wt%, a maximum zT ¼ 0.006 is obtained at 300 K,
limited primarily by the low conductivity of the CNT
regions (Yu et al., 2008).
The conductivity of CNTs is improved by includ-

ing an ionic species within the film bulk. Table 9.3
shows results obtained by including the cationic
polymer, n-PETT, into a mixture of the insulating
PVC and a dispersion of CNTs. The n-PETT forms
10–50 nm diameter NPs that are dispersed with
CNTs to form an electrically conducting but thermal-
ly insulating three-component network. The n-PETT
is an n-type material, and thus leads to a negative
Seebeck coefficient even when dispersed by itself
in PVC. However, the conductivity of this material
is quite low compared to the CNT and CNT/PVC
films. Notably, the high hole conductivity of CNTs
leads to a positive S. The benefit of using n-PETT to
electrically interconnect the CNTs is apparent from
the n-PETT:CNT:PVC (10:8:3) composite that shows
an electrical conductivity of 630 S/cm, which is al-
most equal to that of a sheet of pure CNTs. The
thermal conductivity of this three component film
is only 0.07 W m�1 K�1, which is approximately the
same as that of CNTs diluted in PVC. As a result, a
peak zT ¼ 0.31 at 340 K is achieved, which is nearly
that of dedoped PEDOT:PSS.
A five-leg thermocouple comprising composite

n-PETT:CNT:PVC films printed on a polyimide sub-
strate is shown in the inset of Fig. 9.44. This represents
one of the few device-scale demonstrations of a
thermoelectric device based entirely on organic semi-
conductors. The t ¼ 5.7 μm thick by w ¼ 4 mm legs
are series-connected by Ag electrodes in a module
comprising five, L ¼ 5 mm long elements.
A temperature difference of �T ¼ 100 K perpendicu-
lar to the module results in the voltage and power-
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Figure 9.43 Electrical conductivity and Seebeck coefficient vs. CNT
concentration in the PVA emulsions in Fig. 9.42. Inset: Thermal
conductivity vs. CNT concentration. Adapted from Yu et al. (2008).

Table 9.3 Thermoelectric characteristics of mixed films at 340 K
(Toshima et al., 2015)

Film Form S
(μV/K)

σ
(S/cm)

PF
(μW m�1

K�2)

n-PETT Block �39.6 0.036 0.006

n-PETT:PVC (1:3) Film �32.9 0.004 0.0005

CNT Sheet 38.2 691 101

CNT:PVC (8:13) Film 31.9 23.2 2.3

n-PETT:CNT:PVC
(10:8:3)

Film 30.5 630 58.6
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current characteristics obtained under a varying load
of 0–100 Ω shown in Fig. 9.44. The temperature differ-
ence, and hence the module efficiency is ultimately
limited by the thermal conductivity of the Ag inter-
connects and the polyimide substrate. Extrapolation of
the voltage to I¼ 0 gives an open circuit voltage of 19.9
mV. The internal series resistance obtained from
the slope is Rser ¼ 25.6 Ω. The peak power, which is
equal to Pmax ¼ 1

2VOð Þ2=Rser ¼ NS�Tð Þ2=4 NL= σwtð Þ½ �,
is 3.88 μW,whereN¼ 5 is the number of thermoelectric
elements.
The foregoing discussion suggests that organic

thermoelectric properties can approach those of inor-
ganic alloys. The highest performances are achieved
using high conductivity PEDOT derivatives, as well
as with polymer composites with CNTs, metallic
(Yoshida and Toshima, 2014), and even thermoelectric
alloys such as Bi2Te3 and related compounds (Toshima
and Ichikawa, 2015). While the substantial benefits of
organics include ease of processing using low cost,
flexible, earth-abundant source materials, several chal-
lenges remain to be solved before theyfindwidespread
application. For many organic TEG and TEC configur-
ations, substrate thermal conductivity remains a limi-
tation. Also, the lack of thermal stability of organic
materials, particularly at temperatures >200°C, limits
their use at high temperatures where the Carnot effi-
ciency is large. One further issue that needs attention is
the inherent anisotropy of organic materials. For ex-
ample, the in-plane thermal conductivity, κ∥, can differ
from the out-of-plane value, κ⊥, by at least a factor of 2
(Kim et al., 2013b). Similar anisotropies in the electrical
conductivity are also common. Hence, it is not always
clear that the high zT values reported will be experi-
enced in devices assuming a perhaps unfavorable

orientation, leading to a much smaller ZT than antici-
pated. And finally, while the highest performance is
obtained from p-type organic materials, there are very
few, if any high performance n-type materials (see
Fig. 9.38). Ultimately, this may require modules with
metal interconnects between elements, or a signifi-
cant asymmetry in device dimensions for the n- and
p-type legs. Hence, materials development merits
further attention before such devices find practical
deployment.

9.4 Memories

Organic materials offer the possibility of delivering
very inexpensive memory devices on flexible sub-
strates. Applications where this may be an attractive
form factor include RFIDs, and buffers for data acqui-
sition from sensors used in medicine, robotics, and
imaging. Several generic types of organic memories
including static and dynamic random access memories
(SRAM and DRAM) and read-only memories (ROM)
have been demonstrated. A RAM is where the access
to all memory elements (i.e. bits) is rapid and inde-
pendent of the position of the bit in the memory. This
is in contrast to time-accessed or serially addressed
memories such as magnetic tapes. A dynamic memory
is one where the contents can be changed on demand,
whereas in a ROM, the contents are permanently
written to contain vital information that does not
change with time, such as the basic input–output
system (BIOS) used to launch a computer operating
system. A ROM is a non-volatile memory that preserves
its contents even in the absence of power. Similarly,
RAMs can be either volatile or non-volatile, depend-
ing on the character of the memory element. While a
ROM is essential for all computation applications,
non-volatile RAM is the most versatile and ubiqui-
tous. It is the basis of NAND flash memories that
pervade modern computational systems. Retention
times of 10 years and read–write cycle reliability into
the thousands are desirable for conventional memor-
ies, although this is dependent on the specific de-
mands of a given application. The state of the
memory should be retained over operating temperat-
ures from �40°C to +85°C.
Organic memories are arranged in an array of me-

tallic column and row interconnects separated by the
memory material that changes its conductive state
when a bit is written or erased. This so-called cross-
point arrayminimizes the area occupied by each active
memory element. Packing of arrays in a 3D configur-
ation is the predominant form of high density NAND
flash, since its bit density per circuit area is multiplied
by the number of 2D array layers.
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Figure 9.44 Voltage– and power–current characteristics of a five-leg,
series-connected thermocouple comprising an n-PETT:CNT:PVC film with
Ag bridging electrodes. The characteristics are obtained for a temperature
difference of �T ¼ 100 K. Inset: Photograph of the thermocouple on a
polyimide substrate. The height of a semiconductor element is 5 mm
(Toshima et al., 2015).
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The most common and simple mechanism for stor-
ing information is using an organic material or device
whose resistance (i.e. its memory state) is changed by
several decades on application of a voltage during the
write, or “set” cycle. Thememory location is then read
by measuring the magnitude of the current (and thus
the resistance) through the device at a voltage much
lower than that needed to write the bit. The resistance
change can be permanent (i.e. where the memory
element is a fuse that is blown once it is written), or
it can be reversible by application of a second write
pulse.

The read andwrite cycles of a volatile resistivemem-
ory are shown in Figs. 9.45a and b for unipolar and
bipolar switching, respectively. Initially, the memory
device is highly resistive and is in the OFF state (which
may represent either a logical “1” or “0”). When quer-
ied by a small read voltage, the current is small due to
the high resistance of the element. When the voltage is
driven to the set voltage, V1, the resistance is reduced,
giving a constant current (CC in Fig. 9.45) equivalent to
the ON state. To reset the device, the current in in the
ON state is increased until its value at “reset” is
reached, corresponding to voltage V2. This returns
the element to its high resistance, OFF state. To non-

destructively read the state of the memory, the voltage
swing is maintained in the range 0 < V < V2. The
memory window, �V, is the voltage difference needed
to switch between logic states, that is,�V ¼ jV1 � V2j.
The operation is unipolar since the voltage swings for
SET and RESET are either both positive or negative.
A bipolar device undergoes the same sequence of steps
for reading and writing, except that the voltage polar-
ities used for set and reset are opposite to each other, as
shown in Fig. 9.45b. The choice of unipolar or bipolar
switching depends on the circuit architecture and
availability of the appropriate voltages.
Figure 9.45 points to a common feature of all mem-

ory elements. There must be hysteresis in the I–V
characteristics, leading to an open loop that clearly
distinguishes between the ON and OFF states (with
corresponding currents of Ion and Ioff, respectively).
The magnitude of Ion/Ioff ultimately limits the size of
a practical memory array. To achieve a moderate to
large memory size, Ion/Ioff ¼ 105–106 is required
(Prime and Paul, 2009). Also, the read cycle must be
non-destructive of the memory contents, otherwise
the contents must be refreshed by delivering a second
set or reset signal after the memory is queried for a
certain number of cycles. Read and write times limit
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Figure 9.45 (a) Unipolar resistive memory switching. CC¼ constant current used in the read cycle. (b) Bipolar memory switching (Heremans et al., 2011).
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the memory access rate, and are typically on the order
of several microseconds for high speed NAND flash.

9.4.1 Memory arrays

All digital memories comprise arrays of elements.
Leakage currents from neighboring, unaddressed
memory cells can lead to errors in identifying whether
the contents of the target element is a 0 or a 1. Simi-
larly, leakage can result in errors in writing data to the
desired location. The source of this failure is the accu-
mulation of sneak currents, which were discussed in
the context of photodiode arrays in Section 7.2.2. This
is illustrated in the fuse memory array in Fig. 9.46a.
A logical 0 for this device is contained in a low resist-
ance memory element, whereas a 1 is stored by an
open element, or “blown fuse.” Matrix memories are
read row by row. The logic state of each memory cell
is determined by scanning through the several

columns. To address the target element at (b,x) in
Fig. 9.46a, a voltage is applied between row b and
column x, and the current Ion is read at the row out-
put. However, unblown fuses at (b,y), (c,x), and (c,y)
provide a secondary path, adding to the total current.
Thus, if element (b,x) is in the 0 state, a current will
still be read out at row b due to the sneak currents
through this secondary path, mistaking the logic state
of (b,x) for a 0. Any number of paths on a large scale
array thus makes the error-free readout of memory
unlikely. Similar ambiguities exist in writing the
memory. In spite of its shortcomings, a three stage,
3D stacked organic resistive array has been reported
in an architecture that is presumably inspired by 3D
NAND flash memories based on Si (Song et al., 2010).
No data were provided on the array performance
other than that of individual memory elements. This
makes it impossible to evaluate the contrast between
the 1 and 0 states, although according to Fig. 9.46a,
this limits its practicality as a memory circuit.
Sneak currents are eliminated, or at least signifi-

cantly reduced by including a non-linear circuit elem-
ent such as a diode or an access transistor at each
cross-point, as shown in Fig. 9.46b. The sneak current
at point (c,y) encounters a reverse-biased diode, thus
breaking its path to readout line b. However, reverse
leakage currents in the diode, or parasitic source-
drain currents in the access transistor add from each
column and row, potentially resulting in a current
that is sufficient to be mistaken for a logical 1, even
if such a state is in error. The accumulation of leakage
currents, therefore, also limits the size of the array.
An alternative nonlinear element is the access tran-

sistor in Fig. 9.47. This configuration employs an add-
itional interconnect, called the “word line,” that
switches an access transistor channel between the con-
ducting and non-conducting states, thereby isolating
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Figure 9.47 One cell of a memory array employing an access transistor
with a resistive memory element, S.
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the desired pixel. Here, the channel leakage sets a limit
to the array size that gives an acceptable on/off current
ratio for error-free read and write operations.
A commonmeans to increase thememory size in either
diode or transistor arrays without incurring readout
errors, while simultaneously decreasing the memory
element access time is to divide the array into blocks,
and then using multiple read/write electronics in par-
allel to address the various memory sectors.

Organic memory elements are configured into sev-
eral different classes, depending on the phenomenon
that is exploited to store data. The bit can be stored by
a change in resistance as discussed above, or in cap-
acitance. The resistance changes are induced by
application of a switching voltage that results in a
chemical change (e.g. reduction or oxidation) of the
organic molecules comprising the element, charge
transfer to trapping sites that change the potential be-
tween electrodes, or electromigration ofmetalfilaments
that short the electrodes. Alternatively, an organic
ferroelectric material has two stable dipolar polariza-
tion states that can either point along, or opposite to the
direction of the applied field. The dielectric properties
of the ferroelectric can be switched by an applied volt-
age, inducing a change in the device capacitance.

9.4.2 WORM memories

A resistive write once, read many times (WORM) mem-
ory array based on PEDOT:PSS fuses that are inte-
grated in series with an amorphous Si p-i-n junctions

is shown in Fig. 9.48. The device consists of an array of
thin film diodes pre-deposited onto a flexible, stainless
steel substrate. The Al diode cathodes are arranged in
columns. The p-Si regions formone contact of a ~50nm
thick film of PEDOT:PSS (1:2.5) spun onto the diode,
and then cured at elevated temperature. The Au row
contacts are vacuum deposited through a shadow
mask to form 17 μm2 row and column overlaps that
define eachmemory cell. The 16� 16 array in Fig. 9.48b
is fabricated using cold-welded rows and columns
applied with a PDMS stamp (see Section 5.6.4).
The asymmetric I–V characteristics of one element

are shown in Fig. 9.49a, along with the switching cycle
in Fig. 9.49b. The forward current of the Si diode (open
circles) reaches 100 μA at a voltage of 1.5 V, whereas
under reverse bias, the leakage is only 2.3 nA at�1.5V,
yielding a rectifying ratio of ~105. Due to the series
resistance of the thin organic film, the forward current
is reduced to 400 nA for the memory element. To
switch the fuse state from “closed” to “open,” the
voltage is ramped at 1.0 V/s from 0 V ! 10 V ! 0
V. During each voltage step of duration td¼ 10 ms, the
voltage is applied for τ ¼ 4 ms (a 40% duty cycle); see
inset, Fig. 9.49b. Ramping the voltage to 8 V opens the
fuse, reducing the current to a background leakage of
� 10 pA at all voltages applied. Hence, the contrast
between a 1 and 0 is Ion/Ioff~ 104 at a forward bias of 1.5
V. Thememory elements irreversibly and reproducibly
switch on the application of the voltage.
The film undergoes a transition to its high resistivity

state by traversing two distinct regions: A from V ¼ 0

Polymer fuse

Si p-i-n

Anodes

Cathodes

PEDOT:PSS

Stainless steeln

p
i

Al

Au
(a)

(b)

Flexible stainless steel

Figure 9.48 (a) PEDOT:PSS fuse/Si p-i-n diode WORM memory array with a detail of a single memory element at the upper left. (b) SEM image of a
WORM memory with only PEDOT:PSS fuses between row and column array electrodes fabricated by cold-weld electrode stamp transfer. The scale bar is
10 μm. Adapted from Möller et al. (2003).

First publication in Nature, 2003.

9.4 MEMORIES 953



to 4 V and B atV� 4 V. At the lowest voltages (0–2 V),
the current density is reversible over the time scales of
the experiment (minutes). At higher voltages, the cur-
rent reaches a first (i), and then a second peak (ii). The
permanent conductivity changes induced by sweeps of
up to 4 V are small. The magnitude of the change
depends on the pulse duration, τ. The second, sharp
peak (ii) that appears for lower voltage sweeps, is
reduced in magnitude and broadens as τ is increased
from 0.5 ms to 4 ms. However, once the film is biased
into region B, a qualitatively different process is initi-
ated, resulting in a dramatic and permanent decrease
in conductivity. Indeed, once the last broad peak (iii)
appears, there is a precipitous decrease in conductivity
by several orders of magnitude, and the fuse is per-
manently opened (Möller et al., 2003).
Figure 9.50a shows the transient response of a 55 nm

thick PEDOT film sandwiched between Au and ITO

electrodes at several different voltages. The response at
>5 V is separated into two regions: a plateau (hollow
arrow), followed by a current peak (solid arrow). The
delay between the pulse onset and the peak decreases
with increasing voltage, reaching a current density of
700 A/cm2 after 1 μs for a pulse height of 12 V. The
current peak corresponds to initiation of the perman-
ent change in film conductivity in region B. The peak
delay from the leading edge of the voltage pulse is
linearly dependent on 1/(V � Voffset), where Voffset ¼
4.5 V is the voltage drop across the Au contact neces-
sary to inject an appreciable concentration of electrons.
The transient response is due to of double carrier

injection (Hack and Street, 1992). In PEDOT, the
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n diode before and after switching. (b) The switching process of the
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10�6 cm2/V s. Inset: Energy level diagrams of PEDOT in the oxidized
(upper panel) and neutral (lower panel) states, along with the electrode
arrangement (Möller et al., 2003).
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current is primarily carried by holes (Johansson et al.,
2002). However, at V > Voffset, electrons are injected,
thereby neutralizing some of the hole space charge.
This, in turn, increases the internal electric field within
the polymer, leading to a further increase in hole
current. This phenomenon of “double injection gain”
is similar to current gain in a photoconductor (see
Section 7.1.1), and leads to the current peak observed.
At higher pulse voltages, the peak delay decreases
due to the larger density of injected electrons. Al-
though the current is controlled by the presence of
electrons, they do not contribute appreciably to the
film conductivity.

Since PSS is electrically insulating, conduction oc-
curs by hole transport along low resistivity percola-
tion pathways formed by PEDOT+ chains throughout
the film. The energy levels of PEDOT+ responsible for
charge transport are shown in the top inset, Fig. 9.50b
(Xing et al., 1997, Greczynski et al., 2001, Heuer et al.,
2002). Holes are injected from both Au and ITO into
the HOMO of PEDOT+ at 5.0 eV. The LUMO is 0.6 eV
above the HOMO, presenting a barrier to electron
injection. To promote electron injection, PEDOT+ is
electrochemically reduced to PEDOT0, and the energy
level scheme changes to that in Fig. 9.50b, lower inset.
In neutral PEDOT0, electrons can only occupy the
LUMO at 3.9 eV. Hence, there is rapid, sequential
oxidation and reduction by the successive transfer of
holes and electrons into the polymer.

The reduction of PEDT+ continues with increasing
current until a maximum number of chains in the
neutral PEDT0 state are achieved at voltages >2 V
but still within region A. At Voffset > 4.5 V, electron
injection leads to process B where a permanent de-
crease in film conductivity by up to a factor of 103

occurs. The temperature rise of ~200°C at current
densities of ~1kA/cm2 dedopes the PEDOT+ (Pei
et al., 1994). Thermal effects can lead to segregation
of the PEDOT and PSS components, creating add-
itional and permanent energy barriers at the contacts
that can greatly decrease the conductance between
electrodes (Xu et al., 2006).

An N � N resistive matrix memory is addressed
row-by-row by measuring the current flowing from
N columns to the selected row. Hence, the maximum
number of pixels in a row that can be accommodated
without leading to read errors (i.e. detecting that a
pixel is written when in fact it is not) is N=mod|IF1/
IF0|/SB ~ 103, assuming the signal-to-background
current ratio required to reliably distinguish a 1
from a 0 is SB ¼ 10. Here, IF1 and IF0 are the forward
biased currents for the two logical states shown in
Fig. 9.49a. Assuming that the current of a written

pixel is <10�4 of the forward-biased current of a
single element, this suggests that a 1 Mb memory is
achievable with these devices.

9.4.3 Reversible resistive memories

Conductive filament growth has been used for
achieving non-volatile, reversible memory elements.
Analogous to the WORM, the formation of conduct-
ing metallic filaments is thermally activated. Switch-
ing between the conducting and insulating states has
been attributed to the formation of conductive salts
between a metal electrode and an organic film. For
example, the conducting Cu+TCNQ� salt can be neu-
tralized into a non-conducting Cu + TCNQ state by
reversing the polarity between Cu contacts to the
TCNQ thin film. Alternatively, the non-conducting
state is associated with the formation of a thin, insu-
lating oxide at the counter electrode to the Cu (Billen
et al., 2007). The conductivity of a Cu/CuTCNQ/Al
memory cross point unexposed to air is in its conduct-
ing, or low resistance state (LRS) that cannot be
switched to a high resistance state (HRS) by applying
a voltage. When exposed to air, the HRS is the native
state, which switches to a LRS by applying either
positive or negative 5–10 V.
The model proposed for filamentary conduction is

illustrated in Fig. 9.51a, with the reverse process of
filament dissolution in Fig. 9.51b. Switching from
HRS to LRS occurs via the reduction of Cu from the
anode to Cu+, or Cu2+ from Cu+, with TCNQ� in the
film bulk (processes i, ii, and iii in Fig. 9.51a, respect-
ively). The Cu cations migrate toward the oxidized
cathode where they penetrate the imperfect, very thin
insulating coating. Oxidation of the Cu+ at the cath-
ode surface produces a metallic Cu filament that, over
time and under sufficient bias, shorts the oxide, dra-
matically decreasing the resistance. Reversing the
contact polarity results in the opposite reaction,
whereby neutral Cu in the filaments is reduced, dis-
solving the filaments and driving the element from
LRS back to HRS. The thermal image in Fig. 9.51c
shows hot spots that likely arise from conduction
along the metallic filaments from the top Al contact.
Note that voltage applied to query the memory

state can reverse either of these electrochemical pro-
cesses, ultimately destroying the information held
within the element. The CuTCNQ system can be
used for ~104 cycles before a refresh voltage pulse is
required (Kever et al., 2006). A drawback of this mem-
ory mechanism is its sensitivity to the fabrication
process and ambient conditions, making it somewhat
irreproducible and unreliable when fabricated in
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different labs, or when used under less than perfectly
controlled conditions. This sensitivity is expected for a
process that depends on the random formation of
pinholes whose density and dimensions are subject
to variability. These variations can be significantly
reduced by intentionally growing thin oxide layers
using chemical vapor deposition (CVD) or atomic
layer deposition (Muller et al., 2009). Of greater con-
cern is that Ion/Ioff ~ 10–100 is too small for use in
large-scale memory arrays.
Metal NP dispersions within an organic matrix

have also exhibited reversible resistance over several
orders of magnitude, along with very fast switching
between the LRS and the HRS. This resistive memory
device does not require the adventitious and some-
what uncontrolled formation and dissolution of fila-
ments, and hence it can potentially result in less
process-dependent, more predictable performance.
Illustrations of two different NP resistive memory
architectures are provided in Fig. 9.52a and b. The
NPs can be intentionally deposited in a narrow zone
or layer (Ma et al., 2002, Yang et al., 2006), or they can
be homogeneously dispersed throughout the bulk of
the resistive zone (Tseng et al., 2005, Lin et al., 2007b).

The layered structure (Fig. 9.52a) is conveniently fab-
ricated by vacuum thermal evaporation of a combin-
ation of thin (~50 nm) small molecule organic layers
that sandwich a thin (~20 nm), non-wetting metal
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Figure 9.52 Resistive memory devices employing (a) a layer of metal
nanoparticles (NPs) embedded in a conducting organic matrix sandwiched
between twometal electrodes. (b) A homogeneous blend of NPs and organic.
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layer. The blend memory cell comprises a conducting
polymer mixed in solution with the metal NPs and
cast onto the substrate. Both devices show nearly
identical performance, and are largely independent
of the composition of the NPs and the conducting
organic thin films. Applying a voltage larger than a
threshold, V1, between the counter electrodes induces
an abrupt increase in current. The LRS has a conduct-
ivity that is 100–104 higher than the HRS. Applying a
reverse potential returns the resistor to its HRS.

Results from a metal NP/polymer blend memory
element are shown in Fig. 9.53. The device comprises a
70 nm thick Au NP/PANI film spin coated onto an Al
electrode, and then coated with a vacuum deposited
Al counter-electrode. An image of a region of the Au
NP/PANI nanofiber film is provided in Fig. 9.53a.
There is a high density of NPs that condense within a
fibrous conducting network. Switching is observed for
NP diameters < 20 nm, whereas at larger diameters
the device switches into its LRS only once. Three
switching cycles of the device are shown in
Fig. 9.53b. In sweep A, the bias is ramped from 0 to
+4 V. At V1 ¼ 3 V, the current abruptly jumps from
100 nA to 100 μA. At higher voltages, there is a weak
decrease in current due to a negative differential re-
sistance. The voltage is then decreased from +4 V back
to 0 V (sweep B). The device remains in the LRS during
this sweep, with the current falling at the same rate as
when the device is in the HRS. The LRS is returned to
theHRS (i.e. the contents of thememory are erased) by
applying a reverse bias of �5 V. It can be turned on
once again by following the same voltage sweep as
used initially (sweep C). It is noteworthy that the LRS
and HRS during this and subsequent sweeps are near-
ly identical. The response to a sequence of read, write
and erase voltage pulses is shown in Fig. 9.53c, show-
ing the reproducibility of the switching characteristics
over several cycles (Tseng et al., 2005).

The data are retained with no significant change in
conductivity for over 3 days even if small voltage
stresses are periodically applied. Importantly, the
switching time is ~ 25 ns, which is limited by the
resistance-capacitance (RC) charging time of the resis-
tor. Note that similar qualitative and quantitative be-
havior is obtained for the layer structure (Fig. 9.52a)
employing a 20 nm thick Al layer sandwiched be-
tween two 50 nm thick AIDCN organic thin films
(Ma et al., 2002). Microscopic images of Al layer indi-
cate its coalescence into NPs embedded into the or-
ganics due to dewetting during deposition (Yang
et al., 2006). We have seen in Section 7.5.2 that thin
Ag layers deposited onto organic surfaces can diffuse
deep into the film bulk, and hence the structure may

actually be a more homogeneous dispersion of NPs
than suggested in Fig. 9.52a.
The nearly identical resistance switching properties

of devices containing an apparently uniform metallic
layer and one in which NPs are dispersed within the
polymer, and the independence of the characteristics
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Figure 9.53 (a) Transmission electron micrograph of a section of a Au NP/
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Bottom: Current response to the voltage cycle (Tseng et al., 2005).
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to the choice of metal, suggest that the same mechan-
ism is responsible for switching in both. The source of
the switching has been attributed to several factors,
including tunneling of charge into the metal NPs
(Bozano et al., 2005) and trap filling that creates large
changes in the space charge limited current (Lin et al.,
2007a). However, neither of these mechanisms ap-
pears to explain the long retention time of the memory
state, nor the very fast switching time of <25 ns.
A plausible suggestion for conductivity switching

is analogous to that used to describe switching of
PEDOT:PSS in theWORMmemory, and in CuTCNQ
in filamentary memories. Prior to switching, the Au
NP and the PANI are both neutral, and hence the
film conductivity is low. When the voltage exceeds
V1, there is partial charge transfer from PANI to Au,
as illustrated in Scheme 1. As in the case of the
Cu+TCNQ� complex, NP�PANI+ becomes conduct-
ive. To reverse the process, a negative voltage is
applied to neutralize the two components of the
film. The charge transfer process is extremely rapid,
consistent with the fast switching time of the de-
vices. Further, the transferred charge is stable due
to the large energy barrier between the metal and the
polymer, making the relaxation time (i.e. memory
state decay) long compared to that expected for trap-
ping at deep levels within a semiconductor energy
gap. The existence of a charge transfer state has been
affirmed using X-ray photoelectron spectroscopy,
where it was found that the N1s state of the PANI is
shifted in the composite compared to a neat
film. Similarly, the binding energy of the Au elec-
trons in the 4f5/2 state is found to decrease in the
composite. Finally, microscopic probing of the NPs
using conducting tip atomic force microscopy shows
a switching behavior similar to that observed by the
film as a whole (Tseng et al., 2005). Taken together,
these data provide a compelling case for charge
transfer switching, consistent with phenomena ob-
served for the other resistive organic memories de-
scribed above.

9.4.4 Ferroelectric capacitors and diodes

The last two-terminal structure to be considered is
based on the ferroelectric effect. Analogous to a ferro-
magnetic material, a ferroelectric is a dipolar material
that has a spontaneous polarization below its Curie
temperature. When an external electric field of sufficient
magnitude is applied opposite to the direction of the
dipoles, the dipole moment flips to find a new equilib-
rium. The field required to rotate the dipole moment is
the coercive field, or FC. Once the field is removed, the
polarization relaxes to its remnant polarization, Pr. Since
ferroelectric polarization requires alignment of molecu-
lar dipoles, the materials must be ordered, and prefer-
ably crystalline. Also, polarization switching entails the
physical rotation of the molecules, and hence it is slow
compared to charge transfer in resistive memories.
The polarization is related to the electric displace-

ment vector, D, via

D ¼ ε
$
rFþ P; ð9:33Þ

where ε
$
r is the relative permittivity tensor, F is the

field, and P is the polarization vector. The character-
istic D vs. F behavior of an archetype ferroelectric is
shown in Fig. 9.54a. At electric fields that are insuffi-
cient to switch the polarization state, or for a com-
pletely depolarized sample, the relationship between
D and F is approximately linear and reversible, as
shown by the dotted line near the origin. In a spon-
taneously polarized sample (point A in Fig. 9.54a) or
after applying a high electric field, most but not all
of the molecules are aligned (inset A, equivalent to
logical 0), resulting in a net polarization �Pr. Apply-
ing an electric field in the direction opposite to �Pr

results in a monotonic reduction of the displacement,
until F ¼ FC. At this point (B), the material is com-
pletely depolarized. Further increases in F result in
preferred alignment along the field direction until the
displacement saturates at voltage VCC ¼ FCC·t, where t
is the film thickness. The polarization then relaxes to a
new remnant value, Pr, with the dipoles pointing op-
posite to that of their original orientation (inset D, lo-
gical 1). The hysteresis is complete by reversing thefield
to�FC (point E), and then to�VCC at point F, and back
to F ¼ 0. The open loop created by the variation in D
with F provides a memory window of width 2FCt. The
read–write memory function is achieved, therefore, by
sweeping the external field between ±FC. A larger FC

results in a lower error rate in distinguishing between
the 1 and 0 states. Note that at temperatures larger than
the Curie temperature, the memory window vanishes,
although theDvs.F characteristic retains its S-shape.At
these temperatures, the material is paraelectric.

Au δ
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δ+

e–

n

N

N

H
N

N
H

Emeraldine Base

Scheme 1 Charge transfer between emeraldine base PANI and a Au
NP. δ ¼ fractional charge transfer (Tseng et al., 2005).
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The field applied to a ferroelectric changes its po-
larization, and hence the capacitance of the element.
The memory state is determined by measuring its

capacitance, CT, employing the Sawyer–Tower cir-
cuit in Fig. 9.54b (Sawyer and Tower, 1930). This is a
capacitive voltage divider network comprising the
unknown ferroelectric capacitor, and a known refer-
ence, Cref. The state of the ferroelectric capacitor is set
by closing the switch, applying a d.c. voltage, Vx,
and an a.c. test signal supplies the series capacitance
network. Then, CT is determined by measuring the
voltages, Vx and VT. Since a small voltage is applied
during the read cycle, the polarization state of the
capacitor is changed, degrading its contents. After a
number of read cycles, the memory is refreshed to
restore it to its original logic state.
The ferroelectric effect in organics is obtained using

dipolar molecules that undergo a conformational
reorientation when placed in an electric field. Ferro-
electricity was noted in polyvinylidene fluoride by
Kawai (1969) and later in various nylons. Today, the
most commonly employed ferroelectric in both two
and three terminal devices is a copolymer of VDF
and TrFE (P(VDF-TrFE)) in a molar ratio of 2:8.
This material has a large remnant polarization of
approximately 10 μC/cm2 and is stable in air. Small
molecules have also shown ferroelectric effects. How-
ever, given their steric bulk, it is difficult to reorient
the molecules in the solid state, whereas polymer
chains only need to be twisted about the backbone
axis. Liquid crystalline small molecules have the abil-
ity to undergo rotations required to exhibit ferroelec-
tric dipole reorientation.
A segment of the copolymer P(VDF-TrFE) in

Fig. 9.55a illustrates the atomic orientation along the
backbone. Its ferroelectric properties are inferred from
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Figure 9.55 (a) Structure of ferroelectric polymer P(VDF-TrFE). (b) The molecule is twisted about its molecular backbone by 180o under the
influence of an external electric field. The dipole moments due to the regular orientation of the electron withdrawing F atoms (green) and the
donating C atoms (gray) along the backbone segment are large, giving this molecule its ferroelectric properties. Hydrogen atoms are shown in white.
The total molecular dipole moment orientation is shown by the arrows to the left and right of the molecules. Adapted from Heremans et al. (2011).
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Fig. 9.55b. The trans conformation of both the VDF
and TrFE segments results in parallel dipole mo-
ments pointing between the electron rich F atoms,
and electron deficient C atoms. The dipoles of the
individual segments add to create a large, spontan-
eous polarization when the film is deposited and
thermally annealed at 140–150°C, or by stretching
to elongate the polymer chains (Naber et al., 2004,
Nguyen et al., 2008). The higher dipole moment of
7 � 10�30 C m is contributed by VDF, and a simi-
larly oriented TrFE has a dipole moment of 3.5 �
10�30 C m when oriented in the all-trans configur-
ation. A coercive field of 500–700 kV/cm directed
opposite to the dipole can twist the chain to lower
the dipole energy. The information state is changed
by the physical rotation of the polymer chain to
reverse its polarization state. For P(VDF-TrFE), this
takes approximately 160 μs (i.e. ~6 kHz) (Kim
et al., 2009). The large coercive fields require high
switching voltages, or the use of very thin films.
The magnitude of the ferroelectric polarization is
reduced in the thinnest films, perhaps due to sur-
face roughness and pinning of the dipole near the
polymer/electrode interface.
The switching behavior of a Au/P(VDF-TrFE)/

PEDOT:PSS/ITO capacitor is shown for two different
ferroelectric layer thicknesses in Fig. 9.56a. The low
switching voltages, even for films as thin as 65 nm, is
attributed to the smooth surface presented by
PEDOT:PSS along with the Au electrode that do not
react with the P(VDF-TrFE) to create a non-
ferroelectric dead zone near its surface, as is observed
using an Al electrode. The switching time ranges
between 100 μs to 16 μs as the coercive field is in-
creased from 800 to 1400 kV/cm. Over this range, no
significant penalty in the memory window width is
observed (Naber et al., 2004).
Figure 9.56b shows the memory retention (or

fatigue) of a substrate/Ti/Ppy:PSS (9 nm)/P(VDF-
TrFE) (50 nm)/Ppy:PSS (15 nm)/Ti capacitor at
room temperature, 45°C, and 60°C. The Ppy:PSS
film prevents reaction with the electrode metals, or
their diffusion into the ferroelectric film. This permits
the use of very thin P(VDF-TrFE) layers, leading to
switching at only 2.6 V and 2FCt ¼ 0:85 V. The thin
film device also features a switching time of 30 μs
(30 kHz). At room temperature, the device suffers
a 20% loss in remnant polarization after 107 cycles,
with an increase in coercive voltage to 4.5 V and
a concomitant closing of the memory window to
2FCt ¼ 0:32 V. The maximum Pr and the retention
time decrease as the Curie temperature is approached
(Xu et al., 2007).

A shortcoming of the capacitive memory is the
destructive nature of the read-out cycle: a voltage
pulse required to read the memory state leads to
degradation or loss of that state. A diode composed
of a ferroelectric material, however, serves as an elec-
trically switchable resistive memory element whose
logic state can, in principle, be non-destructively quer-
ied. Rectification also is useful for reducing sneak
currents in memory arrays (see Fig. 9.46).
Rectification can be achieved by blending a second

component with the ferroelectric, thereby forming
a junction, or the ferroelectric material itself can
form a rectifying Schottky barrier with its contacts.
The diode conductivity is then switched as follows.
Under forward bias, polarization oriented parallel to
the electric field and perpendicular to the junction,
decreases the local depletion region width. This per-
mits tunneling across the junction, leading to a large
forward current. When the polarization is reversed,
the depletion region becomes large, consequently
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increasing the resistance and hence decreasing the
conductivity. Since the diode forward current is ex-
ponentially dependent on voltage, the difference in
current between logic states can be several orders of
magnitude. However, ferroelectrics tend to have
very low conductivities, which reduce the contrast
between logic states. To increase the conductivity,
the material needs to be doped, although mobile
charges from the dopant screen the dipole field,
thus reducing Pr.

The tradeoff between conductivity and polarization
can be substantially reduced by using blends of con-
ducting and ferroelectric polymers. The phase separ-
ation of the components results in a bicontinuous
network that forms a bulk heterojunction between
the electrodes. An example BHJ switching diode
structure is illustrated in Fig. 9.57a. The conductive
region comprising P3HT is contacted by blocking
anode and cathode (e.g. Ag) contacts, or a Ag contact
on one surface and an ohmic (e.g. LiF/Al) contact on
the other. The former, symmetrically contacted device

is resistive, whereas the latter is a diode useful in
cross-point memory arrays.
The memory diode operation is understood

from the energy level diagrams in Fig. 9.57b. In the
unpolarized state (Fig. 9.57b, left), the metal/polymer
barrier prevents charge injection, and the diode is non-
conducting. The ferroelectric is polarized by applying
a voltage pulse to result in an internal field with F > FC

~ 500 kV/cm. The polarization field tips the bands of
the conducting polymer, resulting in a large tunneling
injection current into the HOMO, as shown in
Fig. 9.57b, right. Note that a polarization pulse of the
opposite polarity can also induce charge injection, but
into the LUMO instead (with a consequent reversal of
the current direction). The magnitude of the tunneling
current is exponentially dependent on the barrier
width. Hence, the nanostructure of the interpenetrat-
ing polymers must be thin (typically � 20 nm). The
structure successfully separates the conductive and
ferroelectric regions, with the high energy barriers
between P3HT and P(VDF-TrFE) preventing neutral-
ization of the dipoles by free charges that residewithin
the separate thin film domains.
The current–voltage characteristics of an asymmet-

ric Ag/P3HT:P(VDF-TrFE) (1:10, 14–25 nm)/LiF/Al
diode are shown both before and after poling at
± 20 V in Fig. 9.58a. The current ratio is Ion/Ioff ~ 50
at +3 V, with a reverse leakage current of approxi-
mately 300 nA/cm2. The switching time between the
states is 500 μs. The memory state of the diode ex-
tends to more than 1000, �20 V write/3 V read/+20
V write cycles, as shown in Fig. 9.58b. The Ion/Ioff
shows no change over this large number of pulses,
indicating that the cycle scheme is nondestructive of
the contents of the memory. Furthermore, the data
retention time is >11 days, comparable to that of P
(VDF-TrFE) capacitive memories. This device shows
that separating the conductive and ferroelectric mem-
ory regions is possible using organic thin films. How-
ever, the switching times and on/off ratios still fall
short of capacitive memories using this same ferro-
electric materials system. This is compensated, to
some degree, by the simplicity of integration of the
resistive memory element with a diode in a single
device.

9.4.5 Transistor memories

Organic thin film transistors present an alternative
architecture for achieving a resistive memory. In a
transistor memory, charge is introduced and retained
in the gate insulator, resulting in a hysteretic shift in
the threshold voltage (VT). Equivalently, the dielectric
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constant of the insulator can be changed by the excess
charge, or by changing its dielectric properties. The
change in dielectric properties changes the potential
at the channel/insulator interface. This in turn results
in switching the transistor channel between a con-
ducting (logical 1 state) and a non-conducting (logical
0) state at the same gate voltage. The drain current (ID)
vs. gate voltage (VGS) characteristics of a transistor
memory element are shown in Fig. 9.59. By shifting
the threshold voltage by �VT ¼ jVT1 � VT0j, the cur-
rent at the operating voltage of VGSop can differ by
several orders of magnitude between Ion and Ioff. The
memory window of the transistor is �VT, and serves
the same purpose of memory retention as do the
hysteresis loops that characterize WORM, filamen-
tary and NP resistive memories.
An advantage of using transistor memory elements

is that they combine the variable resistive medium
(i.e. the channel) with a nonlinear switch (activated
by the gate potential) used to access the element. By
using three interconnections for each memory cell as

illustrated in Fig. 9.47, the gate potential can switch
the channel from Ion to Ioff. To be effective, the change
in gate voltage must not simultaneously change its
memory state. This is avoided by integrating a second
transistor within each cell, where one is used for
accessing the other transistor that retains the data.
The combination of functions of access and memory
storage can minimize sneak currents in arrays. The
transistor memory also eases integration of the mem-
ory function with other transistor circuit elements
such as digital logic.
Switching the charge trapped within the gate insu-

lator changes the potential at the insulator/semicon-
ductor interface. The charge modulates the voltage
required to achieve a desired drain current. In
Eq. 8.75, we showed that the change in threshold
voltage is given by

�VT ¼ q�Ntr

Ci
; ð9:34Þ

where �Ntr is the change in trapped charge in the
insulator and Ci is the insulator capacitance.
A memory transistor relies on the reversible and in-
tentional injection of charges into deep traps that are
controllably introduced into the dielectric during fab-
rication to achieve reproducible retention times and a
large memory window.
A dielectric whose charge density is controlled, and

that can retain the charge or polarization state (and
hence its value of Ci ∝ εr=t, where t is the insulator
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thickness), is called an electret. An electret can take on
many different forms, although the most common
realization in organic memory transistors are based
on (i) charge trapping at interfaces within the dielec-
tric layer, (ii) floating gates, (iii) NP dispersions, and
(iv) ferroelectric gate dielectrics. The transistor mem-
ory is erased when the charge stored in the electret
is neutralized, for example by reversing the gate
“writing” voltage. Transistor memories, like resistive
memories, can therefore be both non-volatile and
programmable.

9.4.5.1 Interface charge trapping

An electret can be formed by using a gate insulator
comprising two different regions. One is an ultrathin
dielectric that contacts the semiconducting channel,
and a second is a thick dielectric of a different com-
position that forms the bulk of the gate insulator. The
interface between the two dielectric layers provides a
site for charge trapping, and hence long-term storage.
The traps are charged by applying a sufficiently large
gate potential to cause tunneling from the channel into
the traps through the thin dielectric. To erase the
memory, the gate potential is reversed to attract the
opposite charges, thereby neutralizing the traps.

An example of a charge trap OTFT is illustrated in
the inset of Fig. 9.60. The bottom gate, bottom contact
(BG/BC) transistor consists of a n++Si gate contact
coated with a 20 nm thick, thermally grown SiO2,
first insulator. The Au source (S) and drain (D)

contacts are deposited, followed by dipping the struc-
ture into a solution containing a fluorinated thiol SAM
that selectively attaches only to the Au surfaces. This
monolayer serves as a “resist” that prevents attach-
ment of the 4 nm thick PαMS second insulating layer
that is deposited from a 0.1 wt% toluene solution. The
pentacene channel coats the entire substrate to form
OTFTs with gate lengths of L ¼ 10 μm and widths of
W ¼ 1 mm. The PαMS is sufficiently thin to permit
tunneling of electrons and holes from the pentacene to
the trap layer that resides at the PαMS/SiO2 interface.
The switching characteristics of the memory OTFT

are shown in Fig. 9.60. Two onset gate voltages, Von�
and Von+ are defined at the point where ID reaches
100 pA. The memory window is�Von ¼ jVonþ� Von�j,
which is approximately equal to �VT. Here, the onset
voltages are obtained by applying a programming
gate potential, VGS,prog, over a time window of length,
tprog. Von� is the onset voltage after the negative write
pulse of �VGS,prog that attracts holes from the channel
into the dielectric traps. By reversing the voltage to
+VGS,prog for the same duration, electrons are attracted
to the traps. This opens a memory window by shifting
the onset voltage toVon+. The onset voltages change at
VGS,prog ¼ 10–14 V. At this point, there is hysteresis in
the onset voltages but there is no memory retention
since �Von ¼ 0. However, above 14 V,�Von increases
to 10 V when VGS,prog ¼ 20 V, indicating that charge is
stored via tunneling, and moreover, it can be re-
moved when the programming voltage is reversed.
The switching time of the memory state is tprog ¼
1.5 ms. The mobility in the channel is also a function
of the memory state. That is, the hole mobility de-
creases from its peak of 0.28 cm2/V s to 0.16 cm2/V s
when the traps are negatively charged, presumably
due to increased scattering at the insulator/pentacene
channel interface. However, there is no such effect on
the mobility for positively charged, or neutral traps
(i.e. when the memory state is erased) (Debucquoy
et al., 2009).
Two important characteristics of a memory element

are the fatigue experienced by the device after repeat-
ed read/write cycles, and the retention time after
the memory state has been established. Repetitious
cycling of a memory can induce irreversible damage
to the interface, resulting in a decrease in the memory
window. The current onset voltage and the memory
window up to 800 read/erase cycles of the device in
Fig. 9.60 are shown in Fig. 9.61a. The voltages are
stable over the first 100 cycles, at which point the
contrast between them begins to fade. However,
even after 800 cycles, the memory window is only
reduced from 1.8 V to 1.4 V. The drain current ratio
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between the two states measured at an operating
point of VGS ¼ �1.5V and VDS ¼ �0.02V remains
stable at approximately ID+/ID- ¼ 100. By compari-
son, Si flash memories tolerate 105 program cycles
without significant closure of the memory windows
(Bez et al., 2003).
Data retention provides a measurement of the trap

discharge time. The retention of both the erased and
written states of the transistor in Fig. 9.60 after storage
in the dark in N2 is 3 mo. before all of the trapped
electrons are lost, giving Vonþ ! 0 V. These data in-
dicate that the transistors employing trapped charge
layers are both programmable and non-volatile for
read/write voltages ±15–20 V.
An interesting variant of the charge trap memory

transistor is one that is optically programmable,
shown in Fig. 9.62a. The Si substrate forms the gate
electrode. A 5.1 nm thick HfO3 layer is deposited for
the first insulator, followed by deposition of a
diarylethene phosphonic acid SAM (DAE) that at-
taches to the HfO3 to provide the second, 2.6 nm thick
dielectric. The pentacene channel is subsequently de-
posited by vacuum thermal evaporation, and Au
stripes formed the bottom gate/top gate contact (BG/
TC) transistor. The channel has amobility of 0.7 cm2/V
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s, typical of conventional pentacene OTFTs. The DAE
is optically converted by UV illumination between the
open C–C bond (DAE-O) and closed-bond (DAE-C)
isomers. The increased π-electron delocalization of
DAE-C leads to a reduced energy gap of 1.49 eV,
compared to 3.91 eV for DAE-O (see Fig. 9.62b). The
bond is reopened to convert DAE-C back to DAE-O
using lower energy, visible radiation that is preferen-
tially absorbed in the former isomer. The increase and
decrease of the energy gap results in an optically con-
trolled barrier to electron transport from the pentacene
channel to the trap interface formed between the SAMs
and the HfO3. By this means, a persistent charge is
maintained on the traps that can be written or erased
based on the wavelength of the programming
illumination.

The energetics of the memory write/erase process
are shown in Fig. 9.63. In step a, photocurrent is gen-
erated by illuminating the pentacene channel with 633
nm wavelength light. The high energy barrier pre-
sented by the initially preset DAE-O layer prevents
charge from reaching the trap levels between the DAE
and the HfO3 dielectrics. The DAE-O is converted to
the low energy gap DAE-C using UV illumination at
365 nm for several hundred seconds. This allows
charge transport via tunneling from the SAM into
the trap states, thereby writing the memory state
(step b). The negative charge on the gate insulator is
summed with the photocurrent to increase ID. The
channel current is progressively increased by gener-
ating further charge in the channel by continued illu-
mination at 633 nm (step c). Applying VGS < 0 in step
d discharges the traps to erase the memory contents.
Finally, visible light at > 420 nm is used to recover the
DAE-O isomer, restoring the large energy barrier and
thus the memory to its initial, preset state, a.

A shortcoming of this structure is that it takes sev-
eral hundred seconds to program and erase, even at
large optical powers (e.g. >1 mW/cm2 at 633 nm).
Furthermore, the state of the entire memory is
changed by blanket illumination over the array. As
we will show below, this feature is useful for record-
ing grayscale analog images, but cannot enable cus-
tomized data storage unless each memory element is
separately illuminated.

The drain current characteristics of the optical
memory OTFT are provided in Fig. 9.64a. The mem-
ory window is approximately �VT ¼ 4 V. The very
low voltage operation is enabled by the thin, high
dielectric constant gate insulator. Applying VGS ¼
�3 V erases the information before the DAE is
converted back to its open-bond isomer. The initial
and erased states show nearly identical ID vs.

VGS characteristics, indicating a lack of hysteresis
between the programming and erase cycles. The
drain current contrast between the programmed (I1)
and erased states (I0) is I1/I0 ¼ 4400 under intense,
9.27 mW/cm2 illumination at 633 nm (see Fig. 9.64b).
Furthermore, there is only a small reduction in �VT

after 104 cycles, with a retention time of at least 7 days
(Chen et al., 2015a). This shows the ability of ultrathin
SAM and dielectric layers to retain charge with little
or no leakage over long periods, suggesting a notable
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lack of pinholes or other defects between the traps
and the channel.
This optical memory has been integrated into a

(5 � 5) cm2, 30 � 30 transistor array on a flexible
PET substrate. The ITO control gate is coated on the
back substrate surface, followed the deposition of the
dielectrics and a 40 nm thick pentacene channel. De-
position of the Au S and D contacts completed the
L/W ¼ 120 μm/800 μm array. A patterned mask
(Fig. 9.64b, upper inset) was placed onto the memory
surface, which was then exposed to 365 nm wave-
length illumination at 100 μW/cm2 for 200 s to create
a latent image replica on the underlying transistors.
The shape was retained for 24 h, and was repeatedly
cycled between a programmed image and a blank,
erased memory array by applying a VGS ¼ �3 V, 1 s
erase pulse. The array current output shows the
stored image of the mask in the lower inset, Fig. 9.64b.

9.4.5.2 Floating gate and metal NP charge storage

Charge trapping on an ultrathin metal sheet known
as a floating gate, is a common means for data
storage in semiconductor memories. The sheet is
embedded in the gate dielectric within a tunneling
distance of charge from the channel. Similar to
dielectric interfacial traps, the charge on the metal
layer is neutralized by applying a gate potential
opposite to that used for writing, thus providing
programming capability. Metal NP layers can sub-
stitute for a continuous metal sheet deposited from
solution between the first and second layers. Both
floating gate and metal NP memory transistors op-
erate at very low voltages when sandwiched be-
tween thin dielectric layers.
An example of a floating gate memory OTFT is

shown in Fig. 9.65a, with a cross-sectional image of
the gate region in Fig. 9.65b. The 16 nm thick floating
Al gate is set back from the pentacene channel by a
compound insulator comprising oxygen plasma-
deposited AlOx (4 nm), and a solution deposited
phosphonic acid SAM (2 nm) in contact with the
channel. The floating gate comprises a 16 nm thick
Al layer separated from the Al control gate (also
16 nm thick) by a second AlOx (4 nm)/SAM (2 nm)
dielectric. The BG/TC transistor is completed by
depositing the Au S and D onto the pentacene
channel.
The drain current characteristics in Fig. 9.65c show

a memory window of 2 V. The transistor is written
by hole tunneling into the floating gate at VGS ¼ �6 V
and VDS ¼ �1 V. The memory state is erased by
reversing the gate voltage to VGS ¼ +3 V. The Ion/Ioff
¼ 105 provides a suitable contrast for large memory
array applications. Also, the Ioff is apparently almost
entirely due to ~10 pA gate leakage that results in a
slow discharge of the memory contents during each
read cycle, requiring periodic refreshing of its con-
tents. A notable feature of this architecture is the
time (~1 s) required for programming, shown in
Fig. 9.65d. Finally, fatigue in the threshold voltage
difference between the written and erased modes is
apparent after 1000 cycles due to partially irreversible
charge trapping along with damage to the floating
gate after many programming cycles. Annealing the
devices at 140°C in nitrogen recovers the initial value
of �VT. Memory retention times of 103–104 s are
observed (Sekitani et al., 2009a).
Flexible memories employing the transistors in Fig.

9.65 consisting of 26 � 26 cells on a 5 � 5 cm2 PEN
substrate have been demonstrated. Each cell com-
prises a pair of floating gate transistors sharing a
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common channel, as shown in Fig. 9.65d, inset. The
transistor, TA, provides access to the readout transis-
tor (TR) where the information is stored. At two tran-
sistors per bit, a total of 1352 transistors are used in
the array. Each array cross-point is combined with a
pressure-sensitive resistive element. Hence the circuit
stores tactile information patterns at each memory
site. The tactile pattern was stored for 12 h although
there was considerable “image” distortion due to
device leakage over that time period.

The dependence of the memory properties of
OTFTs on metal NP composition and the gate bilayer
dielectric structure has been widely investigated (Kim
and Lee, 2010, Kang et al., 2013). We have seen in
Section 7.5.2 that very thin layers of metal do not
fully wet the organic surface. Hence, Au NP clusters
form as shown in Fig. 9.66a and b for two different
deposition rates on a PS dielectric.

These NP layers were used in TG/BC OTFTs with a
P(NDI2OD-T2) n-channel semiconductor. The dielec-
tric bilayers comprise a 40 nm thick PS layer, a 1 nm
thick layer of vacuum deposited metal, followed by a
260 nm thick PMMA secondary dielectric. Write and

erase require VGS ¼ ± 80 V due to the thick PS/
PMMA gate dielectric. Indeed, even the 40 nm PS
first dielectric may be too thick to charge the NPs.
Micrographs in Fig. 7.180 show that Ag NPs can
diffuse deep into the organic layer, which may signifi-
cantly reduce the tunneling distance. Figure 9.66c
shows that the drain current characteristics are sensi-
tive to deposition rate: the higher deposition rate re-
sults in a lower density of larger NPs than at lower
rates. As a result, the memory window and Ion/Ioff are
reduced due to the lower density of trapped charge in
the films with lower NP densities.
The dependence of memory transistor properties

on metal (Au, Ag, Cu, and Al) composition are sum-
marized in Table 9.4. The Au and Ag films coalesce
into nanometer clusters that are uniformly distributed
across the polymer surface. Copper, on the other
hand, forms larger clusters at a lower density, where-
as Al wets the polymer surface and thus no particles
are observed. Higher densities of NPs results in a
larger memory window, with the largest �VT ¼ 51.7
V for the Au NP device with a write-erase gate volt-
age of ±80V. In contrast, no memory window is
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developed for Al, presumably due to the formation of
a continuous film at the PS/PMMA interface. How-
ever, if the layer were perfectly flat, it would form a
floating gate, in which case some programmability
would remain. Since this is not observed, penetration
of Al through the PS first dielectric may cause leakage
that prevents charge storage. The memory window is
progressively smaller for Ag and Cu due to the smal-
ler NP surface density, which reduces the amount of
charge that can be stored. Also, even VGS ¼ ±50 V is
insufficient to change the memory state of the

transistors, again due to the use of thick dielectrics
(Kang et al., 2013).
The retention time is lowest for the Ag NP device,

possibly due to tunneling between the high density
of particles at the interface that leads to their rela-
tively rapid discharge. The lowest density Cu inter-
layer has the longest memory retention since the
clusters are too far apart to allow for significant
tunneling between them. Apparently, the NP size,
shape and particularly distribution within the film
bulk determine how rapidly charge can dissipate,
and how large a memory window can be achieved.
Indeed, the particle spatial distribution may be the
most important attribute of NP-based organic mem-
ories. Diffusion into the dielectric bulk can be avoid-
ed using solution-deposited, non-metallic NPs.
Precisely controlled ferritin NP multilayer films

on a SiO2 or Al2O3 gate dielectric have been used to
store charge supplied from a pentacene channel (see
Fig. 9.67). Ferritin is an iron-containing protein that
forms 12 nm diameter spherical particles with a shell
thickness of 2 nm. The particles are deposited one
layer at a time from solution to form a multilayer
stack whose depth is precisely controlled to achieve
the desired charge density. Charges are stored in the
volume comprising alternating layers of anionic
PAH and cationic ferritin. The switching times of
devices comprising 40 bilayers in pentacene OTFTs
are > 10 μs which is considerably less than for the
floating gate transistors discussed above. The mem-
ory windows are approximately 20 V, Ion/Ioff ¼ 104,
and retention and fatigue characteristics are similar
to those obtained for thin film floating gate devices
(Kim et al., 2013a). These non-metallic NPs, there-
fore, show promise for charge storage applications,
although the long term stability of the transistors has
not been explored.
Ambipolar conduction of the channel is an im-

portant for to rapid charging and discharging of the
floating gate or NP layer. We have seen that these
two processes entail the attraction of charge of one
sign from the channel during the program cycle,
followed by the opposite sign charge during erase.
Both charge types, therefore, must be transported
through the channel, which can cause significant
cycle time delays if the mobilities of electrons and
holes are markedly different. Pentacene is an ex-
ample material that has a higher hole than electron
mobility, although the asymmetry is small enough
that it is useful in memory transistors. Likewise,
PDPP-TBT is an ambipolar polymer with nearly
equal electron and hole mobilities of 0.051 cm2/V
s and 0.037 cm2/V s, respectively, that has been

Table 9.4 Characteristics of n-channel P(NDI2OD-T2) memory OTFTs
employing different metal films at the PS/PMMA gate dielectric interface
(Kang et al., 2013)

Parameter Au Ag Cu Al

NP sizea (ave.) (nm) 4.6 6.8 13 ~200

NP surface density �10�12 (cm�2) 3.0 1.5 1.0 NA

Memory window (V), VGS ¼ ±50 V 0.9 0 0 0

Memory window (V), VGS ¼ ±80 V 51.7 29.1 22.4 2

Charge/NP at VGS =±80 V 1.3 4.5 13.8 NA

Retention time (s) 107 >107 >108 NA

a Nanoparticle sizes observed after deposition of 1 nm thick metal films.

10–10

10–8

10–6

10–4

VDS=30V

(c)

Deposition rate :

0.1Å/S
0.1Å/S

–40–80 0 40 80

VGS (V)

|I D
S|

 (A
)

(a) (b)

Figure 9.66 Transmission electron micrographs of Au NPs formed by
vacuum thermal deposition of 1 nm thick films on PS at (a) 0.1 Å/s and
(b) 0.2 Å/s. The scale bars are 5 nm. (c) Drain current characteristics of PS/
Au NP/PMMA transistors with L ¼ 10 μm and W =1 mm at two different
NP film growth rates (Kang et al., 2013).
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used with Au NP charge trapping layers (Zhou
et al., 2013).

9.4.5.3 Ferroelectric memory transistors

We showed in Section 9.4.4 that the dipole moment of
a ferroelectric can be reversibly switched by alternate-
ly applying a positive or negative voltage that exceeds
the coercive field strength (~50 MV/m). Higher fields
are required for the thinnest films where the dipolar
molecules become pinned at the film surfaces. The
ferroelectric memory OTFT, or OFeFET, operates by
applying a gate voltage that can switch the dipole
direction within a ferroelectric gate insulator. This
screens the gate potential at the channel/insulator
interface, which results in an increase or decrease in
charge density (and hence a shift in VT and ID), de-
pending on the dipole direction. Since the dipole
orientation is bistable, the OFeFET can assume one
of two different threshold voltages corresponding to
a logical 1 or 0. The device memory state is read by
applying a gate voltage near VT, and measuring the
drain current.

We noted previously that ferroelectrics spontan-
eously polarize when heated above their Curie tem-
perature, TC, and then cooled. This process aligns the
molecules into a crystalline film, or in a polycrystal-
line structure with low angle grain boundaries
between domains. If unpolarized (i.e. at T > TC,
or before annealing), the materials are paraelectric,
and the polarization depends linearly on the field
strength. Alternatively, the crystalline domains can

be aligned using mechanical strain. This is illustrated
for P(VDF-TrFE) deposited on PET films laminated
with an Al contact layer in Fig. 9.68. The PET is a
thermoformable plastic that can apply strains to the
ferroelectric layer that approach 100% when
stretched at elevated temperatures. The Fourier
transform infrared (FTIR) spectra of several 900 nm
thick P(VDF-TrFE) films subjected to different ther-
mal treatments are shown in Fig. 9.68a. The 1400
cm�1 band intensity is most sensitive to ordering.
The lower energy bands at 850 and 883 cm�1 are
associated with the trans-gauche and the highly ferro-
electric all-trans configurations, respectively. The
peak at 1286 cm�1 corresponds to an extended trans
sequence of more than four monomers. This latter
feature indicates the state of polarization switching
of the film. The conformational changes into the
ferroelectric trans configuration require readjust-
ment of the polymer chain organization. This is a
thermally activated process that can be accelerated
by applying physical strain. Spectrum (i) corres-
ponds to the unannealed sample. Its low intensity
is a consequence of a disordered structure. Likewise,
the film stretched at room temperature (iii) shows
relatively weak spectral intensity compared to an
unstrained film that is ordered by heating in N2 for
2 h at T ¼ 140°C > TC ~ 100°C (spectrum (ii)). The
film that is tensile strained by 50% at 70°C (spectrum
(iv)) shows the greatest degree of crystallinity in the
all-trans phase, even though the temperature is
below TC.

Source

Drain

PAH

Ferritin

Gate

Pentacene

Si or ITO-coated
plastic substrates

SiO2 or Al2O3

e–

Figure 9.67 Schematic illustration of the fabrication of PAH/ferritin dielectrics by layer-by-layer solution processing. The multilayer stack is deposited onto
a SiO2 (200 nm) or Al2O3 (50 nm) dielectric, and coated by the pentacene channel. Gold source and drain electrodes are deposited to complete the BG/TC
memory transistor with L ¼ 100 μm and W ¼ 800 μm (Kim et al., 2013a).
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The ferroelectric hysteresis loops of capacitors
using films strained to 25% and 50% at different tem-
peratures are shown in Fig. 9.68b. The capacitive
memories comprise a P(VDF-TrFE) film sandwiched
between an Al back contact and a Au top contact.
The remnant polarization of the high temperature
annealed sample, as well as those strained at 50%
at 70°C and at 25% at 120°C are roughly equal, at
10 μC/cm2. However, for 25% or 50% strain at 50°C,
Pr ¼ 4 μC/cm2 with a correspondingly higher coer-
cive field than those exposed to higher temperatures.
The results are consistent with the FTIR data: both
strain and elevated temperature result in a higher
degree of polarization. In addition, the strain and
temperature effects reinforce each other. A higher
strain requires a lower temperature than a lower
strain (Nguyen et al., 2008).
The operating characteristics of pentacene channel

BG/TC OFeFETs with stretched and annealed

P(VDF-TrFE) are shown in Fig. 9.69a. They show a
hole mobility of 0.072–0.12 cm2/V s after stretching.
The device with 50% strain and annealed at 70°C has
the largest memory window of �VT ¼ 60 V and Ion/
Ioff ¼ 104, which is even larger than obtained for the
unstretched transistor annealed at 140°C. Further-
more, the 50% strain device showed an extrapolated
data retention time of 104 s, at which point Ion/Ioff ¼
102. Interestingly, the memory window is independ-
ent of the orientation of the channel relative to the
stretching direction. Figure 9.69b shows the drain cur-
rent characteristics of two OFeFETs whose channels
are oriented perpendicular (circles) and parallel (tri-
angles) to the direction that the substrate is distorted.
In both cases, the performance is nearly identical,
indicating that the polymer chains are equally poled
along the ferroelectric trans direction. This directional
independence makes the process adaptable to fabri-
cation of large-scale memories without being
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50% at 25°C, and (iv) stretched by 50% at 70°C. (b) Hysteresis loops for ferroelectric capacitors whose films are treated as indicated in legend. Inset:
Schematic diagram of the capacitor (Nguyen et al., 2008).
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constrained by the orientation of one device block
relative to others on the same substrate.

A P(VDF-TrFE) OFeFET memory array on flexible
polyimide was implemented using the three transis-
tor (3T) circuit for each memory cell shown in
Fig. 9.70a. The 3T architecture is immune from de-
structive memory readout since it separates data
storage, cell addressing (or access), and the erase
functions between independent devices. This is a
more robust design than either a 1T memory element
where all functions are combined in a single device, or
even a 1T1C (i.e. 1 transistor, 1 capacitor) network.

An interesting application of the OFeFET memory
is the multilayer “communication system” in
Fig. 9.71a, where a radiofrequency (r.f.) wireless
transmitter signal is received by an integrated coil
antenna. An r.f. receiver is positioned over a second

coil on the array. This activates two mechanical
switches to form an ad hoc, hard-wired network be-
tween the transmit and receive locations whose posi-
tions are retained by the corresponding memory
OFeFETs.
A conceptual diagram of the circuit architecture and

one multilayer array cell is shown in Figs. 9.71a and b,
respectively (Sekitani et al., 2009b). The circuit em-
ploys a 8 x 9 array with dimensions of (25 � 25) cm2.
The cell pitch is 2.5 cm along both the rows and col-
umns. The Ag BG/Ag TC transistors comprised a
50 nm thick vacuum-deposited pentacene channel on
a 75 μm thick polyimide substrate. The contacts and
the array word lines used Ag NPs that are sintered
at 180°C. The 400 nm thick P(VDF-TrFE) film
used for the memory transistor is cured at 90°C and
then annealed above TC at 135°C for 2 h in air. The
channel lengths of all the transistors were L ¼ 30 μm,
with W ¼ 16.5 mm, 45 mm, and 300 μm for the access,
memory and erase transistors, respectively. Finally,
the transistors were encapsulated by depositing a
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Figure 9.70 (a) Three transistor (3T) memory circuit comprising an
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vs. the access transistor gate voltage (VWLA) for the memory transistor in
the 1 and 0 states. Ion/Ioff ¼ 105 (Sekitani et al., 2009b).
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parylene/Au bilayer to prevent exposure of their ac-
tive regions to the ambient.
All layers use printing techniques for patterning:

screen printing for the Cu coil, inkjet printing for the
Ag NP conducting lines, and a combination of inkjet
and microdroplet printing for the 3T memory cell.
The function of this circuit is as follows: The 2 MHz
r.f. signals are inductively coupled to the adjacent Cu
coil, inducing a voltage that appears on one electrode

of a mechanical relay. The opposite terminal of the
relay is connected to the drain of the memory transis-
tor. When the transistor is in the 1 state, 30 V from the
bit line (BL) is supplied to the relay, closing the switch
and connecting the cell to the “global wiring sheet”
(Sekitani et al., 2007). A similar sequence occurs at the
receive end, thereby completing a hard-wired inter-
connection through the wiring sheet between these
two locations. The interconnection is maintained
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Figure 9.71 (a) Communication system architecture illustrating the coupling of a wireless transmitter and receiver positioned over the communication
coil sheet to establish the ad hoc hard-wired connection between their positions. The connection is retained by the non-volatile OFeFET 3T memory.
(b) The multilayer array element comprising a memory coil, an electrically activated mechanical switch, a global wiring layer, and the 3T memory cell
(Sekitani et al., 2009b).
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until an erase signal is sent to either the transmit
or receive array cross-points. This causes the mem-
ory voltage to return to the 0 state, which in turn
disconnects the BL from the switch, opening the
relay and dropping the connection to the other
array location. The mechanical relays, comprising
electrostatically deflected perylene arms, presents a
resistance of ~1 Ω.

The memory state is switched by applying VWLM to
the word line connected to the gate of the memory
transistor, and its state is queried according to the
voltages applied to word lines at the gates of the
access and erase transistors (VWLA and VWLE, respect-
ively). The bias conditions leading to read, write and
erase are summarized in Table 9.5. The currents in the
1 and 0 states are shown in Fig. 9.70b as a function of
the access word line voltage, VWLA. The current con-
trast ratio is Ion/Ioff ¼ 105. The write time is 40 ms and
the erase time is 10 ms, both limited by parasitic
capacitances of the 3T circuit.

Hard wired interconnections in Fig. 9.71 are
dynamic, secure, and non-volatile. That is, the inter-
connect is maintained by the memory state of the
OFeFETs, and hence is sustained until an erase sig-
nal is sent. The interconnections do not require con-
tinual, free space communication, releasing the
address electronics to perform other functions, such
as establishing other routing paths within the same
array. This circuit shows the degree of sophistication
that can be achieved using flexible electronics, and
the ability of integrated memories to enable new
applications.

In concluding this discussion, we have seen that
organic memories based on charge trapping, filamen-
tary conduction and ferroelectric effects can have long
data retention times, high stability, and fast write/
read/erase cycle performance. The memory element
itself can be a resistive or capacitive switch, a diode or
a transistor. Both volatile and non-volatile memories
are possible leading to WORM and DRAM architec-
tures. A nonlinear element such as a diode or access
transistor must be used in conjunction with the resist-
ive or reactive memory element to permit scaling to

large, high capacity memory arrays. While their per-
formance and bit density falls short of that attained
with conventional Si technology, organic memories
can be flexible and can extend over large areas. We
have shown that both of these attributes enable spe-
cial purpose applications that are not served by high-
density Si-based memories. Organic memories have,
indeed, made substantial progress during the last
decade, yet further developments are needed to im-
prove their speed, data retention time, and to reduce
memory fatigue.

9.5 Organic/two-dimensional
semiconductor heterojunctions

While previous discussions have dealt with 3D elec-
tronic systems, that is, those systems whose charac-
teristics are controlled by bulk properties of the
semiconductor, limited dimensional systems are play-
ing an increasingly important role in modern optics
and electronics. In particular, 2D and one-
dimensional transport of charge and excited states
may offer ultrahigh 2D mobilities, or 1D quantum
interference effects. Much of the interest in limited
dimensional systems stems from the fact that Moore’s
law of transistor scaling is nearing an end due to
practical limitations on shrinking gate lengths to the
atomic scale. The powerful economic drivers under-
lying Moore’s law are, nevertheless, compelling sci-
entists and engineers to seek methods to circumvent
this limit by using materials and systems with super-
ior electronic properties than Si. Two-dimensional
materials, that is, those that comprise only a single
or a very few number of monolayers, are such a class
of solids. The archetype example of a 2D material is
graphene—a single layer of fused, interconnected car-
bon rings. Graphene has exhibited an exceptionally
high charge mobility and charge density (Bolotin
et al., 2008). In its pristine form, it is a semimetal,
although doping, strain, or externally applied fields
can induce a band gap. Another example is hexagonal
boron nitride (h-BN). This graphene isomorph com-
prises alternating B and N atoms that occupy inequi-
valent lattice positions. Unlike graphene, h-BN is an
insulator.
Perhaps the most interesting class of materials for

use in active organic electronic devices comprises 2D
monolayers of transition metal dichalcogenides
(TMDCs). Their molecular formula is MX2, where
M is a group IV, V, or VI transition metal and X is
a chalcogen (S, Se, or Te). These materials are charac-
terized by a direct or indirect bandgap whose
magnitude depends on the number of monolayers

Table 9.5 Voltages used to write, erase, and read the 3T memory
element in Fig. 9.70 (Sekitani et al., 2009b)

Action State VBL
(V)

VWLA (V) VWLM

(V)
VWLE

(V)
IM
(A)

Write 0!1 40 �40 �60 �40 10�5

Erase 1!0 �40 �40 +60 �40 10�10

Read �10 �60 to 60 0 �40
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comprising the film. Like graphene, they have high
mobilities and mechanical flexibility, and can be in-
tensely luminescent.
Two-dimensional W-M excitons are supported

by TMDC monolayers. The layers feature a large
spin–orbit coupling that allows for rapid transitions
between the singlet and triplet excited states. In this
regard, HJs between 2D TMDCs and organics have
the potential to create structures that combine the
advantages of both systems while reducing their in-
dividual disadvantages. The Frenkel-like excitonic
nature of organics gives them a high oscillator
strength, thus providing strong optical absorption.
Illumination generates excitons that dissociate at a
TMDC/organic interface, and can be transported in
the very high mobility 2D film. The large spin–orbit
coupling of TMDCs may lead to efficient light emis-
sion from both singlet and triplet states generated
within the organic region of the HJ. Both materials
are flexible, and layering one on the other is possible
using techniques such as vapor deposition of organ-
ics, and exfoliation of monolayers from TMDCs.
Monolayer TMDCs have a small absorbance even

though theymight have an exceptionally high absorp-
tion coefficient. Furthermore, it has not yet been pos-
sible to grow defect-free films over evenmodest areas.
Films grown by CVD are polycrystalline, and consist
of one or more atomic layers in island-like domains
of unpredictably varying sizes. Each domain may
possess significantly different electronic characteris-
tics, depending on the number of layers. Moreover, a
high density of chalcogen vacancies and defects at
domain edges and within the monolayers themselves
reduces the charge mobility well below the theoretical
limit predicted for perfect films, while also reducing
the exciton lifetime. However, organics have been
shown to effectively passivate the surface defects of
semiconductors (Lunt et al., 1991, Li et al., 2011, Yong
et al., 2012, Lee et al., 2018). Hence, a judicious choice
of organic may reduce the effects of chalcogen vacan-
cies in the TMDC films.

9.5.1 Electronic characteristics of transition
metal dichalcogenides

Covalent bonds between the M and X atoms provide
strong intralayer adhesive forces. However, far
weaker van der Waals bonds between the layers
permit them to be separated into monolayers via
exfoliation with properties unique from those of the
bulk. The layers themselves can assume either a hex-
agonal (H) or tetragonal (T) symmetry, where the
metal atoms have either trigonal (1H/2H) or

octahedral (1T) coordination with the X atoms in
the basal plane (see Fig. 9.72). The hexagonal lattice
can comprise either one or two layers for each unit
along the (0001) c-direction, corresponding to the 1H
or 2H structures, respectively. For many TMDCs, the
1T structure is unstable at room temperature. A 3D
view of a bilayer of an MX2 compound is shown in
Fig. 9.73a, showing the relative positions of the metal
and chalcogen layers within and between the atomic
planes. The lattice parameters for WS2 are a ¼ 3.154
Å and c¼ 12.362 Å, and forMoS2, a¼ 3.160 Å and c¼
12.295 Å, reflecting the large asymmetries of these
2D lattices (Wilson and Yoffe, 1969, Mattheiss, 1973).
An important feature of TMDCs is the tunability of

their band gaps, depending on the number of layers.
For example, WS2 can be tuned from an indirect
bandgap, bulk semiconductor with EG ¼ 1.3 eV to a
direct bandgap monolayer with EG ¼ 2.1 eV. The
energetics of bilayers, trilayers, and so on, monoton-
ically transition from their monolayer to bulk values.
The indirect band gap increases with the number of
layers, while the direct gap stays almost unchanged.
Hence, the material transitions from indirect to direct
gap between a bilayer and a monolayer. The band
structure calculated for WS2 is shown in Fig. 9.73b,
where the vertical axis is in Hartrees (Ha). A Hartree
is given by Eh ¼ m0 q2=4πε0h�

� �2 ¼ 2R∞hc ¼ 27:2 eV,
where m0 is the electron rest mass, R∞ is the Rydberg
constant, and c is the speed of light. Interestingly,
the direct band gap is not at k ¼ 0 (�), but rather
at the K symmetry point. Similar band structures

(a)

(b)

1 
H

/2
H

1T

X

M

Figure 9.72 Two crystal structures possible for TMDCs. (a) Hexagonal in
one or two repeat units along the vertical, (0001) direction (1H and 2H,
respectively), and (b) tetragonal (1T).

974 EXPECT THE UNEXPECTED: MORE POSSIBILITIES FOR ORGANIC ELECTRONICS



and behavior with decreasing numbers of layers are
found for MoS2 (Kuc et al., 2011).

A simplified energy band diagram of a TMDC
monolayer at the band extrema is shown in Fig. 9.74a.
The exciton level is shown by the dashed line. Several

features in the absorption spectrum of MoSe2 in
Fig. 9.74b are associated with transitions shown in the
band diagram. Notably, the A and B excitons resulting
fromvalence band splitting via a large spin–orbit coup-
ling energy, �SO, appear at 790 nm and 700 nm,
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Figure 9.73 (a) Illustration of two monolayers of a TMDC. The individual layers are bonded via van der Waals forces between neighboring chalcogens
(X), whereas the in-plane atoms are covalently bonded. M is the transition metal atom. (b) Calculated band structure of the WS2 bulk, and a bilayer, and a
monolayer. The conduction band minimum is shown by the green line, the Fermi energy by the dashed line, and the valence band maximum by the blue
line. The energy gaps are indicated by arrows (vertical arrow for direct band gap and diagonal arrows for indirect band gaps) (Kuc et al., 2011).
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respectively. Near the band extrema, the valence and
conduction bands are parallel and symmetric about
their maxima. Hence, excitations generate electrons
and holes that propagate at the same velocities but in
opposite directions. This larger energy transition com-
monly observed in many TMDCs gives rise to the
broad C feature in Fig. 9.74b. The PL spectrum is due
to recombination of the lowest energy A exciton.
The mono- and multilayer samples contain a high

density of surface and edge chalcogen vacancies
that adversely affect the charge mobilities (Qiu et al.,
2013) and exciton lifetimes (Amani et al., 2015), thus
reducing conductivity and PL efficiency. The vacan-
cies can be filled via passivation by thiolation. Indeed,
attaching thiols or electron donating or withdrawing
species onto TMDC monolayers can also result in n-
or p-type doping that increases the layer conductivity.
A potential mechanism for defect passivation of a

MoS2 monolayer using thiol-based molecules is illus-
trated in Fig. 9.75. The S binds to Mo at the vacancy
site, leaving the functionalizing R group exposed.
Thiolation has been demonstrated using grinding-
assisted ultrasonic exfoliation of MoS2 in solution to
generate a distribution of flakes ranging in size from
100–300 nm, and with thicknesses up to 5 nm.
A monolayer (ML) of the TMDC is 0.7 nm thick.
This suggests that the process generates a distribution
of flake thicknesses from 1 to 6 ML. Exfoliation results
in a high S vacancy that is repaired by introducing
thiols into the suspension containing the flakes. Such
thiols include p-mercaptophenol (S1), thiophenol
(S2), 1-propanethiol (S3), 1-nonanethiol (S4), and 1-
dodecanethiol (S5, see Fig. 9.76). Using a combination
of infrared and X-ray photoelectron spectroscopy
(XPS), the absorption at 2563 cm�1 due to the S–H
bond is absent in the functionalized monolayers, in-
dicative of binding of the thiols to the MoS2 sheets.
The energetic shifts engendered by the attachment

of the several thiolating compounds have been

investigated by photoelectron and optical spectros-
copy, with results shown in Fig. 9.76. The valence
band energies are slightly destabilized by the thiol
attachments due to their mild Lewis base nature.
Figure 9.76a shows that the valence band energy is
decreased relative to vacuum as the electron with-
drawing strength of the functionalizing group de-
creases from the alcoholic substituted S1 to the less
electronegative aromatic thiol, S2. Similarly, the
shorter alkane chain of S3 is a more effective electron
withdrawingmoiety than the more extended chains of
S4 and S5. The energy gap is correspondingly affected
by thiolation. Thiol attachment results in longer wave-
length PL emission,which is a consequence of electron-
withdrawing functionalizing groups attached to the S-
atom in the thinfilm. These effects are confirmedby the
Fermi-energies in Fig. 9.76b. Thus, the aromatic S2 and
longer alkane chain compounds S4 and S5 lead to
pronounced n-type doping of the TMDC, shifting the
Fermi energy toward the conduction band minimum,
whereas the as-prepared film shows intrinsic conduct-
ive behavior with the Fermi energy at mid-gap
(Nguyen et al., 2015).
Attachment of organic molecules with greater or

lesser electron withdrawing character can be used to
dope the 2D materials, thereby modifying their con-
ductivity (and conductivity type) over a wide range.
Density functional theory (DFT) calculations of mono-
layers of organic compounds on pristine (i.e. defect-
free) MoS2, for example, have shown that they can
serve as either electron donors or acceptors, depending
on the positions of the HOMO and LUMO energies
within the band gap of the monolayer (cf. Section
4.4.1). Examples of electron donating DMPD and ac-
cepting TCNE are shown in Fig. 9.77. The relative posi-
tions of the HOMO and LUMO energies within the
bandgap of the monolayer film show that DMPD is
an n-type dopant, contributing electrons from its filled
HOMO into the conduction band of MoS2. Thus, the

(i) (ii)

R R
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R R
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thiolation

molybdeum sulfur ‘R’ group hydrogen

Figure 9.75 (i) A monolayer of MoS2 showing numerous S vacancies. (ii) Immersing the TMDC in a solution containing functionalized thiol moieties
results in attachment of the S-atom to the TMDC, exposing the R-group (Nguyen et al., 2015).
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Fermi energy is positioned approximately at the con-
duction band minimum. Likewise, the LUMO energy
of TCNE is within 0.5 eV of the MoS2 valence band

maximum, at the high symmetry �-point, behaving as
an acceptor.
The amount of charge transfer from an adsorbed

organic layer is calculated by assuming a multistep
process whereby charge transfer across the interface is
followed by electronic polarization. That is, the total
average in-plane charge density transferred at pos-
ition z normal to the film plane is

�ρ zð Þ ¼ ρorg=TMD zð Þ � ρorg zð Þ � ρTMD zð Þ; ð9:35Þ

where ρorg=TMD(z) is the charge density of the combined
organic/TMDC system and ρorg zð Þ and ρTMD zð Þ are the
charge densities of the respective, non-interacting sys-
tems. The total charge transferred is then

�n z0ð Þ ¼
ðz0
�∞
�ρ zð Þdz; ð9:36Þ

where z0 is the equilibrium distance of the organic mol-
ecule to the film plane (Cai et al., 2016, Shen and Tao,
2017). The amount of charge transfer depends sensitive-
ly on the fraction of the TMDC surface that is covered,
the sites occupied by the organic molecules, and
whether or not the dopant is positioned above an atom-
ic vacancy. ForDMPDandTCNE, for example, the total
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charge density transferred to pristine MoS2 at low mo-
lecular coverage is 5 � 1012 cm�2 electrons and ~1 �
1012 cm�2 holes, respectively, whereas the density of
electrons is approximately doubled if the dopants are
positioned above a S vacancy (Cai et al., 2016).
As noted, surface passivation can have dramatic

effects on the exciton lifetime and charge concentration
within the monolayer. In Fig. 9.78a we show that ex-
foliatedMoS2 films treatedwith the organic superacid,
TFSI, show a 190-fold increase in PL efficiency com-
pared to the as-prepared sample. Furthermore, neither
PL peak shifts nor line shape changes are observed due
to coverage by TFSI. The PL quantum yields (PLQYs)
of the two samples are plotted vs. charge generation
rate, G (proportional to the pump intensity) are shown
in Fig. 9.78b. The PLQY is possibly>95% for the TFSI-
treated 2D film at low fluence, compared to < 1% for
the as-prepared sample. Caution, however, is warrant-
ed in claiming such high efficiencies in samples with
unusual geometries as in 2D films. We can conclude,
however, that the relative efficiency of the treated film
is much larger than for the untreated film.
At high fluence, the number of photogenerated

charges exceeds that of the background carrier
concentration in MoS2. In this case, the number of
electrons (n) and holes (p) are equal, and the recom-
bination rate is proportional to np ¼ n2 ∝G2. As
shown in Section 3.10, at high fluence we expect that
the exciton annihilation rate is proportional to the
square of the number of excitons, Nex. Hence, the PL

quantum efficiency is equal to the ratio of the radia-
tive recombination rate to the total recombination
rate, viz.

ηPL ¼
krNex

krNex þ knrn2 þ kexN2
ex
; ð9:37Þ

where kr is the fluorescence recombination rate, knr
is the charge recombination rate at defects, and kex
is the biexcitonic recombination rate. For the treated
sample, it was assumed that knr ! 0. Fits to the
data in Fig. 9.78b using Eq. 9.37, as shown by the
dashed lines yield kex ¼ 2.8 cm2/s and knr ¼ 1.5 �
106 cm2/s. We note that the exciton lifetimes are simi-
larly enhanced for the surface passivated samples.
Transient luminescence measurements yield kr ¼
0.3 ns for the untreated, and 10.8 ns for the treated
MoS2 film, which is consistent with the PLQY results
(Amani et al., 2015).
An additional consequence of surface passivation

by TFSI of transistors employing a MoS2 channel is a
threshold voltage shift of 2.5 V in Fig. 9.79. This sug-
gests that passivation dedopes the thin film, reducing
the electron concentration in the channel compared to
the as-prepared sample.
Questions remain as towhat role is played byTFSI in

passivating the TMDC surface. Apparently, TFSI does
not directly affect the surface vacancies as in the case of
the thiolated samples. However, this strong acid can
reduce adsorbed –OH and water, agents that also
introduce midgap states. Yet, to achieve such high
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quantum yields, TFSI must have some effect in redu-
cing the S-vacancy density since these also introduce
midgap recombination centers. One possibility is that
the elimination of the atmospheric surface contamin-
ants by protonation by TFSImakes the dangling bonds
available for surface reconstruction. This may result in
clustering of S atoms, thus reducing the opportunities
for exciton migration to randomly distributed defects
at the MoS2 surface (Amani et al., 2015).

Band gap narrowing, energy level alignment, ex-
citon binding, and other interactions between ad-
sorbed organic layers and TMDCs are strongly
influenced by electronic polarization. Indeed, even
single monolayer TMDCs can effectively screen elec-
trostatic interactions between adsorbed organic layers
from the underlying substrate. This is illustrated
by dramatic changes in the energy gap of PTCDA
when adsorbed onto the surface of WSe2 on graphite,
vs. when it is in direct contact with a substrate.
Figure 9.80a shows scanning tunneling spectroscopy
data for monolayers of PTCDA physisorbed directly
onto a metallic Au(111) surface, a semimetallic
graphite surface, and on a semiconducting WSe2
monolayer on graphite. Scanning tunneling spec-
troscopy provides a relative measure of the electron-
ic DOS at the film surface. Applying a time varying
voltage between the microscope tip and the sample,
and then measuring the magnitude of the tunneling
current provides spatial information on the DOS.
The d.c. tip bias offset corresponds to its energy
relative to EF, whereas the current is proportional

to the magnitude of the local DOS (Zandvliet and
van Houselt, 2009). For example, within the energy
gap, the current is zero, whereas the current is large
at the peak HOMO and LUMO densities of states.
Spectra for PTCDA molecules absorbed onto vari-

ous substrates show significant energy gap narrow-
ing, from 3.73 eV for the WSe2/graphite sample,
to 3.49 eV for PTCDA directly on graphite, and
3.10 eV on the Au(111) substrate. This is compared
with 4.7 eV for isolated PTCDA molecules in the gas
phase (Dori et al., 2006). The calculated HOMO-
LUMO gaps using DFT that include polarization
effects shown in Fig. 9.80b yield 2.93 eV (Au(111)),
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2.99 eV (graphite), and 3.40 eV (WSe2/graphite)
(Zheng et al., 2016). These calculations are for isolated
molecules, and hence ignore mutual polarization
between molecules, thus underestimating the energy
gap by approximately 0.3 eV. Nevertheless, in both
the measured and calculated data, the WSe2 mono-
layer screens image charges from metallic and semi-
metallic substrates, considerably reducing energy
gap narrowing. This example is evidence that band
alignments and energy gaps of adsorbed organic mol-
ecules on the surfaces of 2D semiconductors are influ-
enced by charge exchange and associated electronic
interactions at the HJ.

9.5.2 Charge transfer at organic/2D semiconductor
heterojunctions

Thus far we have considered the properties of mono-
layer MX3 thin films and their modification by ad-
sorption or chemical reaction with organics. We now
consider the charge transport characteristics across
organic/2D semiconductor HJs, and how these junc-
tions can be exploited in practical devices. The reader
is referred to Section 4.7.3 where the topic of hybrid
organic/inorganic HJs is developed. Many of the phe-
nomena and analyses discussed in the context of bulk
structures are also applied to organic/2D HJs.
A disadvantage of using TMDCs in active photonic

applications is the low optical absorption of single
monolayers, even though they have exceptionally
large oscillator strengths. Nevertheless, 2D materials
have the advantage of large in-plane chargemobilities.
The shortcoming of a low absorbance can bemitigated
by using an efficient light absorbing organic layer
that transfers energy to the TMDCs. Such hybrid sys-
tems can therefore benefit from broad absorption com-
binedwith efficient energy harvesting. Energy transfer
from an organic to a TMDC can occur either via charge
exchange across a type II HJ (Section 4.7.3), or if the
emission spectrum of the donor (e.g. the organic) over-
laps the absorption spectrum of the acceptor (e.g. the
TMDC), Förster energy transfer may be active.
Efficient Förster energy transfer (FRET) has been

observed for the archetype monolayer MoSe2/2 nm
thick PTCDA HJ system. The excited state dipole
moment of PTCDA grown by VTE lies in-plane, thus
maximizing coupling to the W-M exciton of the
TMDC (Gu et al., 2017). Previously, we have seen
that PTCDAmolecules prefer a flat-lying morphology
on most substrates. Since the excited state dipole
moment of PTCDA lies within the molecular plane,
it stands to reason that the dipole will lie parallel to
the 2D inorganic exciton dipole moment as well.

The absorption spectra of the organic and inorganic
films are shown in Fig. 9.81a, along with the emission
spectrum of PTCDA. The PTCDA PL overlaps the
A and B exciton absorption features of MoSe2, due
to direct bandgap transitions at its high symmetry K-
point, and the C feature is due to band nesting (cf.
Fig. 9.74). The overlap between the PTCDA emission
and TMDC absorption indicates that efficient energy
transfer occurs, as observed in the PL spectra of the
individual layers and for the HJ shown in Fig. 9.81b.
The PL intensity of PTCDA is quenched in the hybrid
sample, while that of MoSe2 increases. The FRET
efficiency, η ¼ 1� IDA=ID ¼ 30%, where IDA and ID
are the spectrally integrated donor emission inten-
sities with and without the acceptor layer on the
PTCDA surface, respectively.
Contrary to PTCDA, vacuum deposited tetracene

molecules stand up on WS2, as shown in Fig. 9.82a.
These data also indicate efficient and rapid energy
and charge transfer in this system. The steady state
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PL spectra for the constituents of the HJ and of a
20 nm thick Tc/1 ML WS2 are shown in Fig. 9.82b.
Due to the band alignment at the type II HJ, excitons
generated by 2.8 eV photons in the Tc migrate to the
HJ, and then dissociate into more weakly bound
HCTEs that are precursors to free electrons in the
TMDC and holes in the Tc. The spectra explicitly
show that the 2.0 eV, A exciton of WS2 dominates the
WS2/TcHJ spectrum alongwith suppression of higher
energy vibronics of Tc. Both spectral changes are ex-
pected when energy transfer is efficient. A CT feature
appears at 1.7 eV, fromwhich its binding energy of 0.3
eV is inferred. Transient absorption spectra of select-
ively pumped Tc and WS2 layers shows that hole
transfer occurs within 3.2 ps of the CT state formation,
whereas electron transfer in the opposite directionmay
take the marginally longer time of 2.2 ps.

The diffusion of excitons at WS2/Tc HJs have been
spatially and temporally mapped using a pump
source that locally generates excitons, and then posi-
tioning a probe beam a prescribed distance from the
pump to observe the reflectance as a function of time.
The pump energy at 3.1 eV excites both the
TMDC and Tc, whereas the probe at 2.0 eV is sensitive
to charges in the WS2. The evolution of the exciton
density is modeled using solutions to the time
dependent diffusion equation (Section 7.1.4). The
change in reflection (i.e. the ratio of the difference in
reflectance with and without the pump beam, to the
reflectance without the pump) obtained vs. position
and time after the trailing edge of the pump pulse is
shown in Fig. 9.83. Since the differential resistance
is a function of exciton density, the profiles can be fit
to solutions of the diffusion equation. Assuming two
different Gaussian widths, σ1,t and σ2,t, the exciton
density is

N x; tð Þ ¼ N1exp � x� x0ð Þ2
2σ1;t

 !
þN2exp � x� x0ð Þ2

2σ2;t

 !
;

ð9:38Þ
where N1 and N2 are the exciton populations at
x ¼ x0, and x0 is the position of the pump. The
implication of this fit is that two different exciton
populations coexist, each with a different diffusion
constant given by

D1;2 ¼
σ21;2t � σ20

2t
; ð9:39Þ

where σ0 is the time-independent spatial variance
of the distribution. The fits yield N1=N2 ¼ 2=3, with
corresponding diffusion constants of D1 ¼ 1 cm2/s
observed for the fast-moving population at t > 100 ps,
and D2 ¼ 0.04 cm2/s for the more slowly moving
excitons. Indeed, using an exciton lifetime of τ ¼ 2 ns
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taken from transient data, the diffusion length for the
N1 population is LD1 ¼

ffiffiffiffiffiffiffiffi
D1τ

p ¼ 450 nm. This large
diffusion length is not unexpected for 2D thin films,
although it is undoubtedly less than can be achieved in
defect-free films where diffusion constants are expect-
ed to be at least an order of magnitude higher. Using a
similar analysis, LD ¼ 90 nm, assuming that both
populations have the same lifetime.
It has been proposed that the N1 population with

its long diffusion length is due to free excitons, while
the N2 population is due to excitons in energy sites
extending deep into the WS2 energy gap (Zhu et al.,
2018). An alternative explanation is that this slower
moving population is due to states trapped at surface
S-vacancies. Trapped CT excitons have been predict-
ed and observed at organic/GaN and organic/ZnO
HJs (Panda et al., 2016, Panda and Forrest, 2017), and
hence it is possible that similar effects are active at
WS2/Tc interfaces.
Spectroscopic evidence for HCTEs and efficient

charge transfer at pentacene/MoS2 (Homan et al.,
2017) and WS2/PTCDA HJs has also been reported
(Liu et al., 2017). Excitons bound at the HJ can be
modeled by assuming that the TMDC has only
in-plane polarizability, and that holes in the TMDC
bound to electrons on the organic side of the HJ are
delocalized in the 2D film plane. Due to the
asymmetry of the dielectric constants and effective
masses of charges in the two materials, the HCTE
wavefunction on the inorganic side has 2DW-M char-
acter, whereas on the organic side it has local Frenkel
character (Renshaw and Forrest, 2014). Thus, the hole
is Coulombically bound to an electron fixed on a
molecule across the HJ. This assumption is justified
by the lower dielectric constant and larger effective
mass of charges in organics as compared to holes
in TMDCs.
The potential energy of the hole isV(r)¼Vxy (x, y) +

Vz(z), where Vxy(x, y) is the Coulomb potential be-
tween the electron and the hole which primarily de-
pends on the 2D distribution of the hole in x–y TMDC
plane, andVz(z) includes other potential terms such as
the image charge potential and energy level offsets,
which are constant in the x-y plane. To simplify the
analysis, the hole wavefunction is written as ψ(r) ¼
ψxy(x, y) ψz(z), where r ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2 þ y2 þ z2
p

. Schrödinger’s
equation is then

� h� 2
2m�

∇2
xy þ Vxy x; yð Þ

 !
ψxy x; yð Þ ¼ E0ψxy x; yð Þ;

ð9:40Þ

where m� is the reduced effective mass of the HCTE

and E’ ¼ Eþ h�
2m�

ψ
00
zðzÞ

ψzðzÞ
� VzðzÞ ¼ E� Efree, which is

approximately the HCTE relative to the free hole en-

ergy. Also, ψ
00
zðzÞ is the second spatial derivative of the

wavefunction with respect to z. The Coulomb poten-

tial is Vxy x; yð Þ ¼ �
Xn
i¼1

q2=n
4πε0εrjrh � rij, where εr is the

dielectric constant of WS2, and rh ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
is

the position of the hole in the 2D film plane.
This analysis has been applied to electron and hole

bound pairs at PTCDA/WS2 type II HJs. The charge
distribution of the anionic PTCDA is found via DFT,
and is simplified by using a summation over n dis-
crete, fractional point charges at positions ri on the
molecule. Due to the mirror symmetry of PTCDA, it is
adequate to use n¼ 2 separated by 0.56 nm on the two
halves of the perylene core.
The energy eigenvalues of Eq. 9.40 yields the en-

ergy levels and the 2D eigenfunctions shown in
Fig. 9.84a, using the energy barriers at the PTCDA/
WS2 heterointerface in Fig. 9.84b. The lowest CT state
has a binding energy of 38.2 meV, making it stable at
room temperature. Also shown are the hole wave-
functions of the lowest four states corresponding to
the 1s, 1p, 2s, and 1d orbitals, with average electron–
hole separations of r0 ¼ 2.2, 7.5, 11.0, and 18.3 nm,
respectively. The relative sizes of these several states
are shown (Liu et al., 2017). Note, that in 2D systems,
the angular momentum quantum number is not
necessarily smaller than the principal quantum
number, and that the eigenstates are spread over
large distances along the 2D monolayer plane. This
is characteristic of a large radius W-M state that is
quantum-confined to a limited dimensional space,
similar to the situation that obtains in inorganic quan-
tum well structures.

9.5.3 Two-dimensional organic/inorganic
heterojunction devices

The efficient charge transfer across the PTCDA/WS2
heterointerface has been used for charge generation in
a hybrid organic/inorganic photodiode, schematical-
ly illustrated in the inset, Fig. 9.85. The photodiode
structure is ITO/TMDC/10 nm PTCDA/8 nm
BPhen/100 nm Al. As in OPVs, the BPhen layer is
an exciton blocking layer that also provides protec-
tion of the active layers during Al cathode deposition.
The top electrode is patterned by a shadowmask with
38 � 38 μm2 square holes aligned to the exfoliated
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WS2 islands. Figure 9.85 shows the absorbed power
for light incident normal to the substrate via the ITO
anode vs. position along the device cross-section, cal-
culated using the transfer matrix model in
Section 7.1.4. Greater than 60% of the exciton popula-
tion is generated in the WS2 layer when the junction is
excited at 450 nm > λ > 600 nm, whereas > 85% of
excitons are generated in the PTCDA at the intermedi-
ate wavelength range of 450< λ< 600 nm. It is indeed
remarkable that only a monolayer of the TMDC ab-
sorbs such a large fraction of the light—a result of its
exceptionally high oscillator strength.

The peak external quantum efficiency is ηext ¼ 1.8%
at λ ¼ 430 nm, as shown in Fig. 9.86a. The photo-
response maxima at λ ¼ 430, 520, and 625 nm corres-
pond to the absorption maxima of WS2, while others
match those of PTCDA. Figure 9.86b shows the
internal quantum efficiency calculated using ηint ¼
ηext/ηA, where ηA is the absorption efficiency calcu-
lated from ellipsometric measurements of the optical

constants of the various layers. The ηint is approxi-
mately 2% between λ ¼ 450 nm and 600 nm, and
increases to 11% at λ < 450 nm and λ > 600 nm.
The internal efficiency has been analyzed using an

empirical fit to the diffusion efficiency of excitons in
the TMDC and the organic layer, the dissociation
efficiency at the HJ, and the charge collection effi-
ciency using a procedure similar to that adopted for
the analysis of OPDs in Section 7.1. The procedure
yields an accurate fit to the data shown by the dashed
line in Fig. 9.86b. From these results we come to two
conclusions. The first is that, despite the limited di-
mensionality of the organic/TMDC HJ, it behaves in
manyways like bulk (3D) organic/inorganic junctions
in that excitons are photogenerated in both materials.
The excitons drift to the HJ where a HCTE forms
prior to dissociation into charges that are detected in
the external circuit. The second is that the quantum
efficiencies of organic/TMDC are remarkably high
considering that only a monolayer of material is need-
ed to achieve an external efficiency of 2%, and an
internal efficiency of > 10%.
While these results illustrate the benefits of combin-

ing absorptive organic thin films with 2D materials,
the structures are not a practical solution for photo-
detections. The TMDCs are polycrystalline, and the
exfoliated films result in very small flakes that are
difficult to work with. The flakes come in a variety
of shapes and sizes (most less than a few tens of
microns across) that cannot be precisely positioned
on a substrate, which is an essential first step in
batch fabrication processes. Before we can begin to
consider TMDC-based devices as useful for electronic
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applications, large monolayer films, preferably single
crystals, will need to be grown on substrates that
provide stability as well as flexibility. Furthermore, a
reproducible route to passivating chalcogen vacancies
is required to achieve the high electronic performance
that is projected for 2D materials. CVD appears to be
the most promising growth method that may ultim-
ately reach this goal, although defect-free, large area
films have yet to be demonstrated even by this
process.
In spite of the challenges, CVD grown monolayers

of MoS2 have been used in detectors employing a
16 nm thick PTB7 polymer. The CVD process uses
hot (~500°C) MoO3 and sulfur powder sources vapor-
ized into an inert (Ar) carrier gas in a quartz reactor.
As in organic vapor phase deposition (Section 5.4.2),
the elemental source vapors are carried to the sub-
strate where they react to form the MoS2. Raman
spectroscopy indicates that ~80% of the substrate is
covered by monolayer films, with the other 20%
covered by bilayer and higher order multilayers. The
CVD films are typically polycrystalline, with domain

sizes approximating those obtained by exfoliation,
that is, ~10–50 μm.
The process sequence used to fabricate the photo-

diodes is illustrated in Fig. 9.87. The CVD films are
(i) grown on SiO2 coated Si substrates, and (ii) are
protected by spin coating a layer of PMMA onto the
growth surface. (iii) The SiO2 is removed by immer-
sion in KOH, which results in the delamination of
the monolayer film. Next, (iv) the free-standing
MoS2 is transferred onto an ITO anode-coated glass
surface, (v) after which the PMMA protective coat-
ing is removed in a chloroform solution. (vi) The
TMDC is probed for its properties before (vii) a
16 nm thick layer of PTB7 is spin cast onto its surface.
(viii) The 1.6 mm2 device is completed by vapor
deposition of a MoO3 buffer and a Ag cathode
(Shastry et al., 2016). Although the films cover the
surface of the parent substrate, the devices are kept
small to avoid excess current leakage from high
densities of defects at the grain boundaries, as well
as along the film surface.
The proposed energy level diagram for the device

is shown in Fig. 9.88a. The energy level offsets
show that PTB7 functions as the donor, and MoS2
as the acceptor. The PL of the HJ shows complete
quenching of emission from the polymer due to
efficient energy transfer to MoS2. Indeed, there is
almost no emission from the HJ suggesting that the
CT state itself does not radiatively combine, in con-
trast to the behavior of the Tc/WS2 junction dis-
cussed previously.
The detector itself shows both a high absorbance

from both the PTB7 between 500 nm and 750 nm, and
the MoS2 between 350 nm and 600 nm, with reduced
absorption at longer wavelengths (see Fig. 9.88b). The
external quantum efficiency features a peak of 20% at
450 nm, almost entirely due to absorption in the
monolayer of MoS2. This corresponds to a calculated
internal efficiency of 40%. Due to its broad spectral
coverage, the same device has been tested under
simulated solar illumination. The resulting solar cell
characteristics are an open circuit voltage of VOC ¼
0.21 V, a short circuit current density of jSC ¼ 1.98
mA/cm2 and a fill factor of FF ¼ 0.24, yielding a
power conversion efficiency of PCE ¼ 0.1%.
These performance characteristics point to several

challenges confronting TMDC-based HJ devices. The
first is the low VOC compared to the HOMO-LUMO
HJ offset potential of �EHL=q ¼ 0:8 V. This is a direct
consequence of significant non-radiative recombin-
ation at the organic/TMDC HJ. Non-radiative pro-
cesses are likely due to sulfur surface and edge
vacancies discussed above. Secondly, the very low
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FF results from poor rectifying characteristics, pos-
sibly due to a large shunt leakage current through
grain boundary defects. This is apparent from the
nearly symmetrical j–V characteristics in the reverse
and forward biased directions (Shastry et al., 2016).
Note that a similarly low fill factor has been reported
for C8-BTBT/MoS2 HJ photovoltaics. In that case, the
energy level offset between the TMDC and the organ-
ic presents a large barrier that impedes electron trans-
port, requiring tunneling to extract the charges (He
et al., 2015). A large series resistance results in a very
large forward biased ideality factor of n � 21, which
may also manifest as a large FF. However, significant
contact resistances are not readily apparent in the
device in Fig. 9.88a, although injection limited con-
duction cannot be ruled out as being responsible
for the low FF and large series resistance. Finally,
the low jSC is due to the limited quantum efficiency
from the ultrathin layers.

MoS2 has been used as a source injection contact in
a pentacene channel in a BG/BC thin film transistor
with a SiO2 dielectric. As above, the MoS2 forms a
rectifying, type II HJ with pentacene. The ambipolar
OTFT showed a low on-off drain current ratio of ~100
to 200. This junction exhibits a source-drain photocur-
rent when illuminated due to charge dissociation at
the HJ (Jariwala et al., 2015).

Significantly improved characteristics are achieved
using graphene monolayers as the S and D electrodes

(i)

(vi) (v) (iv)

(iii)(ii)

(viii)(vii)
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Figure 9.87 Process sequence for fabricating a PTB7/MoS2 photodetector (Shastry et al., 2016).
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(Lee et al., 2011). The graphene is initially grown via
CVD on a Cu substrate, and then detached using a
PMMA “handle.” The film is transferred to a 300 nm
thick SiO2 gate insulator, after which the PMMA is
removed with acetone. However, a residue of PMMA
remains on the surface that is removed by thermal
desorption. The device is then completed by S and
D patterning to form a L¼ 100 μm andW¼ 1 mm gap
between the electrodes. The last step is deposition of
the pentacene channel.
A fused polyaromatic hydrocarbon such as penta-

cene has a strong tendency to form π-stacks with
itself, as well as with substrates that present the
same fused phenyl group configuration. Hence, pen-
tacene deposited on graphene forms elongated crys-
tals with the molecules lying in the substrate plane.
This stacking habit results in the highest hole mobil-
ity perpendicular to the substrate, which is disad-
vantageous for transistors whose channels are
oriented along the plane. The flat lying configuration
is frustrated, however, by the PMMA contaminated
surface. Molecules that deposit onto PMMA islands
that are left from the transfer process stand on end,
as shown in Fig. 9.89a. Molecules that land in the
gaps between PMMA islands are also held in the

vertical orientation due to interactions with neigh-
boring, vertical standing pentacene molecules that
are on the islands. Hence, the partial coverage of
graphene by the residual PMMA has the combined
effects of creating a vertical pentacene orientation
which leads to a high channel mobility, as well as
providing sufficiently large graphene regions be-
tween the islands to make low resistance contact to
the channel.
The output characteristics of the graphene/penta-

cene OTFT are shown in Fig. 9.89b. The output con-
ductance is low, as required for high gain circuit
applications. More importantly, the channel mobility
is 1.2 cm2/V s, which is among the highest values
achieved for pentacene OTFTs, primarily due to
the order imposed by the electrodes. Furthermore,
Ion/Ioff ¼ 108, which is competitive with the best
pentacene-based OTFTs. Finally, the threshold volt-
age is VT ¼ 18 V. Interestingly, the characteristics of
pentacene deposited onto thermally treated (and
hence uncontaminated) graphene has a field effect
mobility of only 0.4 cm2/V-s, although Ion/Ioff is com-
parable to that obtained for the OTFT with residual
PMMA. The lower mobility is consistent with chan-
nels where the flat-lying pentacene molecules have a
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are for a single pentacene layer, and on the right for a multilayer. (b) Output characteristics of the BG/BC pentacene OTFT with graphene S and
D electrodes (Lee et al., 2011).
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higher in-plane resistance than those where the mol-
ecules are up-standing (Lee et al., 2011).

The principal advantage of using graphene in thin
film transistors is, therefore, its ability to template
the growth of organic layers with large crystalline
domains whose structure is guided by the 6-fold sym-
metry of the monolayer sheet. Van derWaals bonding
between layers leads to nearly perfect interfaces with
graphene contacts while also resulting in an organic
crystal whose highest mobility direction is along the
channel.

The graphene conductivity limits its use to
a contact material rather than as the channel semi-
conductor itself (Lee et al., 2011, He et al., 2014).
Electrically insulating h-BN has a similar symmetry
as graphene, and thus also can serve as a growth
template for the channel semiconductor. Thus, or-
ganics that are π-bonded to an h-BN monolayer can
benefit from a high quality, low-defect interface. An
example OTFT with a <10 nm thick h-BN gate insu-
lator consists of a single monolayer of C8-BTBT
grown by sublimation in a vacuum tube furnace on
exfoliated h-BN, previously transferred onto 285 nm
SiO2 on a Si bottom gate electrode. The top Au con-
tacts are deposited onto the organic surface to form
an OTFT with W ≃L≃ 15 μm.

The organic molecules can assume several different
registries on the 2D template, one of which is shown
in the inset, Fig. 9.90a. The molecules nucleate at ran-
dom locations, but in general lie nearly flat to maxi-
mize their π-system contact with the h-BN lattice. This
results in a polycrystalline film grown layer-by-layer,
with single and double layer domain dimensions of
several microns. The high quality interface between
the organic monolayer and h-BN results in a field
effect hole mobility of 10 cm2/V s extracted from the
drain current-gate voltage characteristics in Fig. 9.90a.
This is considerably higher than expected for similar
organic layers deposited directly onto the SiO2 gate
insulator. Also, the mobility decreases to approxi-
mately half this value as the organic thickness is in-
creased to create both monolayer and bilayer
domains. The ratio, Ion/Ioff ¼ 106, is indicative of a
high quality interface that prevents parasitic channel
leakage. The transfer characteristics in Fig. 9.90b show
very low output conductance in the drain current
saturation regime, with a threshold voltage of �15
V and a turn-on voltage of 8 V.

The transistor characteristics indicate a low density
of grain boundaries in the channel, which is in part
due to templated growth on the h-BN, as well as the
relatively short channel length (He et al., 2014). While
the first monolayer stacking habit is strongly

influenced by the substrate, the crystal relaxes to its
equilibrium structure as the number of layers in-
creases. Similar thickness dependences are observed
in h-BN/pentacene OTFTs, with the pentacene hole
mobility decreasing abruptly as the number of layers
increases from one to two at a thickness of only 3 nm
(Zhang et al., 2016). The changes are correlated with
the mode of hole transport: it is primarily via hopping
in the monolayer film, becoming more band-like in
the multilayers. Also, recall that the monolayer films
can significantly screen the electric field from the
substrate. Field-screening, particularly from charges
trapped at the SiO2 surface, cannot be ruled out as a
source of the exceptionally high mobilities observed
in channels employing a compound SiO2/h-BN gate
insulator.
We conclude from the foregoing discussion that

organic/2D materials offer possibilities for under-
standing and exploiting the unique and significantly
divergent properties of both materials systems. In
Chapter 4, we saw that organic/inorganic HJs are
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characterized by a combination of Frenkel- and
band-like behaviors that define these two classes
of semiconductors. In addition, the ultrathin inor-
ganic layers have remarkable properties such as
high oscillator strengths, charge mobilities, and
room-temperature-stable quantum-confined excited
states. Their thinness, combined with the compliant
mechanical properties of organics suggests that or-
ganic/2D HJs may find uses in ultrathin, highly
flexible electronic devices. Yet 2D materials also
face significant challenges. The semiconducting tran-
sition metal dichalcogenides are plagued by a high
density of atomic vacancies, bothwithin themonolayer
as well as at its edges. And it remains a challenge to
grow large, crystalline sheets of any of these materials.
Very often the crystals come in small flakes or domains
only a few microns in diameter. While organic mol-
ecules can passivate surface defects, the small crystal
sizesmake it difficult to fabricate photonic or electronic
devices that provide reproducibly high performance.
Hence, while the science is rich with much yet to be
discovered in the nascent field of limited-dimensional
organic electronics, the exploitation of the organic/
inorganic HJ in practical detectors, emitters and tran-
sistors remains only a promise.

9.6 Single molecule electronics

In Section 9.5, we introduced many interesting and
emergent physical phenomena found in 2D systems
such as organic HJs with transition metal dichalco-
genides, graphene and hexagonal boron nitride. The
final step in this progression to limited dimensionality
is in 1D (i.e. quantum wire) systems, which is the
domain of single molecule electronics, or sometimes,
molecular electronics. We note that zero-dimensional
(0D) systems have been described in Chapters 6 and
7 in the context of quantum dot-based devices and
associated phenomena used to describe single mol-
ecule luminescent centers in OLEDs, organic semicon-
ductor lasers, and detectors. The 0D phenomena in
those cases are observed by embedding the NPs or
molecules in a bulk, host matrix. They fundamentally
differ from the behavior of limited dimensional sys-
tems treated here in that 0D systems do not support
charge transport.
The scale of 1D molecular wires is such that only

quantum mechanical descriptions are adequate for
their understanding. Single molecules bridging
metal electrodes, or forming the channels in single
molecule transistors, have exhibited quantum inter-
ference (Aradhya and Venkataraman, 2013), the
Kondo effect (Scott and Natelson, 2010), tunneling

between molecular states (Nichols and Higgins,
2015, Perrin et al., 2015), and so on. In spite of many
difficulties encountered in their handling, single mol-
ecule transistors and electronic circuits have been
demonstrated in many laboratories over several dec-
ades (Joachim et al., 2000). While these devices may
eventually lead to scaling of gates with lengths <1
nm, more immediate applications may emerge in
chemical sensing. That is, the presence or absence of
a single molecule between the nanometer scale gap
between electrodes provides unprecedented sensitiv-
ity for detection of specific molecular species that
selectively attach to functionalized contact surfaces
(Nichols and Higgins, 2015).
The single molecule “p-n” junction device was ori-

ginally envisioned to consist of a hemiquinone com-
prising an electron deficient quinone acceptor and an
electron rich methoxy donor moiety bridged by a
non-conjugated methylene bridge (see Scheme 2)
(Aviram and Ratner, 1974). While this particular con-
figuration is not the focus of current research on mo-
lecular devices, it is instructive to understand its
operational concept. The equilibrium energy level
diagram for the device is shown in Fig. 9.91a. The
molecular contact with the cathode introduces a nar-
row energy barrier between the metal with work
function ϕM, and the π-electron system of the acceptor
group. The –CH2– σ-bridge presents a tunneling bar-
rier between the acceptor and the donor groups.
A second barrier exists at the donor/anode interface.
The LUMO energy of the acceptor and the HOMO
energy of the donor lie near to the Fermi energy.
By applying a negative voltage to the cathode (i.e.
the molecule is forward biased), the LUMO of the
acceptor aligns with ϕM, allowing electrons to reson-
antly tunnel into the acceptor group (process A,
Fig. 9.91b). Similarly, the filled HOMO of the donor
is brought into alignment with the anode, allowing
for electron tunneling (process C). The circuit is com-
pleted across the molecule by tunneling across the
bridge (process B) from acceptor to donor. In contrast,

O

O

CH2-Ch2

OMe

OMe

OMe

Scheme 2 A hemiquinone molecule proposed for single molecule
rectifiers.
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reverse bias in Fig. 9.91c results in misalignment be-
tween the metal work function of the anode and the
donor, or between the energy levels of the donor and
acceptor molecular units, thus inhibiting charge
transport.

The architecture in Fig. 9.91 differs from modern
molecular electronic devices that focus on molecules
that lack separate donor and acceptor units. Never-
theless, it illustrates several features of all such
devices. The contact barriers between electrodes in-
fluence the transport properties of molecular wires.
Similarly, internal energy level alignments, intramo-
lecular charge transfer, the width of molecular en-
ergy levels (and hence their overlap with the metal
Fermi energy), and resonant tunneling are all im-
portant to device operation.

The 1D molecular wire can either contain an excess
electron or hole via reduction or oxidation. The

electron energy is estimated by assuming that it is
contained along a wire of molecular length, L. The
energy difference between quantum states assuming

a particle in a 1D box, is �E ¼ h� 2
2m�

π

L

� �2
. For L ¼ 1

nm, which is typical of many small molecules, spatial
confinement leads to �E � 0:4eV. A second import-
ant energy scale is the molecular charging energy.
The large Coulomb repulsion between closely
spaced charges makes it unlikely that more than a
single excess charge can reside on the molecule at
one time. The charging energy of the molecule is

given by EC ¼ 1
2CV2 ¼ 1

2
q2

C
, where C is the molecular

capacitance. The charging energy is typically several
hundreds of meV. The final consideration is the
thermal energy, which determines molecular level
broadening as well as occupation of the vibronics

Metal Molecule Metal

Internal
Tunneling

Barrier
(σ bonds)

D

C

DonorAcceptor

B

a

A

ϕM

ϕM

ϕM

VA

Evac

Evac

Evac

VA

π1

π1

π1

σ

σ

π2

π2

π2

A

A

B

“A” “B”

“C”

D

D

C

C
First step

(a)

(b)

(c)

Figure 9.91 Conceptual energy level diagram of a molecular rectifier (a) at equilibrium and (b) in forward and (c) reverse bias. Filled energy levels have
electrons with spins indicated by arrows. The π- and σ-bonds of the several moieties comprising the molecules are shown (Aviram and Ratner, 1974).
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within a given electron orbital. The room tempera-
ture thermal energy is kBT ¼ 25:9 meV, but can be
reduced when the sample is cooled.
A simple model that defines the energies of a single

molecule device is shown in Fig. 9.92. The molecule is
assumed to bridge the gap between two identical
metal S and D electrodes. A barrier between the mol-
ecule and the contacts has coupling coefficients, �S
and �D, respectively. Since the molecule, or its contact
anchoring points may not be symmetric, we assume
that �S also differs from �D. Furthermore, the neutral
molecule has N electrons and a chemical potential of
μN. The molecule can attach to the contacts either via
reaction with the electrode surfaces, or via electrostat-
ic bonds. Adding an electron via tunneling or hop-
ping from the S electrode to the molecule thereby
shifts its chemical potential to μN!Nþ1. The imperfect
energy alignment between the contacts (with chem-
ical potentials μS and μD) produces contact energy
barriers, as illustrated for a device at equilibrium in
Fig. 9.92b. In forward bias, the molecular energy level
aligns with the S contact as shown in Fig. 9.92c, there-
by promoting electron injection. In the diagram, it is
assumed that the S and D electrode compositions and
contact barriers are similar, and thus the voltage is
divided equally between them.
Wedefine three regions for injection and transport. In

the weak coupling regime, the coupling coefficient is
�S;D ≪�E;EC; kBT. Here, the molecule is only weakly
coupled to the contacts, possibly due to physisorption
via van der Waals bonds. The molecule thus retains its
discretely defined energy levels that it has when iso-
lated, and consequently the level broadening is small.
Furthermore, the molecule can support only integer
charges, and indeed only a singly ionized state is likely
to exist due to electrostatic repulsion from the charge
occupying themolecule. This creates aCoulomb blockade
that arrests further charge injection. Charge transport
between the contacts is due to incoherent hopping.

Level broadening is increased in the intermediate
coupling regime. Molecules covalently bound to the
electrodes exhibit �S;D; kBT � �E;EC. In this regime,
non-integer charges can reside on the molecule by
sharing orbitals with the contacts. The shared valences
result in coherent transport across the molecule.
Small molecules are commonly used for metal–

organic–metal devices. These molecules have widely
separated energy levels. Thus, only a single energy
level is in resonance with the chemical potentials of
the electrodes at voltages too low to allow for direct
tunneling between S and D. Then, the conductance of
the device is given by

G ¼ G0TSTmolTD: ð9:41Þ

Here, TS and TD are the electronic transmission coef-
ficients of the molecular linkages to the source and
drain, respectively, and Tmol is the transmission coef-
ficient of the molecule itself. Also, G0 is the conduct-
ance quantum, given by

G0 ¼ 2q2

h
¼ 77:5 μS: ð9:42Þ

Now G0 is obtained from the 1D DOS given by
g Eð Þ ¼ dn=dE ¼ 2=hv, where v is the electron velocity,
n is the charge density, and the factor of two results
from the spin degeneracy of the state. Since the differ-
ence between energy levels is dE ¼ �qdV, then from
Ohm’s law the conductance quantum follows from

di ¼ �qdE
dn
dE

�
v ¼ G0dV

�
, where di is the differential

current.
The transmission T E;VAð Þ through a molecular

wire can be described in the intermediate coupling
limit using the non-equilibrium Green’s function
approach (Haug and Jauho, 2008). The resulting
Breit–Wigner probability distribution gives a DOS
that has a Lorentzian line shape, from which we
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Figure 9.92 (a) Chemical potentials of a molecule with N electrons sandwiched between two electrodes with Fermi energy EF = μS = μD, where μS,D are
the chemical potentials of the source or drain. The various potentials correspond to molecules with i missing or added charges (N � i, N + i, respectively).
(b) A single level (energy, E0) molecule at equilibrium or (c) under a bias of VA distributed equally across the symmetric electrodes. The source and drain
coupling coefficients are �S and �D, respectively.
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obtain the total electronic transmission function,
T E;VAð Þ ¼ TSTmolTD (Breit and Wigner, 1936):

T E;VAð Þ ¼ 4�S�D
E� E0 VAð Þð Þ2 þ �S þ �Dð Þ2 : ð9:43Þ

Here, T E;VAð Þ represents the probability that an elec-
tron at energy, E, and applied voltage, VA, will tunnel
across the molecular junction. The alignment of the
Fermi energy with the molecular level is given by the
first term in the denominator, and the second term
accounts for energy level broadening. Integrating this
function over all energies gives the current–voltage
characteristics (Haug and Jauho, 2008):

I VAð Þ ¼ q
h

ð
T E;VAð Þ f S Eð Þ � fD Eð Þ� �

dE; ð9:44Þ

where fS Eð Þ and fD Eð Þ are the Fermi–Dirac functions
at the source and drain, respectively. Then, the cur-
rent can be solved, to obtain

I ¼ 4G0

q
�S�D
�S þ �D

� tan�1
E0 þ 1

2qVA

�S þ �D

� �
� tan�1

E0 � 1
2qVA

�S þ �D

� �� �
:

ð9:45Þ

The current–voltage characteristics following Eq. 9.45
are plotted for several different molecular energies,
E0, and for a fixed �S ¼ �D ¼ 10 meV in Fig. 9.93a. As
E0 ! 0, the voltage of the current step decreases. That
is, the molecular energy comes into resonance with
the metal Fermi energy at lower voltages (assumed
to be the same for S and D for symmetric junctions),
thereby lifting the Coulomb blockade. The energy
dependence of the blockade is found in the plot of
the transmission function, T(E, VA), Eq. 9.43, in the
inset of Fig. 9.93a. The peak transmission occurs at
E0, and has a Lorentzian shape. The width of the trans-
mission function increases with �S,D as shown in the
inset in Fig. 9.93b. Indeed, as the energy levels are
broadened by approximately �S þ �D, the current
step is smeared out over a larger range of voltage,
changing from an abrupt, step-like function for �S,D
¼ 1 meV, to a smooth “S” shaped curve for �S,D ¼ 20
meV at E0 ¼ �0.2 eV.

Finally, the strong coupling regime is accessed when
�; kBT>EC;�E. In this limit, the energy levels of the
organic are strongly influenced by those of the metal.
This results from a pronounced hybridization of the
energy levels due, for example, to covalent bonding
that significantly broadens the molecular energy
levels. The resulting transport is coherent, and the

blockade is eliminated since the molecular conductor
loses its distinctive character that is now fully shared
with the contacts.
Thus far we have been concerned with two termin-

al devices. A three terminal molecular transistor
can also be constructed, whereby the potential of the
molecule bridging the gap between S and D is inde-
pendently varied by an electrostatically coupled gate.
The molecule may be suspended over the gate con-
tact, the gate may be positioned laterally relative to
the molecule, or the molecule can lie on the surface of
the dielectric gate insulator with the gate electrode
located on its opposite surface. In any case, the gate
potential is used to change the energy levels of the
molecule within the gap relative to the metal Fermi
energy. The channel current thus provides quantita-
tive information about the molecular energy levels.
A negative gate potential repels the energy levels,
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Figure 9.93 Current–voltage characteristics calculated for a single
molecule spanning a junction between symmetric S and D electrodes as a
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leading to oxidation. Conversely, a positive potential
lowers the energy, with the effect of reducing the
molecule. The molecular transistor, therefore, is a
spectroscopic tool for revealing the density and ener-
getic distribution of states of the molecule.
The interdependence of the source-drain voltage,

and gate voltage leads to the diamond-shaped stability
diagram in Fig. 9.94a. The high current regions (white in
the diagram) correspond to bias conditions leading to
resonant single electron tunneling (SET). Current in this
region is supported under bias conditions that lead to
alignment between the chemical potential of a molecu-
lar level and the electrodes. In the absence of align-
ment, the molecule forms a conductance blockade.
The current is significantly decreased, forming a pat-
tern ofCoulomb diamonds (black regions). These regions
are characterized by a suppression of tunneling, lead-
ing to a stable charge state ofN electrons. The electron
addition energy, �Eadd, is required to overcome the
charge blockade. Additional states corresponding to
N±i electrons contact each other at the charge degen-
eracy points at VGS ¼ ±1 V. Thus, the number of
Coulomb diamonds is equal to the number of charge
states accessible to the molecule.
Additional features become apparent when the dif-

ferential conductance, G ¼ dI=dV, is mapped as in
Fig. 9.94b. The edges of the regions are readily visible
as high conductance boundaries to the diamonds.
Lines running parallel to the diamonds are due to
tunneling through additional excited states in the
molecule. Such paths are enabled by higher electronic
states, or molecular vibronics. Indeed, the existence of
such features provide a spectroscopic tool for reveal-
ing the detailed energy landscape of the molecule
forming the transistor channel.
The horizontal line of intermediate conductance

connecting the diamonds is due to second order iso-
energetic co-tunneling, illustrated in Fig. 9.95. The ini-
tial, charged molecular state is shown in Fig. 9.95a.
In the elastic process, the misalignment of the initial
state with the chemical potential of the drain electrode
(μD) indicates that tunneling cannot occur between
these states. However, it can occupy a virtual state
under the condition that it does not violate the Hei-
senberg uncertainty principle, where its lifetime is
shorter than �τ ¼ �E=h� . Here, �E is the energy
between the initial and the virtual state (dashed
line, Fig. 9.95b). In elastic co-tunneling, the charge
transfers back onto the molecule at t<�τ, returning
it to its original state. By this sequence, an electron is
transported from the S to D, as shown by the final
state in Fig. 9.95c. Inelastic co-tunneling is identical
except that the molecule does not return to its initial

state, but rather it occupies a higher vibrational or
electronic manifold. Since the inelastic final state is
higher than the initial state, it requires an applied
voltage VGS >�E=q. This gate voltage dependence
results in the horizontal lines in the differential stabil-
ity diagram in Fig. 9.94b.
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Figure 9.94 Example stability diagrams of VDS vs. VGS for single
molecule transistors. (a) Drain current map indicating the energy required
to add an electron (Eadd) to the molecule. The high current single electron
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regions (black Coulomb diamonds) at the charge degeneracy points. Also,
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vibrational mode of the fullerene (Scott and Natelson, 2010).
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An experimental stability diagram for a C60 device
is shown in Fig. 9.94c. This diagram exhibits some of
the features of the calculated plots, in that there are
three charge states (three diamonds) accessed at dif-
ferent VGS. Also, the secondary parallel diagonal line
at VGS ¼ 50 V shows current via the higher 33 meV
intracage vibronic of C60 (Park et al., 2000).

The high spectral resolution afforded by single mol-
ecule transistors is amply illustrated by the stability

diagrams for the small molecule magnet, Fe4SMM, in
Fig. 9.96. This molecule has an approximate length
of 1.9 nm, with the structure of Fe4L2(dpm)6 (L is
a tripodal ligand, –C(CH2OH)3, and dpm ¼ dipiva-
loylmethane). The total spin of the molecule in its
ground state is S ¼ 5 (Accorsi et al., 2006). The device
comprises a single molecule that bridges Au S and
D electrodes, and is suspended over a third, gate
electrode in a planar configuration. A notable feature
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Figure 9.95 Illustration of the molecule in its (a) initial, (b) intermediate or virtual, and (c) final states for elastic and inelastic co-tunneling in a single
molecule transistor.
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Reprinted with permission from Burzurí, E., Yamamoto, Y., Warnock, M., Zhong, X., Park, K., Cornia, A. & van der Zant, H. S. J. 2014. Franck–Condon Blockade in a
Single-Molecule Transistor. Nano Letters, 14, 3191-3196. Copyright 2014 American Chemical Society
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of the stability diagram in Fig. 9.96a is that the SET
regions do not share a charge degeneracy point. This
is made more obvious by the second derivative of the
current in Fig. 9.96b. Several equally spaced features
parallel to the Coulomb diamonds are attributed to
vibronic substates with resonant tunneling levels that
are accessed as the drain and gate voltages are swept
through 0 V. Low temperature (1.8 K) measurement is
required to avoid washing out of the individual vi-
bronic features (Burzurí et al., 2014).
The charge degeneracy point cannot be restored at

any value of gate or drain potential. It is proposed that
this results from a “Franck–Condon blockade,” under-
stood from the configuration diagram in Fig. 9.96c. The
bulky Fe4SMM undergoes a significant Franck–
Condon shift from theN to theN+ 1 state due to strong
electron–vibron coupling of λ0. Thewavefunction over-
lap between the two states renders the lowest vibronics
(n ¼ 0, 1, etc.) inaccessible to direct transitions, thus
forbidding resonant tunneling. This energy region is
“vibronically blocked,” thereby eliminating the degen-
eracy point and shifting the threshold gate voltage to±
7.4 meV. The energy level spacing between the parallel
current lines gives a vibronic level separation of
�ε ¼ h�ω ¼ 2:6 meV.
We have shown in Section 3.6.1 that the Franck–

Condon factor responsible for the configurational
shift in Fig. 9.96c is:

FCn;0 ¼ λ02n

n!
exp �λ02

� �
: ð9:46Þ

The stability diagram in Fig. 9.89d is calculated based
on DFT using the experimental values for �ε, and
assuming �S,D ¼ 1 meV. These assumptions yield a
best fit to the data in Fig. 9.96b of λ0 ¼ 2.21 meV.

9.6.1 Fabricating and characterizing single
molecule devices

Numerous methods have been devised to create suit-
ably small gaps, and then to fill the gaps with only a
single molecule. This is a challenging process; one that
must clearly distinguish the conduction current from
direct tunneling between electrodes (avoiding the
molecule completely), or via residues or other impur-
ities between the closely spaced S and D contacts.
A practical solution must avail itself to statistical ana-
lysis of a large number of junctions since the gap may
be empty (but still conductive, as mentioned), or it
may be filled with more than a single molecule.
The most common electrode material is Au due to

its lack of reactivity and its ductility. One preferred
method of forming a gap is by slowly withdrawing

a Au-coated scanning tunneling microscope (STM)
tip from a Au-metallized surface in a solution con-
taining a suspension of the target molecules. As the
tip is withdrawn, at some point the continuous metal
contact is broken, creating a free-standing gap.
A molecule, or many molecules, can then attach from
the solution to bridge the gap. Its presence is detected
by an abrupt increase in conductance. The process is
illustrated schematically in Fig. 9.97a. The target mol-
ecule (X) is functionalized to anchor itself to the oppos-
ing Au surfaces. Conductance data obtained by
separating the Au tip in vacuum are shown in
Fig. 9.97b. As the distance of the tip is increased to
~1 nm, the gap opens and the conductance vanishes.
Repeated separations of the tip from the substrate re-
sults in the same conductance decrease, providing stat-
istical assurance that the tip can be reproducibly
opened by a comparable increase in tip distance. If
the same procedure is performed in a 1 mM solution
of 1,4-diaminobenzene molecules in a 1,2,4-trichloro-
benzene solution, the conductance falls to a plateau at
10�2G0 for a tip separation of approximately one mo-
lecular length. As the tip is separated further, there is
no change in conductance; this is known as themolecu-
lar lock-in state, where the molecule spans the gap even
though there are small increases in gap length. Finally,
the gap is made so large that the molecule breaks its
connection to one or both electrodes, and the
conductance falls to that of an empty gap. The fact
that the conductance plateau reached on each separ-
ation event is approximately the same length and at the
same conductance indicates that only a singlemolecule
fills the gap.
An interesting application of this point-contact gap

formation technique is to measure the conductance of
conjugated molecules with varying twist angles be-
tween two anchoring phenyl groups. The twist angle
is varied by the choice of substituents on the neigh-
boring phenyls: the larger twist angles result in inter-
rupting the conjugation of the electronic systems
across the molecule. Several representative molecules
used are shown in Fig. 9.98a. Molecule 2 connects the
phenyls with a fluorene moiety, thereby planarizing
the structure to create a continuous conjugated path
cross the molecular backbone. Attaching various
groups induces a twist along the molecule via their
steric hindrance. For example, methyl groups in com-
pound 8 induce a θ ¼ 90° twist. Each of the molecules
is terminated with an amine that anchors to the Au
electrodes.
Each of the molecular species is suspended in 1,2,4-

trichlorobenzene solution during the formation of the
gap. Conductance histograms taken at VSD ¼ 20 mV
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comprising >10,000 contact breakages followed by
loading the gap with the molecules are shown
in Fig. 9.98b. The arrows locate the peak conductances
that are obtained by fitting to a Lorentzian line shape
according to Eq. 9.43. The peak widths are broadened
by the distribution in conductances measured for the

several devices, as well as to broadening by orbital
hybridization with the contacts. A plot of conduct-
ance vs. twist angle is shown in Fig. 9.98c for seven of
the nine molecular species investigated. The straight
line fit follows the theoretical expectation that the
conductance is a function of orbital overlap across

 1.4–diaminobenzene

Anchor
Groups

Au-no molecules

 1 nm

C
on

du
ct

an
ce

 (G
0)

C
on

du
ct

an
ce

 (G
0)

10–4

10–3

10–2

10–1

10–0

(a) (b)

(c)

10–4

10–3

10–2

10–1

10–0

X
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Reprinted by permission from Springer Nature, Nature, 442, 904, Venkataraman, L., Klare, J. E., Nuckolls, C., Hybertsen, M. S. & Steigerwald, M. L., Dependence of
single-molecule junction conductance on molecular conformation. Copyright 2006
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the molecule, which attenuates exponentially with the
length of the molecule (Mujica et al., 1999), and fol-
lows an approximately cos 2θ dependence on twist
angle between conjugating groups (Venkataraman
et al., 2006).
Another common method for gap formation is the

break junction. This comprises a thin metal wire that is
broken by applying mechanical stress (Tsutsui et al.,
2008, Perrin et al., 2013, Xiang et al., 2013), or by a
current that induces Joule heating (and hence melting
or burning) (Prins et al., 2011) or electromigration
(Strachan et al., 2005, O’Neill et al., 2007, Prins et al.,
2009). Electromigration is the process whereby current
plus the applied electric field displaces metal ions in
the solid via collisions by the electrons carrying the
current. Generally, electromigration is a parasitic ef-
fect in semiconductor devices, whereby a high current
causes growth of metal filaments that eventually
short circuit the junction. In single molecule devices,
it is used to the opposite effect. That is, a constricted
metal region along a wire spanning the gap between
S and D is thinned by current, and eventually breaks.
An example process for forming a molecular tran-

sistor via electromigration is shown in Fig. 9.99a. Step
1: Large contact pads are deposited onto the surface of
the SiO2 gate dielectric grown on a Si substrate. Step 2:
A thin film of Al is deposited in a strip, and its surface
is oxidized. The Al is the gate contact coated by the
thin Al2O3 gate dielectric. Step 3: The thin (~10 nm)
constricted Au bridge is deposited, followed by nano-
patterning using e-beam lithography or other suitably
high resolution method. Step 4: The transistor is com-
pleted by depositing and patterning Au connecting
pads to the bridge. A micrograph of the completed
device (before gap formation) is shown in Fig. 9.99b.

The planar structure puts themolecule in direct contact
with the gate oxide. Alternatively, themetal bridge can
be suspended over an open gap, using air or vacuumas
the dielectric, or the gate potential can be applied from
the side using a separate, narrow gate electrode posi-
tioned close to the gap (Xiang et al., 2013). For broken
gap structures, the molecules are introduced by im-
mersing the contacts for several hours in a solvent
containing the target molecular species, and then rins-
ing the sample to remove excess material once the gap
is filled.
The controlled nanogap formation process pro-

ceeds by the methodical, stepwise application of a
voltage ramp. Similar procedures are used in forming
gaps by electromigration, Joule heating, or electro-
burning. An example current-voltage characteristic
of a gap formed in graphene is shown in Fig. 9.100.
The device consists of a few-layer mechanically
exfoliated graphene flake placed on a degenerately
doped Si gate/280 nm thick SiO2 gate insulator.
Contact to the graphene is made by depositing and
patterning Cr/Au electrodes. To form the nanogap,
the voltage between the electrodes is ramped at 1 V/s
while measuring the drain current (red line). The
sweep is halted once the drain current drops to 10%
of its peak value, after which VDS is returned to zero.
The voltage is then swept repeatedly until the drain
current no longer increases withVDS (black lines). The
decrease in ID with each successive sweep is due to
electroburning, that is, the graphene undergoes Joule
heating that causes it to react with oxygen. On each
sweep, the graphene is further eroded and can support
less current, leading to additional loss of material.
Since only a small amount of material is lost on each
cycle, the process can be immediately halted following
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Figure 9.99 (a) Process sequence for fabricating a single molecule transistor. (b) Helium ion microscope image of the transistor prior to forming the gap
by electromigration (Perrin et al., 2015).

996 EXPECT THE UNEXPECTED: MORE POSSIBILITIES FOR ORGANIC ELECTRONICS



the opening of only the smallest gap, thereby control-
lably forming gaps of the required size. Note that the
initial sweep current (red line) has a different, non-
linear dependence on voltage than subsequent sweeps.
This is attributed to volatilization of surface impurities
during the first application of thermal stress to the
graphene. Analogous procedures have been employed
in forming Au junctions by electromigration (Perrin
et al., 2015) and in single walled nanotube electrodes
(Marquardt et al., 2010).

The mechanically controlled break junction (MCBJ)
physically fractures a constricted region of the metal
bridge, with the dimensions of the resulting gap de-
termined by the stress applied. The MCBJ formation
process is shown in Fig. 9.101a. The device (a simple
junction or transistor) is fabricated on a flexible metal
substrate such as phosphor-bronze, with the contact
constriction centered over a stationary support. Pres-
sure is applied via piezoelectric actuators to translate
the edges downward (or in some configurations, in
the opposite, upward direction via translation of the
center support), creating a maximum stress at the
constriction. Pressure is increased until the substrate
is sufficiently flexed to break the contact. The magni-
tude of the translation of the center to the edges of the
device determines the gap opening. This method can
produce sub-Ångstrom control of the gap length
(Tsutsui et al., 2008). A profile view of a Au MCBJ
suspended over a preformed cavity on a polyimide
substrate is shown in Fig. 9.101b.

Data for a MCBJ with and without a ZnTPPdT
porphyrin bridging two Au electrodes are shown in
Fig. 9.102a and b, respectively. The ZnTPPdT is

anchored to the electrodes via thiolphenyl terminat-
ing groups. The empty device shows that at the
widest, initial displacement, d0, the current is nearly
zero, independent of VDS, and it increases with de-
creasing gap width, d0 � δ. The small changes of δ,
from 0.02 to 0.11 nm, indicate the exquisite precision
with which the nanogap can be controlled. As the
gap is narrowed, the current at high voltage in-
creases exponentially, characteristic of tunneling be-
tween electrodes.
Filling the gap with ZnTPPdT results in the appear-

ance of steps in the I–V characteristics in Fig. 9.102b.
At the largest separation (δ ¼ 0), the current around
VDS ¼ 0 is very small, indicative of weak coupling
between contacts and molecule. In this regime, cur-
rent is limited by the Coulomb blockade that allows
only a single electron to reside on the molecule at one
time. At VDS ¼ ±0:6 V, the blockade is lifted and the
current is increased by sequential electron tunneling.
Interestingly, the voltage corresponding to the onset
of conduction monotonically decreases with decreas-
ing gap width, with a “mechanical gate efficiency” of
~1 V/nm. As the current onset voltage decreases, the
device shifts from the weak, to the intermediate
coupled regime.
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Figure 9.100 Electroburning formation of a few-layer graphene S and
D contact. The first sweep is shown in red. Successive voltage sweeps
follow the direction of the arrow until the gap is completely opened, and
ID! 0 (Prins et al., 2011).
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Figure 9.101 (a) Experimental configuration for forming a mechanically
controlled break junction (MCBJ). (b) False color SEM image of a MCBJ
(Perrin et al., 2013).
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The dependence of the current onset vs. gap width
is due to image charge interactions between molecu-
lar orbitals and those on the metal electrodes. The Zn
porphyrin structure attached to two Au atoms on
either side due to thiolation reactions is depicted in
Fig. 9.103a. The calculated electron distribution for
the HOMO is given in Fig. 9.103b, for the molecule
within the gap in Fig. 9.103c, and for the LUMO, the
distribution is shown in Fig. 9.103d. Notable features
are that electrons on the HOMO are distributed
across the molecule. In contrast, the LUMO distribu-
tion is to some degree, protected from exposure to
the Au atoms by the thiol linkages since the electron
distribution is localized on the porphyrin core. With-
in the gap, however, the electrons are attracted to-
ward the anchoring groups due to image forces at

the large Au electrode metal surface. For the calcu-
lation, it is assumed that the electrodes are infinite
metal planes positioned approximately 1 Å from the
first atomic layer of the molecule. As the distance
between the molecule and the electrodes is reduced
(i.e. increasing δ), the image charge attraction in-
creases, further hybridizing the Au and molecular
orbitals along the anchoring thiol linkages. The net
effect is to increase the HOMO–LUMO gap, as
shown in Fig. 9.103e. The HOMO level shift is con-
siderably larger than the LUMO due to the afore-
mentioned greater exposure of the electron
distribution in the HOMO orbital. Indeed, the
LUMO states are positioned well above the Fermi
energy, whereas the gap and HOMO levels are close
to EF, indicating greater participation in charge con-
duction between the contacts. The calculated shifts
are approximately double that observed in the ex-
periment. This is due to the assumption of an infinite
metal plane in the simulations, which is expected to
have a larger image force than the actual, sharply
pointed electrodes formed at the break junction.
Note that there are additional energetic conse-
quences arising from molecular deformation as it is
squeezed, or elongated within the electrode gap.
However, DFT calculations show that these effects
are far smaller (50–60 meV) than those due to image
charges, and in fact only results in a rigid shift of the
HOMO and LUMO energies without affecting the
energy gap between them (Perrin et al., 2013).
From the foregoing, we see that anchoring of the

molecule to the electrodes determines the degree to
which the molecular andmetal levels are hybridized,
and hence whether the device itself is operating in
the weak, intermediate or strong coupling regimes
(Chen et al., 2006, Martín et al., 2010, Briechle et al.,
2012). This assumption is tested using asymmetric-
ally functionalized triphenylenethynylene (TPE) in
Scheme 3. This molecule has two different anchor-
ing moieties to a Au junction. The S-termination
forms a covalent bond, whereas the phenyl moiety
forms a weak, facial π-bond with the opposing elec-
trode. Consequently, the coupling strength to the
electrodes is highly asymmetric. The behavior of
this compound (compound (i), labeled Au|S-TPE|
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Figure 9.102 (a) Mechanically controlled break junction data for a Au
junction as a function of electrode displacement (d0 � δ) relative to its
initial value, d0. (b) As in (a) but with the gap filled by a ZnTPPdT molecule
(Perrin et al., 2013).

Reprinted by permission from Springer Nature, Nature Nanotechnology, Large
tunable image-charge effects in single-molecule junctions, Perrin, M. L., Verzijl,
C. J., Martin, C. A., Shaikh, A. J., Eelkema, R., Van Esch, J. H., Van Ruitenbeek,
J. M., Thijssen, J. M., Van Der Zant, H. S. & Dulić, D., Copyright 2013
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Scheme 3 Asymmetrically terminated oligophenylenethynylene.
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Au) is compared in Fig. 9.104 to that of the symmet-
ric Au|S-TPE-S|Au molecule (compound (ii)) in a
gap formed between an STM tip and a flat Au sur-
face. Conductance histograms of the two com-
pounds obtained by measuring I vs. separation
distance, s, between the tip and planar contacts of
approximately 450 junctions are shown in
Fig. 9.104a. Typically, it takes ~1500 measurement
attempts to achieve a data set for 400–500 devices.
The measurement failures are due to obtaining the
conductance from direct tunneling between contacts
across an empty gap, multiple molecules filling the

gap, and noisy data from poor contacts to a mol-
ecule, or to mechanical vibrations.
Several features appear for the TPE-based devices,

depending on whether the current set-point of the tip
is low (5 nA, left hand histograms) or high (60 nA).
For example, at a low tip current, both molecules
exhibit a low conductance (5 � 10�6G0) peak π-1,
whereas only (i) shows peak π-2. Also, a third peak,
A, is apparent at a higher conductance (2 � 10�5G0)
for only compound (ii). At higher tip currents,
the measured conductance is ten times that at lower
currents, possibly indicating multiple electron

(e)

(a)

(d)

(b)

LUMO

HOMO

Gap
(c)

Unoccupied

Occupied

Electrode Separation (nm)

Re
la

tiv
e 

Sh
ift

 (e
V

)

0.25

0.25

–0.25

0.25

0.00

–0.25

–0.50
2.4 2.6 2.8

2.1 V nm–1

2.8 V nm–1

0.4 V nm–1

1.1 V nm–1

Figure 9.103 (a) Molecular structure of ZnTPPdT showing anchoring to Au atoms (yellow) via thiolation with the molecular end groups. Calculated (b)
HOMO, (c) in-gap, and (d) LUMO electron distributions. Red and blue regions correspond to different electron wavefunction phases. (e) Calculated energy
level shifts of the occupied and empty orbitals of ZnTPPdT vs. electrode separation relative to the initial separation. Uncertainties are shown by the shaded
bands. Adapted from Perrin et al. (2013).

Reprinted by permission from Springer Nature, Nature Nanotechnology, Large tunable image-charge effects in single-molecule junctions, Perrin, M. L., Verzijl, C. J.,
Martin, C. A., Shaikh, A. J., Eelkema, R., Van Esch, J. H., Van Ruitenbeek, J. M., Thijssen, J. M., Van Der Zant, H. S. & Dulić, D., Copyright 2013
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conduction. There, peak T is found on the asymmetric
compound (i), whereas compound (ii) exhibits peak B
at double the conductance of peak T. A summary of
these results, along with a measurement of their junc-
tion breakoff distances, sBO, that corresponds to the
tip separation where the conductance, G! 0, is pro-
vided in Table 9.6.

The data in Fig. 9.104a and in the table reveal that
the peaks arise from very different bonding properties
of the covalently attached thiol groups of compound
(ii), the asymmetric attachment including a facial
π-bonding of compound (i), and a third species of
two laterally π-stacked TPE molecules in a configur-
ation labeled Au|S-TPE-π-TPE-S|Au, shown in
Figs. 9.104b-d. A clear picture begins to emerge from
the relationship between the breakoff distance and the
conductance of the various peaks. The calculated
length of (i) is 2.19 nm, which is equal to sBO for peak
T. Similarly, the molecular length of (ii) is 2.5–2.3 nm,
which is comparable to theA and B breakoff distances
of 2.2.6 and 2.02 nm, respectively (Table 9.6). Hence,
features A, B, and T are associated with a single mol-
ecule of either type spanning the gap between the
STM tip and the Au base. Note, however, that the
higher conductance of B compared to T at a high tip
current suggests that the stronger anchoring of the two
thiol groups of (ii) provide improved coupling com-
pared to that afforded by the weak electrostatic facial
coupling of the H-terminated phenyl group of (i). The
conductances of these features along with A are all
considerably higher than for π-1 and π-2 for either
compound. (It is speculated that π-2 may also be pre-
sent in (ii) but is obscured in the shoulder of π-1.)
Further, the breakoff distances of the π-1 and π-2
peaks are 2.65–2.92 nm, which are considerably longer
than the corresponding molecular lengths. This sug-
gests that the gap contains a pair of π-stacking mol-
ecules that are anchored at their ends by thiol
attachment to the Au contacts. This configuration is
illustrated in Fig. 9.104d. Conductivity is considerably
reduced from that achieved by direct Au|S-TPE-S|Au
coupling. The inference of a π-stacked bridging mo-
lecular pair is supported by the absence of similar
conductance features and breakoff distances for mol-
ecules that replace the –OMe functionalizing group
with tert-butyl; a bulky group that sterically inhibits
π-stacking. The conclusions are further supported by
DFT calculations of the electron transmission coeffi-
cients for the various configurations and anchoring
groups (Martín et al., 2010).
Different bonding configurations have also been

explored using N-alkane chains between Au elec-
trodes symmetrically terminated with carboxylic acid
(–COOH), amine (–NH2), and thiol (–SH) groups. As
noted above, thiols form strong covalent bonds with
Au, whereas amine bonds are weaker. It is probable
that carboxylic acid is bonded by a combination of
ionic and coordinating interactions with Au, which
forms the weakest coupling of the three terminations.
Thus, varying the anchor groups can shift the coupling
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Figure 9.104 (a) Conductance histograms for compound (i) Au|S-TPE-S|
Au. and (ii) Au|S-TPE|Au between Au contacts. Panels on the left
correspond to low STM tip currents of 5 nA, and on the right for 60 nA,
with a tip voltage of 0.6 V in both cases. Configuration between Au
contacts of (b) Au|S-TPE-S|Au, (c) Au|S-TPE|Au, and (d) Au|S-TPE-π-TPE-S|
Au (Martín et al., 2010).

Reprinted with permission from Martín, S., Grace, I., Bryce, M. R., Wang, C.,
Jitchati, R., Batsanov, A. S., Higgins, S. J., Lambert, C. J. & Nichols, R. J. 2010.
Identifying diversity in nanoscale electrical break junctions. Journal of the
American Chemical Society, 132, 9157-9164. Copyright 2010 American
Chemical Society

Table 9.6 Characteristics and measured properties of compounds (i) and
(ii) used in single molecule devices (Martín et al., 2010)

Molecule Peak G
(�10�5G0)

sBO (nm) Mol. length
(Au…Au) (nm)

i π-1 0.61 2.92 2.84

π-2 1.19 2.65 -

T 4.86 2.10 2.19

ii π-1 0.57 2.82 2.82

A 2.02 2.26 2.51

B 10.7 2.02 2.27
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from strong to weak. This is directly observed by
comparing the breakoff distances and conductivities
for the same molecular core. Indeed, it is found that
the conductance of N-alkane molecules follows a
relationship characteristic of tunneling, viz. GN ¼
ANexp �βNNð Þ. Tunneling transport is via the alkane
linkage comprising N –CH2 groups spanning the con-
tact gap. The prefactor, AN, depends on the strength of
the bond between Au and the anchoring units. Thus,
its magnitude follows the progression, AN(Au-S) >
AN(Au-NH2) > AN(Au-COOH) (Chen et al., 2006).

9.6.2 Unique properties of single molecule devices

The conduction of single molecule devices is deter-
mined by the tunneling probability between
electrodes via the molecular electronic states. Align-
ment of these electronic states with the contacts results
in resonant tunneling that substantially increases con-
ductivity. Quantum interference along multiple tun-
neling paths between electrodes will be present if the
paths are electronically coupled. Consider N mol-
ecules, with the conductance of the ith molecule equal
to Gi. Then, in a classical, non-interacting system, the
total electronic transmission of the system is

TN Eð Þ ¼
XN
i¼1

Ti Eð Þ: ð9:47Þ

If all paths are equivalent, the transmission becomes,
trivially, TN Eð Þ ¼ NT Eð Þ, where T(E) is the transmis-
sion coefficient of the ith molecule. Then, following
Eq. 9.41, near V ¼ 0:

G Eð Þ ¼ NT Eð ÞG0: ð9:48Þ

The case of quantum-coupled paths is considerably
different, since the electronic wavefunction can ex-
perience constructive or destructive interference at
the junctions, or nodes. These interference terms
must be included in the total tunneling transparency,
yielding (Magoga and Joachim, 1999)

T EFð Þ ¼
XN
i¼1

Ti Eð Þ þ 2
XN
i> 1
i 6¼j

ej�ϕij

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ti EFð ÞTj EFð Þ

q
: ð9:49Þ

Here, �ϕij is the relative phase of the wavefunctions
at the nodes, which depends on energy as well as the
interaction strengths between the several electronic
levels of the molecules. In the ballistic transport re-
gime, the output of such a “molecular interferometer”
cannot be larger than the sum of the inputs, yet in the
tunneling regime (corresponding to moderate to

strong molecule/electrode hybridization), the con-
structive interference term can result in an output
that is significantly greater than the sum of the inputs.
Interference is expressed by the term on the far right
of Eq. 9.49.
If the contributions from all levels are equal, and

the levels are centered about the Fermi energy,
then the phase shift is �ϕij ¼ 0. This leads to con-
structive interference, in which case the conductance
is simplified to

G ¼
XN
i¼1

Gi þ 2
XN
i> 1
i 6¼j

ffiffiffiffiffiffiffiffiffiffi
GiGj

q
: ð9:50Þ

Thus, the total conductance is higher than the sum of
the conductances of the individual molecular “arms.”
This violates the classical Kirchhoff’s circuit law that
states that the total current in a parallel network is
equal to the sum of the currents in the branches.
Observation of a conductance larger than the sum
immediately to the right in Eq. 9.50 establishes the
presence of coherent tunneling along multiple, paral-
lel paths.
Closely packed self-assembled monolayers at-

tached to a Au substrate on one end and a Au-coated
AFM tip on the other provide a model system with
which to observe electron coherence between parallel
molecules. A set of molecules used for these studies is
shown in Scheme 4. The anthraquinone structures of
AQ-DT and AQ-MT result in cross-conjugation that is
absent in AC-DT. Here, cross-conjugation exists

SAc

O

O

O

O

SAc

SAc SAc SAc
AQ-DT AQ-MT AC-DT

Scheme 4

9.6 SINGLE MOLECULE ELECTRONICS 1001



in molecules where only two of three conjugated
π-bonds interact. In contrast to linearly conjugated
systems such as AC-DT, the π-bonds in AQ-DT and
AQ-MT branch off, reducing the degree of conjuga-
tion. Thus, a comparison of the behavior of anthra-
quinone SAMs versus that of the fully conjugated AC
can be used to quantify the degree of quantum inter-
ference. Note that both the dithiolated molecules AC-
DT and AQ-DT are symmetrically and covalently
bonded to the Au electrodes, whereas AQ-MT is
monothiolated, with the opposing side of the mol-
ecule forming a weak electrostatic bond to Au by a
non-hybridizing phenyl group.
Calculated transmission spectra of the three mol-

ecules are shown in Fig. 9.105a. The linearly conju-
gated AC-DT shows no particularly notable features.
Indeed, its transmission smoothly varies across the
energy gap, with peaks near the molecular orbitals
due to resonant tunneling. This differs markedly
from the cross-conjugated AQ compounds that have
a pronounced dip at E � EF ¼ 0.5–0.6 eV resulting
from destructive interference between the two pos-
sible electronic paths taken along the anthraquinone

core. The calculated orbitals for AC-DT and AQ-DT
are shown in Fig. 9.105b and d, respectively. In linear-
ly conjugated AC-DT, the orbitals are symmetrically
localized near their anchor groups, leading to a single
transmission path illustrated by the energy level
scheme in Fig. 9.105b. However, the cross-conjugated
molecule has two different energy states symmetric-
ally disposed about EF. The high-energy path is via
the core, and the lower energy route via direct tun-
neling between the anchors. These two paths undergo
a π phase difference, and hence destructively inter-
fere. The transmission calculated for these alternative
paths is shown in Fig. 9.105c. Destructive and con-
structive interference results in dips and peaks in the
transmission of the three-site process that are absent
via tunneling through a single route comprising either
the lower, direct tunneling process, or via only the
upper level.
Since the conductance is G ¼ G0T, the existence of

interference should be reflected in the conductance
spectra near V ¼ 0 (Guédon et al., 2012). Figure 9.106a
shows a group of conductance spectra vs. voltage taken
for AC-DT using a Au-coated AFM tip break junction.
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Figure 9.105 (a) Calculated transmission of the molecules in Scheme 4. The frontier HOMO and HOMO-1 orbital energies at E < EF, and the
LUMO energies at E > EF are shown by lines in the lower quadrants of the plot. (b) Calculated electronic orbitals in AC-DT and the proposed energy
level scheme of the molecule anchored via its thiolating groups to the Au electrodes. (c) Electronic transmission via upper and lower electronic
pathways for the cross-conjugated AQ-DT shown in (d). Interference between the upper and lower energy branches results in pronounced peaks in T
(E ) (Guédon et al., 2012).

Reprinted by permission from Springer Nature, Nature Nanotechnology, 7, 305, Observation of quantum interference in molecular charge transport, Guédon, C. M.,
Valkenier, H., Markussen, T., Thygesen, K. S., Hummelen, J. C. & Van Der Molen, S. J. Copyright 2012.
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The conductance traces have symmetric bowing that
is consistent with the smooth transmission vs. en-
ergy characteristic in Fig. 9.105a. Conductance histo-
grams at V ¼ 0V are compared in Fig. 9.106b. The
conductance of the cross-conjugated AQ-DT is two
orders of magnitude lower than for AC-DT, suggest-
ing destructive interference between the upper and
lower energy branches of the former molecule. The
G(V ) data of AQ-DT are identical in shape to
Fig. 9.106a, which is surprising given the strong
anti-resonance in transmission predicted by the cal-
culations. In contrast, the anti-resonance is clearly
apparent by the pronounced dip in the conductance
data in Fig. 9.106c for the asymmetrically anchored
AQ-MT. Indeed, contrary to the constant curvature
of the conductance of AQ-DT and AC-DT, the curva-
ture is negative across the entire voltage domain V ¼
±1 V for AQ-MT. This is comparable to the width of
the antiresonance predicted in Fig. 9.105a. The sym-
metry of the data, even for an antisymmetrically
contacted molecule, indicates that the transmission
coefficient is nevertheless symmetric about EF, which
itself lies near the interference minimum.

While the markedly lower conductance of the sym-
metric AQ-DT compared to AC-DT suggests that it,
too, undergoes destructive interference, the question
remains as to why there is no dip in conductance

similar to that found for AQ-MT. It is speculated
that this is due to a shift in the transmission dip to
above EF in the symmetric molecule, making it be-
yond the reach of the experimental voltage range of
±1 V (Guédon et al., 2012).
A more direct test of quantum interference is

achieved by comparing the conductance of otherwise
similar, single and doubly connected moieties sym-
metrically contacted between an STM tip and a Au
substrate. Such a pair of molecules is shown in
Scheme 5. Both molecules are anchored between
Au contacts via their thiol groups. Whereas MTMB
offers only a single conductive path via its phenyl
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group, DTCP links a pair of phenyls that split the
orbitals, to result in a quantum analog of a double-
branched, optical Mach–Zehnder interferometer (see
Fig. 9.107a). Equation 9.50 suggests that if the con-
ductances of the two branches are similar, that is,
GM ¼ GM1 ¼ GM2, then constructive interference
between them should lead to a total resonant con-
ductance of G ¼ GM1 þ GM2 þ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
GM1GM2

p ¼ 4GM.
This is double the conductance possible assuming
Kirchhoff’s law of parallel circuit branches. This ideal-
ized situation assumes that the linkers and anchor
branches are equivalent, EF is at midgap, the electrode
couplings, �, are independent of energy, and the
coupling in the single molecular backbone species to
the contact gateway states is small. These conditions
are not completely met by MTMB and DTCP in the
configurations shown in Fig. 9.107b. For example,
the thiolating group in the singly branched MTMB is
terminated by a methyl (Me) group, which is similar
but not identical to the methyl linker in DTCP.
Transmission spectra calculated for the two mo-

lecular species are shown in Fig. 9.108a. These ideal-
ized results show that G(DTCP) ¼ 4G(MTMB), as
predicted. Furthermore, the transmission resonance
corresponding to the LUMO is twice as broad as for
the single branched MTMB. The splitting between
the bonding and antibonding orbitals of the cyclic
DTCP is �, although only the bonding orbital is
coupled to the gateway states, and thus it alone
contributes to the junction conductance.
The constructive superposition of electronic states

is inferred from the conductance histograms in
Fig. 9.108b. The histograms each comprise >6000meas-
urements. They give the conductance as a function of
tip/substrate separation, d, starting at a high conduct-
ance at d¼ 0 where the connection between contacts is
broken. The conductance decreases until themolecules
are fully extended at d¼ 0.5–0.55 nm, corresponding to
molecular breakoff. The residual conductance beyond
this separation is due to direct tunneling between the
STM tip and the Au film substrate.

Histograms for the lowest conductance of both mol-
ecules near breakoff are replotted at the right in
Fig. 9.108b. It is found that the minimum conductance
for MTMB is 2.8 � 10�4G0, and for DTCP it is 9.7 �
10�4G0. Thus, the ratio of the conductance of the
double branched DTCP to that of the single-path mol-
ecule,MTMB, isG(MTMB)/G(DTCP)¼ 2.8. While this
falls short of the theoretical ratio of 4, it is consistent
with DFT calculations for this molecular system that
yield a conductance ratio of 3.3. Differences may arise
from non-idealities in molecular coupling to the con-
tacts. This value is convincingly larger than predicted
by Kirchhoff’s law, providing evidence for quantum
mechanical interference arising from tunneling across
the closely coupled orbital systems of the double-
backbone DTCP molecule (Vazquez et al., 2012).
Single molecule spintronic devices are those that ex-

ploit the quantum mechanical spin properties of the
materials of which they are comprised. An example of
a spintronic device is the magnetic memory that en-
codes data in domains in a ferromagnetic medium.
More recently, coherent spin transport and detection
has formed the foundation of quantum information
processing, whereby data is encoded into the spin
states of a population of atoms or molecules. In
Chapter 3 we showed that the non-degenerate nature
of electronic levels in organics make them particularly
useful in spin-based devices. An obvious example of a
spin-controlled organic device is the electrophosphor-
escent OLED that can achieve 100% internal quantum
efficiency via spin–orbit coupling to the triplet state. In
this context, a property that can be exploited in single
molecule memory devices is giant magnetoresistance
(GMR). GMR is exhibited when two ferromagnetic
layers are separated by a non-magnetic, conducting
spacer. If the spacer is an insulator, the effect is termed
tunneling magnetoresistance, or TMR.
The resistance of the junction is determined by the

spin polarized DOS that increases or decreases if the
spin polarization of the two contacts is parallel, or
antiparallel, respectively. This can be understood

DTCP

LL

L L
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MTMB(b)(a)

Figure 9.107 (a) Illustration of the single and dual transport paths with similar linking moieties (L) between electrodes. (b) A molecular structural
diagram of the two molecules in Scheme 5 spanning the gap between Au contacts (Vazquez et al., 2012).
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from the densities of states shown for paramagnets
and ferromagnets in Fig. 9.109. The net electron spin
polarization, P, of a magnetic solid is given by the
difference between spins in the “up” vs. the “down”
direction, D" and D#, respectively. That is,

P ¼ D" EFð Þ �D# EFð Þ
D" EFð Þ þD# EFð Þ : ð9:51Þ

Paramagnetic materials have zero net polarization,
whereas P < 1 for ferromagnets due to an imbalance
of the majority (D") and minority (D#) densities of
states.
A single molecule device can exhibit GMR if a semi-

conducting organic molecule bridges the gap between
spin-polarized electrodes. This has been demonstrated
in ultrahigh vacuum at 4 K using a spin-polarized
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cobalt-coated tungsten STM tip as one electrode, and a
single crystalline Cu(111) substrate coated with single
domain ferromagnetic Co nanoislands. The tips are
polarized out of plane, whereas the dipole orientation
of the nanoislands is either normal, or antinormal to
the substrate plane, as illustrated in Fig. 9.110a. The
islandswere coatedwithH2Pc at submonolayer cover-
age. The larger DOS that results from parallel dipoles
leads to a higher tunneling current, and hence a higher
tunneling conductance, Gtun, compared to the antipar-
allel configuration (Nguyen-Manh et al., 1998). When
the tip is distant from the substrate surface, the current
is due to direct tunneling from the tip. This current is
due solely to TMR. However, if a H2Pc molecule lies
within the gap, the molecule will “jump-to-contact”
the tip as it is brought near to the substrate, as shown
in Fig. 9.110b. This leads to a higher total conductance
equal to Gtot ¼ Gtun þ Gmol, where Gmol is the conduct-
ance of themolecule alone. Themolecular conductance
is then simply the difference between the
non-contacted and the contacted conductances, and
corresponds to GMR.
Prior to the molecular jump, the conductance in-

creases exponentially as the tip distance is decreased,
as is characteristic of tunneling. However, after the
molecule jumps, the total conductance increases very
slowly with decreasing distance since conduction
now occurs via the molecular π-system. Note that
the jump-to-contact method is opposite to the previ-
ously described break junction procedure, since in the
former the starting configuration is with the tip and
substrate in a non-contact configuration, whereas for
the break junction, the tip and substrate initially form
a welded contact.

A spin-polarized STM (Sp-STM) image of two Co
domains whose polarizations are parallel and antipar-
allel to the tip is shown in Fig. 9.111a. The domains are
coated by a submonolayer of H2Pc, with individual
molecules appearing in the image as surface rough-
ness. The current from the antiparallel configuration
is lower than when the tip and domain polarizations
are parallel. The conductance of the two islands after
the contacts are bridged by an H2Pc molecule differ
considerably, as expected due to the lower spin-
polarized DOS of the antiparallel island.
The tip current for both tip/domain dipole orienta-

tions is shown in Fig. 9.111b, where the data are taken
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Figure 9.110 (a) Parallel and antiparallel orientations of a spin-
polarized STM (Sp-STM) tip relative to a ferromagnetic domain. (b)
Configuration of a molecule on a substrate before (left) and after (right) it
jumps to contact the tip as the gap with the substrate is decreased. Before
pick-up, the conductance is due only to tunneling (Gtun). After pick up the
conductance is Gtun + Gmol, where Gmol is the molecular conductance
(Schmaus et al., 2011).
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from the locationsmarked by “X” in Fig. 9.111a. There
are three pronounced peaks, with the largest at a bias
of �350 mV. Each of the conductance peaks is due to
transmission maxima resulting from the molecular
orbitals and molecule/contact couplings coming into
resonance. The GMR is given by the ratio of the dif-
ference between the antiparallel (GAP) and parallel
(GP) conductances:

GMR ¼ GP � GAP

GAP
: ð9:52Þ

For the sample in Fig. 9.111b, GAP ¼ 0.16G0 and GP ¼
0.25G0, giving GMR ¼ 61%. This is 10 times higher
than the tunneling current. Hence, it is concluded that
the change in conductance is indeed due to GMR
as opposed to TMR across an insulating gap. For
comparison, the most optimistic TMR response is
plotted on the right of Fig. 9.111c.

The origin of the magnetoresistance can be under-
stood usingDFT calculations of the orbital structure of
H2Pc. This analysis reveals that there is a doubly de-
generate LUMO level on pairs of aromatic rings form-
ing the Pc core structure. The N on the phthalocyanine
coordinates with Co, resulting in a broad transmission
peakwithin 100meV of the Fermi energy. This hybrid-
ization, in turn, broadens the couplings, �, to both
substrate and tip. Equation 9.43 implies that broaden-
ing increases T, and therefore the conductance, as
observed. The modeling results indicate that hybrid-
ization of the anchoring bonds makes GMR relatively
insensitive to the difference between EF and the reson-
ance energy, as long as these two energies are less than
�. Furthermore, GMR depends primarily on the ratio
of themajority tominority orbital broadening energies
(Schmaus et al., 2011).

Quantum interference, energy level spectroscopy,
and GMR are only three of the many unique proper-
ties that also include thermoelectricity (Hicks and
Dresselhaus, 1993), optical emission and absorption,
and a plethora of other phenomena exhibited by sin-
gle molecule devices (Aradhya and Venkataraman,
2013). The 1D structures are governed primarily by
quantum effects, and hence understanding their be-
havior requires a comprehensive knowledge of the
energetics of the molecules and the systems. While it
is challenging to control the gaps containing only a
single molecule, progress in the technology of break
junctions, e-beam nanopatterning, and single mol-
ecule transistor designs have brought this field to
an impressive stage of maturity. While it remains un-
clear if there will be practical applications beyond mo-
lecular characterization, spin transport for quantum
computing, and single molecule detection or “finger-
printing,” these limited dimensional devices provide

ample opportunities for discovering new physical
properties and phenomena ofmolecular electronicma-
terials (Joachim et al., 2000, Cuniberti et al., 2005).

9.7 Summing up

This chapter has focused on applications and phenom-
ena that do not fit neatly into the main themes of the
previous chapters. This does not by anymeans suggest
that the selected topics are less important. They are
simply included here to give a taste of the incredible
breadth of the field known as organic electronics. Fur-
thermore, the subjects that are considered cannot be
viewedas representative of the vast array of interesting
material that could have been included.
It is worthwhile to reiterate at this point how the

topics were chosen for inclusion in this chapter. The
first criterion is that the subject is clearly an organic
electronic device, that is to say it must be current
driven, and it should also exhibit an interesting
excitonic property (i.e. light emission, light field
interactions, etc.). Of course, there are numerous
examples that could rightfully fall into the category
of organic electronics that do not feature a conduct-
ive and/or excitonic material property. Major ex-
amples that are primarily organic electronic in
nature without such characteristics are electro-
optical devices exploiting nonlinear optical effects,
electrochromic devices and phenomena, organic
magnetic materials, and so on. Even among
current-based devices, many important topics have
been omitted, such as polymer batteries and spintro-
nic devices (although this was briefly touched on in
Section 9.6). Clearly, the list of topics is vast and
growing every day. And many could easily fill a
volume at least as long as this one!
Yet, it is hoped that acquainting the reader with

ionic conductivity in LECs, strongly coupled states
in optical microcavities, organic thermoelectricity
and memories, and organics in limited dimensional
(i.e. 2D and 1D) systems will encourage further ex-
ploration into the endless possibilities offered by or-
ganic electronics. More information on these and
other topics can be found in the diversity of sources
available in the ever-growing body of scientific litera-
ture. Several such references are provided in the fol-
lowing section on Further reading.

Further reading

1.V. M. Agranovich, 2009. Excitations in Organic Solids.
Oxford: Oxford University Press.

2. J. C. Cuevas and E. Scheer, 2017.Molecular Electronics: An
Introduction to Theory and Experiment, 2nd ed., World
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Scientific Series in Nanoscience and Nanotechnology,
Vol. 15. Danvers, MA: World Scientific Publishing.

3. G. Cuniberti, G. Fagas, and K. Richter (Eds.), 2005. Intro-
ducing Molecular Electronics. Heidelberg: Springer.

4. D. M. Guldi, H. Nishihara, and L. Venkataraman (Eds.),
2015. Molecular wires: themed issue. Chem. Soc. Rev., 44.

5. P. Heremans, G. H. Gelinck, R. Müller, K.-J. Baeg,
D.-Y. Kim, and Y.-Y. Noh, 2011. Polymer and organic
nonvolatile memory devices. Chem. Mater., 23, 341.

6. A. V. Kavokin, J. J. Baumberg, G. Malpuech, and
F. P. Laussy, 2017. Microcavities. Oxford: Oxford Univer-
sity Press.

7. D. K. C. MacDonald, 2006. Thermoelectricity: An Introduc-
tion to the Principles Mineola, NY: Dover Publications.

8. J. S. Moodera, B. Koopmans, and P. M. Oppeneer (Eds.),
2014. Organic spintronics. MRS Bull, 39, 578.

9. N. F. Mott and E. A. Davis, 1979. Electronic Processes in
Non-Crystalline Materials. Oxford: Clarendon Press.

10. S. Paul (Ed.), 2009. Making nano-bits remember: a recent
development in organic electronic memory devices. Phil.
Trans. R. Soc. A, 367.

11. P. N. Prasad and D. J. Williams, 1991. Introduction to
Nonlinear Optical Effects in Molecules and Polymers. New
York: Wiley.

12. D. W. Snoke and J. Keeling, 2017. The new era of polar-
iton condensates. Phys. Today, 70, 54.

Problems

1. A light emitting electrochemical cell consists of an anion–
cation pair and a luminescent molecule. We want to
consider the performance of such a device of length, L ¼
500 μm, and that has an anion/cation mobility ratio of
μA/μC ¼ 2, with μA ¼ 10�7 cm2/V s. Assuming that the
density of salts is nS ¼ 1018 cm�3, and the applied voltage
is Va ¼ 5 V between Ohmic contacts,
(a) Write an expression for the potential and electric field

distributions vs. time, that is, V(x, t) and F(x, t) across
the active layer. Assume that the chargemobilities are
100 times higher than the ionic mobilities.

(b) Write an expression for the width of the emission
zone vs. time. Assume the zone width is determined
by the point at which the electron and hole
concentrations drop to 30% of their peak values.

(c) Assuming that the emission intensity is proportional
to the width of the emission zone, plot the time
evolution of the intensity.

(d) What is the time needed to reach 50% of the peak
intensity of this LEC?

2. In an LEC, we find that the emission zone does not form
into a straight line, but rather something like a zigzag.
(a) Give three potential sources of this spatial variation

between parallel contacts.
(b) If the ratio of the radiative to the non-radiative rate in

an LEC is kr/knr ¼ 10, and the activation energy of the
anion and cation mobilities is 1.0 eV, plot the
evolution of the peak luminescence efficiency vs.
temperature for the device in Prob. 1.

3. A Bloch surface wave (BSW) can be excited with light
incident on the glass substrate side of a DBR at angle θ.
(a) Calculate the optical intensity profile shown for the

DBR whose index profile is provided in in Fig. P9.3.
The layer thicknesses are: 6 pairs of 100 nm SiNx and
135 nm SiO2 (index¼ 2.0 and 1.5, respectively) as well
as a thin top-most pair of 11.5 nm SiNx and 15 nm SiO2.

(b) An organic thin filmwith absorption coefficient of α¼
2.5 � 105 cm�1 for an exciton with energy 2.2 eV, and
index of refraction, n ¼ 1.6 is deposited onto the
surface of the DBR. Calculate the total fraction of
light absorbed vs. film thickness.

(c) Assuming that the BSW is excited by a laser at a
wavelength of 544 nm, what is the angle at which
the BSW can be excited using the Kretschmann
configuration with a prism with index n ¼ 1.75. The
excitation field is TE polarized.

(d) For a Rabi splitting of 250 meV, calculate and plot
the reflectivities of the lower and upper polariton
branches vs. angle for thematerial in b. in a SBWcavity.

4. Show that:

(a) The maximum efficiency of a thermo-
electric refrigerator is given by

ηCOP ¼
TC

ηCTH

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ Z�T

p
� TH=TCffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ Z�T
p

þ 1,

(b) The refrigerator can support a maximum temperature

difference of �Tmax ¼ 1
2
ZT2

C.

(c) Plot ηCOP vs. Z from to 1 to 5 � 10�3 K�1.
5. Assume that a memory consists of rectifiers in series with

resistive elements inanN�Narray. If the reverse saturation
current of the diode accompanying each element is I0:
(a) How does the size of the array (N) scale with I0,

assuming that the memory current must be S times
larger than the background current?

(b) For a resistance Rmin of each resistive memory element
in the 1 logic state, and Rmax ¼ 103Rmin in the 0 logic
state, how does the readout time scalewithN? Assume
a junction area of A and a depletion region width ofW
for an ideal organic diode with a series resistance, Rser.
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Figure P9.3 Index profile and optical intensity profile of a surface
Bloch wave.
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(c) Assuming I0 ¼ 1 nA for a 0.01 mm2 diode with an
active region thickness of 300 nm, calculate the largest
array size, Nmax, for Rmin ¼ 100 Ω.

(d) Calculate the memory bit readout time for the device
in (c).

6. Figure P9.6 shows the absorption and PL spectra of the
molecule, PTCDA, and amonolayer of the TMDC,MoSe2.
The transition dipole moment lies within the plane of
PTCDA, that is, along its perylene core. Furthermore,
the transition dipole of the TMDC lies along the film
plane. Assume a TMDC peak absorption coefficient of
α ¼ 7 � 105 cm�1, and for PTCDA, α ¼ 2.5 � 105 cm�1.
The in-plane dielectric constants are ε ¼ 4 for MoSe2, and
for PTCDA, the in-plane dielectric constant is ε∥¼ 4.5 and
perpendicular to the plane ε⊥ ¼ 1.9. The natural decay
lifetimes of PTCDA and the TMDC are 5 ns and 100 ps,
respectively.

(a) Calculate the Förster radius and FRET transfer rate for
a Frenkel exciton from PTCDA toMoSe2. Assume that
the PTCDA molecule lies flat on the TMDC surface.

(b) Do the calculation in (a) but assume that the PTCDA
molecular plane is parallel to, and is tilted at 30° from
the plane of the 2D film.

(c) An ultrathin film of Al2O3 (ε ¼ 9.1) is interposed
between the organic and TMDC thin films. Calculate
and plot the Förster radius and FRET transfer rates vs.
Al2O3 thickness, δ. At what Al2O3 thickness does the
transfer rate decrease to 1% of its value at δ ¼ 0?

7. Assume that two conjugated molecules are separated by a
σ-bridge linkage. This type of compound may be
approximated as two quantum wells separated by a
barrier, as shown in Fig. P9.7. Assume that the free
carrier density inside the wells and barriers are negligible.
(a) At what applied voltage(s) will resonant tunneling be

observed?
(b) Write an expression for the electronic transmission

coefficient for this molecular system. Assume that the
quantized energy levels are thermally broadened, and

can be approximated by a Gaussian distribution. The
effective mass is equal to the rest mass of the electron.

8. Assume that the energy levels of a material can be
described by a simple model of a particle in a cubic box
of infinite potential depth, and of length L.
(a) Calculate the density of states and the energy levels

for the bulk material. Plot your results.
(b) Repeat (a) for a 2D solid (e.g. a TMDC).
(c) Repeat (a) for a 1D solid (e.g. a molecular wire)
(d) Repeat (a) for a 0D solid (e.g. a quantum dot within a

polymer matrix).
9. Given the transmission coefficient (Eq. 9.43) for a single

molecule device:
(a) Derive the current–voltage function:

I ¼ 4G0

q
�S�D
�S þ �D tan �1

E0 þ 1
2 qVA

�S þ �D

� ��
�tan �1 E0 � 1

2 qVA

�S þ �D

� ��
:

(b) Calculate the conductance, G, of the device at applied
voltage, VA.

(c) Plot G vs. VA for E0 ¼ 40 meV, and �S ¼ �D ¼ 1, 5, 10,
and 20 meV.

10. In Fig. 9.98, it was suggested that the conductance, G ∝
cos2 θ, where θ is the twist angle between conjugated
groups forming the molecule.
(a) Give a plausible physical explanation why this

relationship should be true.
(b) Assuming themolecule is the biphenylmoiety, that is,

compound 4 in Fig. 9.98, derive a simple expression
for I(V) and G at V ! 0 that reproduces the cos2 θ
behavior observed.

(c) Plot I(V) and G vs. cos2 θ for a triphenyl analog of
compound 4. For this, two angles, θ and ϕ, are
required.
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APPENDIX A

Glossary of frequently used
and common abbreviations

Acronym Definition

A Acceptor

AFM Atomic force microscope

ALD Atomic layer deposition

AM1.5G Air mass 1.5 Global.

AMOLED Active matrix OLED (display)

ANSI American National Standards Institute

ARC Antireflection coating

ASE Amplified spontaneous emission

ASTM American Section of the International Association of Testing Materials

BAPV Building applied photovoltaic

BC, TC Bottom contact, top contact

BG, TG Bottom gate, top gate

BHJ Bulk heterojunction

BIOS Basic input–output system

BIPV Building integrated photovoltaic

BP Boiling point

BSR Back surface reflector

BSW Bloch surface wave

BW Energy bandwidth

CCM Color changing media

CCT Correlated color temperature

CELIV Charge extraction by linearly increasing voltage

CF Color filter

CGL Charge generation layer

CIE Commission Internationale d’Eclairage

CMOS Complementary metal oxide semiconductor

CNT Carbon nanotube

CPS Chance, Prock, and Sibley

CRI Color rendering index

CRZ Charge recombination zone

CT Charge transfer

CVD Chemical vapor deposition

D Drain, donor
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Acronym Definition

D-A HJ Donor–acceptor heterojunction

DBR Distributed Bragg reflector

DFB Distributed feedback

DFT Density functional theory

DOS Density of states

DRAM Dynamic random access memory

DSMC Direct simulation Monte Carlo

DUT Device under test

EA Electron affinity

EIL Electron injection layer

EL Electroluminescence

EML Emission layer

EQE External quantum efficiency

ETL Electron transport layer

FC Franck–Condon integral

FeFET Ferroelectric field effect transistor

FET Field effect transistor

FIB Focused ion beam

FOLED Flexible OLED

FPA Focal plane array

FRET Fluorescence (or Förster) resonant energy transfer

FTIR Fourier transform infrared spectroscopy

FWHM Full width at half maximum

G Gate

GDM Gaussian disorder model

GISAXS Glancing incidence small angle X-ray scattering

GIWAXS Grazing incidence wide angle X-ray scattering

GIXD Grazing incidence X-ray diffraction

GMR Giant magnetoresistance

HCTE Hybrid charge transfer exciton

HFPA Hemispherical focal plane array

HIL Hole injection layer

HJ Heterojunction

HOMO Highest occupied molecular orbital

HTL Hole transport layer

ICT Intramolecular charge transfer

IJP Ink jet printing

IMF Index matching fluid

IP Ionization potential

IPES Inverse photoelectron spectroscopy

IQE Internal quantum efficiency

IR Infrared

ISC Intersystem crossing

(Continued )

Continued
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Continued

Acronym Definition

j–V Current density vs. voltage

L-B Langmuir–Blodgett

LC Ligand centered

LCAO Linear combination of atomic orbitals

LCD Liquid crystal display

LDI-TOF-MS Laser desorption ionization-time of flight-mass spectroscopy

LED Light emitting diode

LEP Light emitting polymer

LIG Low index grid

LP or LPB Lower polariton branch

LTPS Low temperature polycrystalline silicon

LUMO Lowest unoccupied molecular orbital

MC Metal centered

MCBJ Mechanically controlled break junction

MD Molecular dynamics

MIS Metal–insulator–semiconductor

MISFET Metal–insulator–semiconductor FET

ML Monolayer

MLA Microlens array

MLCT Metal ligand charge transfer

MMLCT Metal–metal ligand charge transfer

MNR Meyer–Neldel rule

MO Molecular orbital

MOSFET Metal–oxide–semiconductor FET

MPP Maximum power point

MWIR Mid wavelength infrared

MWNT Multiwalled nanotube

NFA Non-fullerene acceptor

NIR Near infrared

NP Nanoparticle

NTSC National Television Standards Committee

O-B Onsager–Braun

OFeFET Organic ferroelectric field effect transistor

OI-HJ Organic/inorganic heterojunction

OLED Organic light emitting device (or diode)

OMBD Organic molecular beam deposition

OPC Organic photoconductor

OPD Organic photodetector

OPT Organic phototransistor

OPV Organic photovoltaic cell

OSC Organic semiconductor

OSL Organic semiconductor laser

OTFT Organic thin film transistor
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Acronym Definition

OTR Oxygen transmission rate

OVJP Organic vapor jet printing

OVPD Organic vapor phase deposition

PAH Polyaromatic hydrocarbon

PES Photoelectron spectroscopy

PFEO Perimeter free electron orbital

PHOLED Phosphorescent organic light emitting device (or diode)

PL Photoluminescence

PLQY Photoluminescence quantum yield

PM-HJ Planar-mixed heterojunction

PP Polaron pair

PR Photoresist

PVD Plasma vapor deposition

QD Quantum dot

QVGA Quarter video graphics array

R2R Roll-to-roll

RAM Random access memory

RGA Residual gas analysis (or analyzer)

RGB Red, green, blue

RHEED Reflection high energy electron diffraction

ROIC Readout integrated circuit

ROM Read only memory

S Source

S/N Signal-to-noise ratio

SAED Selected area electron diffraction

SAM Self-assembled monolayer

SCCM Standard cubic centimeters per minute

SCL Space charge limit

SEM Scanning electron microscope

SF Singlet fission

SOC Spin–orbit coupling

SOLED Stacked OLED

SOMO Singly occupied molecular orbital

SPA Singlet-polaron annihilation

SPP Surface plasmon polariton

SQ Shockley–Queisser (limit)

SRAM Static random access memory

SRC Standard reporting conditions

sRGB Super RGB color gamut

SRH Shockley–Read–Hall (recombination)

SSA Singlet-singlet annihilation

SSSE Solid state solvation effect

STA Singlet–triplet annihilation

(Continued )
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Continued

Acronym Definition

STM Scanning tunneling microscope

SVA Solvent vapor annealing

SWIR Short wavelength infrared

SWNT Single walled nanotube

TADF Thermally assisted delayed fluorescence

TD-DFT Time dependent density functional theory

TDM Transition dipole moment

TEC Thermoelectric cooler

TEG Thermoelectric generator

TEM Transmission electron microscope

TFL Trap filled limit

TFT Thin film transistor

TIR Total internal reflection

TMDC Transition metal dichalcogenide

TMR Tunneling magnetoresistance

TOF Time of flight

TOF-SIMS Time of flight secondary ion mass spectroscopy

TOLED Transparent OLED

TPA Triplet–polaron annihilation

TTA Triplet–triplet annihilation

UHV Ultrahigh vacuum

UP or UPB Upper polariton branch

UPS Ultraviolet photoelectron spectroscopy

UV Ultraviolet

Vis Visible

VTE Vacuum thermal evaporation

W-M Wannier–Mott

WOLED White emitting OLED

WORM Write once read many times

WVTR Water vapor transmission rate
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APPENDIX B

Identification of chemical names

Chemical name IUPAC nomenclature

1-NPSQ 2,4-bis[4-(N-phenyl-1-naphthylamino)-2,6-dihydroxyphenyl]squaraine

26nCPy 2,6-bis(N-carbazolyl)pyridine

2CzPN 1,2-bis(carbazol-9-yl)-4,5-dicyanobenzene

2T-NATA 4,40,400-tris(N-2-naphthyl-N-phenylamino)triphenylamine

44TCzPN 6,60-(9H,90H-[4,40-bicarbazole]-9,90-diyl)bis(4-(9H-carbazol-9-yl) isophthalonitrile)

4CzCNPy 2,3,5,6-tetracarbazole-4-cyano-pyridine

4CzIPN 1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanobenzene

4CzPNPh 3,4,5,6-tetrakis(3,6-diphenylcarbazol-9-yl)-1,2-dicyanobenzene

4CzTPN-Ph 2,3,5,6-tetrakis(3,6-diphenylcarbazol-9-yl)-1,4-dicyanobenzene

4P-NPD N,N 0-di-1-naphthalenyl-N,N 0-diphenyl-[1,10:40,100:400,100 0-quaterphenyl]-4,400 0-diamine

4TBPPZn tetra-(2,6-tert-butyl)phenolporphyrin zinc

AC-DT 2,6-bis[(4-acetylthiophenyl)ethynyl]anthracene

ACRSA 10-phenyl-10H,100H-spiro[acridine-9,90-anthracen]-100-one

ACRXTN 3-(9,9-dimethylacridin-10(9H)-yl)-9H-xanthen-9-one

ADN 9,10-di(naphtha-2-yl)anthracene

AIDCN 2-amino-4,5-imidazoledicarbonitrile

Alq3 tris(8-hyroxyquinoline)aluminum

AMS poly(α-methylstyrene)

APFO3 poly(2,7-(9,9-dioctyl-fluorene)-alt-5,5-(40,70-di-2-thienyl-20,10,30-benzothiadiazole))

AQ-DT 2,6-bis[(4-acetylthiophenyl)ethynyl]-9,10-anthraquinone

AQ-MT 2-[(4-acetylthiophenyl)ethynyl]-6-(phenylethynyl)-9,10-anthraquinone

ASSQ 2-[4-(N,N-diisobutylamino)-2,6-dihydroxyphenyl]-4-diphenylaminosquaraine

B3PYMPM 4,6-bis(3,5-di-3-pyridylphenyl)-2-methylpyrimidine

BAlq bis(2-methyl-8-quinolinato)4-pheylphenolato aluminum(III)

BCP (2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline), or bathocuproine

BCzVBi 4,40-bis(9-ethyl-3-carbazovinylene)-1,10-biphenyl

BD-6MDPA N,N0-diphenyl-N,N0-di-m-tolylspiro[fluorene-7,90-benzofluorene]-5,9-diamine

BDCP-IC 8,15-dihexyloxyltetrakis(4-hexylphenyl)-(5,5,12,12-tetrakis(4-hexylphenyl)-dithienyl
[1,2-b:4,5-b0]benzodithieno[3,2-b]thiophene-2,7-diyl)bis(2-(3-oxo-2,3-dihydroinden-
1-ylidene)malononitrile)

BDN bis-(4-dimethylaminodithiolbenzil)-nickel(II)

BDT-IC (5,5,12,12-tetrakis(4-hexylphenyl)-dithienyl[1,2-b:4,5-b0]benzodithiophene-2,7-diyl)bis
(2-(3-oxo-2,3-dihydroinden-1-ylidene)malononitrile)

BeEH-PPV poly(2-butyl,5-(20-ethylhexyl)-1,4-phenylenevinylene)

(Continued )
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Continued

Chemical name IUPAC nomenclature

BF-DPB N,N0-(diphenyl-N,N0-bis-9,9-dimethyl-fluoren-2-yl)-benzidine

bis-PXD-OXD 2,5-bis(4-(10-phenoxazyl)phenyl)-1,3,4-oxadiazole

BN1 400,400 0-N,N-diphenylamine-4,40-diphenyl-1,10-binaphthyl

BN2 400,400 0-(9H-9-carbazole)-4,40-diphenyl-1,10-binaphthyl

BNP-IC 3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-indanone))-tetrakis(4-hexylphenyl)-di-5-
(7,7,15,15-tetrakis(4-hexylphenyl)-thieno[3,2-b:20,30-d]pyran-1,9-
dimethoxynaphthalene)

BP1T 2,5-bis(4-biphenylyl)thiophene

BP2T 2,5-bis(4-biphenylyl)bithiophene

BP3T 5,500-bis(4-biphenylyl)-2,20:50,200-terthiophene

BP4mPy 3,5,30,50-tetra(m-pyrid-3-yl)phenyl[1,10]biphenyl

BPhen bathophenanthroline

BPTT 2,5-bis-biphenyl-4-yl-thieno[3,2,b]thiophene

BPyTP2 2,7-bis(2,20-bipyridine-5-yl)triphenylene

Br2-DBP dibenzo([f,f0]-4,70-di[4-bromophenyl]-40,7-diphenyl)diindeno[1,2,3-cd:10,20,30-lm]
perylene

BT-CIC 4,4,10,10-tetrakis(4-hexylphenyl)-5,11-(2-ethylhexyloxy)-4,10-dihydro-dithienyl[1,2-
b:4,5b]benzodithiophene-2,8-diyl)bis(2-(3-oxo-2,3-dihydroinden-5,6-dichloro-1-ylidene)
malononitrile

BT-IC 8,15-dihexyloxyl-tetrakis(4-hexylphenyl)-(5,5,12,12-tetrakis(4-hexylphenyl)-dithienyl[1,2-
b:4,5-b0]benzodithiophene-2,7-diyl)bis(2-(3-oxo-2,3-dihydroinden-1-ylidene)
malononitrile)

Bt2Ir(acac) bis(2-phenylbenzothiozolato-N,C2
0
)(acetylacetonate)

BTDC (anti & syn) 2-((7-(N-(2-ethylhexyl)-benzothieno[3,2-b]thieno[2,3-d]pyrrol-2-yl)benzo[c][1,2,5]
thiadiazol-4-yl)methylene)malononitrile

Btp2Ir(acac) bis[2-(20-benzothienyl)-pyridinato-N,C2
0
](acetylacetonate)

BTQBT bis(1,2,5-thaidiazolo)-p-quinobis(1,3-dithiole)

C10-DNTT 2,9-didecyl-dinapthol[2,3-b:20,30-f]thieno[3,2-b]thiophene

C8-BTBT dioctylbenzothienobenzothiophene

CB chlorobenzene

CBP 4,40-bis(9-carbazolyl)-1,10-biphenyl

CF chloroform

CH4T cyclohexylquaterthiophene

ClAlPc chloroaluminum phthalocyanine

CN-MBE 1-cyano-trans-1,2-bis(40-methylbiphenyl)ethylene

CN-TFMBE 1-cyano-trans-1,2-bis(30,50-bis-trifluoromethylbiphenyl)ethylene

CN-TFPA 3,30-(1,4-phenylene)bis(2-(3,5-bis-trifluoromethyl)phenyl)acrylonitrile

Coumarin 540 3-(2-benzothiazolyl)-N,N-diethylumbelliferylamine, 3-(2-benzothiazolyl)-7-(diethylamino)
coumarin

Coumarin 545P 10-(2-benzothiazolyl)-1,3,3,7,7-pentamethyl-2,3,6,7-tetrahydro-1H,5H,11H-benzo[l]-
pyrano[6,7,8-ij]-quinolizin-11-one

Coumarin 545T 10-(2-benzothiazolyl)-1,1,7,7-tetramethyl-2,3,6,7-tetrahydro-1H,5H,11H-benzo[l]-
pyrano[6,7,8-ij]-quinolizin-11-one

CPD N,N0-di(phenylcarbazole)-N,N0-bis-phenyl-(1,10-biphenyl)-4,40-diamine

CuPc copper phthalocyanine

CzP-BZP 4-(4-9H-carbazol-9-yl)phenyl-(7-phenylbenzo[c][1,2,5]thiadiazole)
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CzSi 9-(4-tert-butylphenyl)-3,6-bis(triphenylsilyl)-9H-carbazole

D3A 9,10-bis[(10-decylanthracen-9-yl)ethynyl]anthracene

DAE diarylethene phosphonic acid

DAST 4-dimethylamino-N-methyl-4-stilbazolium tosylate

DB-TCNQ dibenzotetrathiafulvalene-tetracyanoquinodimethane

dbo-P2TP 5,50-bis(4-butoxyphenyl)-2,20-bithiophene

DBP tetraphenyldibenzoperiflanthene

DBT 2-((7-(N-(2-ethylhexyl)-dithieno[3,2-b:20,30-d]pyrrol-2-yl)benzo[c][1,2,5]thiadiazol-4-yl)
methylene)malononitrile

DCB 1,4-dichlorobenzene

DCJTB 4-(dicyanomethylene)-2-tert-butyl-6-(1,1,7,7-tetramethyljulolidyl-9-enyl)-4H-pyran

DCM dichloromethane

DCM1 [2-[2-[4-(dimethylamino)phenyl]ethenyl]-6-methyl-4H-pyran-4-ylidene]-propanedinitrile

DCM2 4-(dicyanomethylene)-2-methyl-6-julolidyl-9-enyl-4H-pyran

DCMT 30,40-dibutyl-5,500-bis(dicyanomethylene)-5,500-dihydro-2,20:50,200-terthiophene

DCzIPN 4,6-di(9H-carbazol-9-yl)isophthalonitrile

DEH diethylaminobenzaldehyde diphenylhydrazone

DH7T dihexyl-7-thiophene

diF-TES-ADT difluorinated 5,11-bis(triehtylsilylethynyl)anthradithiophene

DIO 1,8-diiodooctane

DIP diindenoperylene

DM-2,9-DMQA N,N0-dimethyl-2,9-dimethylquinacridone

DMAC-BP bis[4-(9,9-dimethyl-9,10-dihydroacridine)phenyl]methanone

DMAC-DPS bis[4-(9,9-dimethyl-9,10-dihydroacridine)phenyl]sulfone

DMACDPS bis[4-(9,9-dimethyl-9,10-dihydroacridine)phenyl]sulfone

DMC decamethylcobaltocene

DMF dimethylformamide

DMPD dimethyl-p-phenylenediamine

DMPPP 1-(2,5-dimethyl-4-(1-pyrenyl)phenyl)pyrene

DMQA N,N0-dimethylquinacridone

DMSO dimethyl sulfoxide

DNB 2,4-diaminonitrobenzene

DNTT dinaphtho-[2,3-b:20,30-f]thieno[3,2-b]thiophene

DOTCI 3,30-diethyl-2,20-oxathiacarbocyanine iodide

DPA 5,12-diphenylanthracene

DPASQ 2-[4-(N,N-diphenylamino)-2,6-dihydroxyphenyl]-4-(4-diphenyliminio)-2,5-dien-1-
ylidene}-3-oxocyclobut-1-en-1-olate

DPEPO bis-(2-(diphenylphosphino)phenyl)ether oxide

DPFS 9-[4-(2-diphenylamino-9,9-diethylfluoren-7-ylethenyl)phenyl]-9-phenylfluorene

DPh-BTBT 2,7-diphenyl[1]benzothieno[3,2-b]benzothiophene

DPM 2-((7-(N-(2-ethylhexyl)-6-p-tolyl-dithieno[3,2-b:20,30-d]pyrrol-2-yl)pyrimidin-5-yl)
methylene)malononitrile

DPSQ 2-[4-(N,N-diphenylamino)-2,6-dihydroxyphenyl]-4-[(4-(N,N-diphenyliminio)-2,6-
dihydroxyphenyl)-2,5-dien-1-ylidene]-3-oxocyclobut-1-en-1-olate

(Continued )
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Dpt 5,6-diphenyltetracene

DT-IC 5,5,10,10-tetrakis(4-hexylphenyl)-thiophene-thieno[3,2-b]thiophene-thiophene)bis(2-(3-
oxo-2,3-dihydroinden-1-ylidene)malononitrile

DT-TTF Dithiotetrathiafulvalene

DTCP 2,11-dithia(3,3)paracyclophane

DTDCPB 2-([7-(4-N,N-ditolylaminophenylen-1-yl)-2,1,3-benzothiadiazol-4-yl]methylene)
malononitrile

DTDCTB 2-((7-(5-(dip-tolylamino)thiophen-2-yl)benzo[c][1,2,5]thiadiazol-4yl)methylene)
malononitrile

DTffBT poly(benzodithiophene-dithienyldifluorobenzothiadiazole)

DTPyT poly(benzodithiophene-dithienylthiadiazolopyridine)

DTS decyltrichlorosilane

EG ethylene glycol

Erq3 erbium(III) tris(8-hydroxyquinoline)

F16CuPc fluorinated copper phthalocyanine

F4-TCNQ 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane

F6TNAP 1,3,4,5,7,8-hexafluorotetracyanonaphthaquinodimethane

F8BT poly[(9,9-di-n-octylfluorenyl-2,7-diyl)-alt-(benzo[2,1,3]thiadiazol-4,8-diyl)]

F8T2 poly(9,9-diocytlfluorene-co-bithiophene)

F8TBT poly[(9,9-dioctylfluorene)-2,7-diyl-alt-(4,7-bis(3-hexylthien-5-yl)-2,1,3-benzothiadiazole)-
20,200-diyl]

FIPAC 9-(9,9-dimethyl-9H-fluoren-3yl)-14-phenyl-9,14-dihydrodibenzo[a,c]phenazine

FIr6 bis-(40,60-difluorophenylpyridinato)tetrakis(1-pyrazolyl)borate iridium(III)

FIrpic bis[2-(4,6-difluorophenyl)pyridinato-C2,N](picolinato)iridium(III)

FlzIr tris(1-(90,90-dimethyl-20-fluorenyl)pyrazolyl-N,C2
0
)iridium(III)

FPt1 platinum (II) (2-(40,60-difluorophenyl) pyridinato-N,C2
0
)(2,4-pentanedionato)

H2Pc metal-free phthalocyanine

HATCN hexaazatriphenylene hexacarbonitrile

HMDS hexamethyldisilazane

HMTPD 4,40-bis[N,N 0-(3-tolyl)amino]-3,30-dimethylbiphenyl

HMTTF hexamethylenetetrathiafulvalene

iBuBTDC 2-((7-(N-(isobutyl)-benzothieno[3,2-b]thieno[2,3-d]-pyrrol-2-yl)benzo[c][1,2,5]thiadiazol-
4-yl)methylene)malononitrile

ICBA indene-C60-bisadduct

IDT-IC (4,4,9,9-tetrakis(4-hexylphenyl)-4,9-dihydro-s-indaceno[1,2-b:5,6-b0]dithiophene-2,7-
diyl)bis-2-(3-oxo-2,3-dihydroinden-1-ylidene)malononitrile

IDTIDT-IC 3,8,11,16-tetrakis(4-hexylphenyl)- thieno[2,3-d:5,6-d0]-di-s-indaceno[1,2-b:5,6-b0]
dithiophene)bis(2-(3-oxo-2,3-dihydroinden-1-ylidene)malononitrile

IEICO 2,20-((2Z,20Z)-((5,50-bis(4,4,9,9-tetrakis(4-hexylphenyl)-4,9-dihydro-s-indaceno[1,2-
b:5,6-b0]dithiophene-2,7-diyl) bis (4-((2-ethylhexyl)oxy)thiophene-5,2-diyl))bis
(methanylylidene))bis-(3-oxo-2,3-dihydro-1H-indene-2,1-diylidene))dimalononitrile

Ir(5-ph-ppy)3 tris[2-(50-phenyl)phenylpyridine]iridium(III)

Ir(dbi)3 tris[1-(2,4-diisopropyldibenzo[b,d]furan-3-yl)-2-phenylimidazole]iridium(III)

Ir(dfppz)2(dtb-
bpy)

(bis(1-(2,4-difluorophenyl)pyrazole))-4,40-di(tert-butyl)-2,20-bipyridineiridium(III)

Ir(dhfpy)2(acac) bis(2-(9,9-dihexylfluorenyl)-1-pyridine)(acetylacetonate)iridium(III)
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Ir(dmp)3 tris[3-(2,6-dimethylphenyl)-7-methylimidazo[1,2-f] phenanthridine]iridium(III)

Ir(F2ppy)3 tris[2-(4,6-difluorophenyl)pyridyl]iridium(III)

Ir(ipripmi)3 tris[1-(2,6-diisopropylphenyl)-2-phenyl-1H-imidazole]iridium(III)

Ir(iprpmi)3 fac-tris[(2,6-diisopropylphenyl)-2-phenyl-1H-imidazole]iridium(III)

Ir(MDQ)2(acac) bis(2-methyldibenzo[f,h]quinoxaline)(acetylacetonate)iridium(III)

Ir(pmb)3 tris-(N-phenyl-N-methylbenzimidazol-2-yl)iridium(III)

Ir(pmp)3 tris-(N-phenyl-N-methylpyridoimidazol-2-yl)iridium(III)

Ir(PPQ)2 (acac) bis-(2,4-diphenylquinolyl-N,C2
0
)(acetylacetonate)iridium(III)

Ir(ppy)2acac bis[2-(2-pyridinyl-N)phenyl-C](acetylacetonato)iridium(III)

Ir(ppy)2bpy (bis(2-phenylpyridine)-2,2-bipyridine)iridium(III)

Ir(ppy)3 tris[2-phenylpyridinato-C2,N]iridium(III)

Ir(ppz)3 tris(phenylpyrazole)iridium(III)

Ir(tBuCN-F)2(acac) bis(3-[4-(tert-butyl)pyridin-2-yl]-2,6-difluorobenzonitrile)(acetylacetonate)iridium(III)

IT-IC 4,4,9,9-tetrakis(4-hexylphenyl)-4,9-dihydro-s-indaceno[1,2-b:5,6-b0]dithieno[3,2-b]
thiophene-2,7-diyl) bis(2-(3-oxo-2,3-dihydroinden-1-ylidene)malononitrile

IT-IC-4F (2-(3-oxo-2,3-dihydroinden-5,6-difluoro-1-ylidene)malononitrile)-5,5,11,11-tetrakis(4-
hexylphenyl)-dithieno[2,3-d:20,30-d0]-s-indaceno[1,2-b:5,6-b0]dithiophene

IT-M 3,9-bis(2-methylene- ((3-(1,1-dicyanomethylene)-6/7-methyl)-indanone))-5,5,11,11-
tetrakis(4-hexylphenyl)-dithieno [2,3-d:20,30-d0]-s-indaceno[1,2-b:5,6-b0]dithiophene

ITCC-M 3,9-bis((Z)-1-(6-(dicyanomethylene)-2-methyl-5,6-dihydro-6H-cyclopenta[b]thiophen-6-
one-5-yl) ethylene)-5,5,11,11-tetrakis(4-hexylphenyl)dithieno[2,3-d:20,30-d0]-s-indaceno
[1,2-b:5,6-b0]dithiophene

ITO indium tin oxide

Liq lithium quinolate

m-MTDATA 4,40,400-tris(3-methylphenylphenylamino)-triphenylamine

MADN 2-methyl-9,10-di(2-naphthyl)anthracene

mCP bis(9-carbazolyl)benzene

MDMO-PPV poly[2-methoxy-5-(30,70-dimethyloctyloxy)-1,4-phenylenevinylene]

Me-PTC dimethyl-3,4,9,10 perylenetetracarboxylic diimide

MEH-PPV poly(2-methoxy-5-(20-ethyl)-hexyloxy-p-phenylenevinylene)

MeLPPP methyl-substituted ladder type poly(p-phenylene)

MeO-TPD N,N,N 0,N 0-tetrakis(4-methoxyphenyl)-benzidine

MeTHF 2-methyltetrahydrofuran

Mo(tfd)3 molybdenum tris-[1,2-bis(trifluormethyl)ethane-1,2-dithiolene]

MTDATA Same as m-MTDATA

MTMB 1,4-bis(methyl(thio)methyl)–benzene

N1100 N,N 0-bis(2,2,3,3,4,4,4-heptfluorobutyl-1,7-dicyanoperylene-3,4,9,10-tetracarboxylic)
diimide

NOPF6 nitrosonium hexafluorophosphate

NPD (also NPB) N,N 0-di(1-naphthyl)-N,N 0-diphenyl-(1,10-biphenyl)-4,40-diamine

NRS-PPV poly[40-(3,7-dimethyloctyloxy)-1,10-biphenylene-2,5-vinylene]

NSM 4-((1,3-dioxo-1,3-dihydro-2H-inden-2-ylidene)methyl)benzoic acid

NSN bis(4-(4,6-diphenyl-1,3,5-triazine-2-yl)phenyl)diphenylsilane

NTCDA 3,4,7,8-naphthalenetetracarboxylic dianhydride

(Continued )
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OC1C10-PPV poly[2-methoxy-5-(30,70-dimethyloctyloxy)-p-phenylenevinylene]

ODPA octadecylphosphonic acid

ODTS octadecyltrichlorosilane

OJ2 4-(dicyanomethylidene)-2-tert-butyl-6-(2-(1-(4-tert-butylphenyl)-2,3-dihydro-2-
methylindolin-5-yl)vinyl)-4H-pyran

OTMS octadecyltrimethoxysilane

OTS octyltrichlorosilane

OXD oxadiazole

OXD-7 1,3-bis[(4-tert-butylphenyl)-1,3,4-oxadiazolyl]phenylene

P(NDI2OD-T2) poly[[N,N 0-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,50-
(2,2-bithiophene)]

P(VDF-TrFE) poly(vinylidene fluoride-trifluoroethylene)

P3HT poly(3-hexylthiophene-2,5-diyl)

P3HT75-co-
EHT25

poly(3-hexylthiophene-co-3-(2-ethylhexyl)-thiophene)

P3HTTDPP poly(3-hexylthiophene-thiophene-diketopyrrolopyrrole)

P3OT poly(3-octylthiophene)

P3TI poly[N,N 0-bis(2-hexyldecyl)isoindigo-6,60-diyl-alt-thiophene-2,5-diyl]

P6D 1-phosphonohexadecane

p6P para-sexiphenyl

PAH poly(allylamine hydrochloride)

PANI polyaniline

PB16TTT poly(2,5-bis(3-hexadecylthiophene-2-yl)thieno[3,2-b]thiophene)

pBCb2Cz 9-(4-(9H-pyrido[2,3-b]indol-9-yl)phenyl)-9H-3,90-bicarbazole

PBD 2-biphenyl-4-yl-5-(4-tert-butyl-phenyl)-[1,3,4]oxadiazole

PBDB-T poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b0] dithiophene)-co-
(1,3-di(5-thiophene-2-yl)-5,7-bis(2-ethylhexyl)benzo[1,2-c:4,5-c0]dithiophene-4,8-dione)]

PBDTT-DPP poly(2,60-4,8-bis(5-ethylhexylthienyl)benzo-[1,2-b;3,4-b]dithiophene-alt-5-dibutyloctyl-
3,6-bis(5-bromothiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4-dione)

PBDTT-DPP poly(2,60-4,8-di(5-ethylhexylthienyl)benzo[1,2-b;3,4-b]dithiophene-alt-5-dibutyloctyl-
3,6-bis(5-bromothiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4-dione)

PBnDT-DTffBT poly(benzo[1,2-b:4,5-b0]dithiophene-alt-DTffBT)

PBTDTTT-S-T poly[(((2-hexyldecyl)sulfonyl)-4,6-di(thiophen-2-yl)thieno[3,4-b]thiophene-2,6-diyl)-alt-
(4,8 bis((2-ethylhexyl)oxy)benzo[1,2-b:4,5-b0]dithiophene-2,6-diyl)]

PBTTT poly(2,5-bis(3-alkylthiophen-2-yl)thieno[3,2-b]thiophene)

pBTTT poly[2,5-bis(3-alkylthiophen-2-yl)thieno(3,2-b)thiophene]

PC polycarbonate

PC61BM [6,6]-phenyl-C61 butyric acid methyl ester

PC71BM [6,6]-phenyl-C71 butyric acid methyl ester

PCBA phenyl-C61 butyric acid

PCE-10 poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b0]dithiophene-co-3-
fluorothieno[3,4-b]thio-phene-2-carboxylate]

PCPDTBT poly[2,6-(4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b]-dithiophene)-alt-4,7- (2,1,3-
benzothiadiazole)]

PDA 2,7-bis(40-n-hexylphenyl)-4,9-diphenylanthrazoline

PDAC poly(diallyldimethylammonium chloride)
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PDDTT poly(5,7-bis(4-decanyl-2-thienyl)-thieno (3,4-b)diathiazole-thiophene-2,5)

PDI-2DTT poly([N,N 0-bis(2-decyl-tetradecyl)-3,4,9,10-perylene diimide-1,7-diyl]-alt-[[2,20]-
bi(dithieno[3,2-b:20,30-d]thiophenyl)-6,60-diyl])

PDMS polydimethylsiloxane

PDOFA poly(dioctylfluorene-co-anthracene)

PDOFN poly(dioctylfluorene-co-naphthacene)

PDOFP poly(dioctylfluorene-co-pentacene)

PDPP-TBT poly(diketopyrrolopyrrole-thiophenebenzothiadiazolethiophene)

PDPP3T poly(diketopyrrolopyrrole-terthiophene)

PDPP3T poly-(diketopyrrolopyrrole-terthiophene)

PDTG-TPD poly(dithieno[3,2-b:2,3-d]germole thieno[3,4-c]pyrrole-4,6-dione)

PEDOT:PSS poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)

PEIE polyethylenimine 80% ethoxylated aqueous solution

PEN polyethylene naphthalate

PEO poly(ethylene oxide)

PES polyether sulfone

PET polyethylene terephthalate

PETT poly(nickel 1,1,2,2-ethenetetrathiolate)

PF12TBT poly(2,7-(9,9-didodecylfluorene)-alt-5,5-[40,70-bis-(2-thienyl)-20,10,30-benzothiadiazole])

PF6 hexfluorophosphate

PFBDB-T poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-benzo[1,2-b:4,5-b0]dithiophene))-alt-
(5,5-(10,30-di-2-thienyl)-50,70-bis(2-ethylhexyl)benzo[10,20-c:40,50-c0]dithiophene-4,8-
dione)]

PFBT5 poly[2,7-(9,90-diheylfluorene)-co-4,7-(2,1,3-benzothiadiazole)]

PffBT4T
(PCE11)

poly[(5,6-difluoro-2,1,3-benzothiadiazol-4,7-diyl)-alt-(3,300 0-di(2-octyldodecyl)-
2,20;50,200;500,200 0-quaterthiophen-5,500 0-diyl)]

PFN poly[(9,9-bis(30-(N,N-dimethylamino)-propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene)]

PFN-Br poly[9,9-bis(60-(N,N-diethylamino)propyl)fluorene]-Br

PFO poly(3,4-ethylenedioxythiophene)

PFO-DHBT10 polyflourene-co-4,7-di(4-hexylthien-2-yl)-2,1,3-benzothiadiazole

PFPA-1 poly(3,30-([(90,90-dioctyl-9H,90H-[2,20-bifluorene]-9,9-diyl)bis(4,1-phenylene)]bis(oxy))bis
(N,N-dimethylpropan1-amine))

PI polyimide

PIBM poly(isobutyl methacrylate)

PIDT-phanQ poly(indacenodithiophene-co-phananthrene-quinoxaline)

PMDA pyromellitic dyanhydride

PMDPP3T poly[[2,5-bis(2-hexyldecyl)-2,3,5,6-tetrahydro-3,6-dioxopyrrolo[3,4-c]pyrrole-1,4-diyl]-
alt-[30,300-dimethyl-2,20:50,200-terthiophene]-5,500-diyl]

PMMA poly(methyl methacrylate)

PMPSi poly(methylphenylsiline)

Pn Pentacene

PO-01 bis(4-phenylthieno[3,2-c]pyridinato-N,C2
0
)acetylacetonateiridium(III)

PO15 2,8-bis(diphenylphosphoryl)-dibenzothiophene

Poly-TPD poly(N,N 0-bis(4-butylphenyl-N,N 0-bis(phenyl)benzidine))

(Continued )
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PPE poly(p-phenyleneethynylene)

PPI 1,2,-diphenyl-1H-phenanthro[9,10-d]imidazole

PPIP 4,40-bis(1-phenyl-1H-phenanthro[9,10-d]imidazole-2-yl)biphenyl

PPP poly-p-phenylene

PPT 2,8-bis(diphenylphosphoryl) dibenzo[b,d]thiophene

PPV poly(phenylene vinylene)

Ppy:PSS polypyrrole:poly(styrenesulfonic acid)

PQIr bis(2-phenylquinolyl-N,C2
0
)acetylacetonateiridium(III)

PQT-12 poly(3,300-didodecylquaterthiophene)

PS polystyrene

PSF poly(9,9-dialkocyphenyl-2,7-silafluorene)

PSQ 2,4-bis[4-(N,N-dipropylamino)-2,6-dihydroxyphenyl] squaraine

Pt-17 platinum(II) bis(N-methylimidazolyl)-toluene chloride

Pt(TPBP) platinum tetraphenyltetrabenzoporphyrin

Pt707 platinum(II) 1,10-(3,30-oxybis(3,1-phenylene))bis(3-methyl-1 H-imidazol-3-ium)
hexafluorophosphate(V)

PTAA poly(triarylamine)

PTB7 poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b0]dithiophene-2,6-diyl][3-fluoro-2-[(2-
ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]]

PTB7-Th poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b0]dithiophene-2,6-diyl-alt-
(4-(2-ethylhexyl)-3-fluorothieno[3,4-b]thiophene)-2-carboxylate-2-6-diyl]

PTCBI 3,4,9,10-perylenetetracarboxylic bisbenzimidazole

PTCDA 3,4,9,10-perylenetetracarboxylic dianhydride

PtD (3-(trifluoromethyl))(5-(pyridyl)-pyrazolate 5-pyridyl-tetrazolate)platinum(II)

PTES phenyltriethoxysilane

PTFE polytetrafluoroethylene

PtNON platinum(II) 9-(pyridin-2-yl)-2-(9-(pyridin-2-yl)-9H-carbazol-2-yloxy)-9H-carbazole

PtOEP platinum(II) 2,3,7,8,12,13,17,18-octaethyl-21H,23H-porphyrin

PTT polythieno[3,4-b]thiophene

PTV polythienylene vinylene

PVA polyvinyl alcohol

PVC poly(vinyl chloride)

PVK poly(N-vinylcarbazole)

PVP poly(4-vinylphenol)

PVP-co-HEM PVP-co-2-hydroxyethyl methacrylate

PXZ-DPS bis[4-(phenoxazine)phenyl]sulfone

PXZ-TRX 2-phenoxazine-4,6-diphenyl-1,3,5-triazine

Py-PTC 2,9-di(pyrid-2-yl)-anthra[2,1,9-def:6,5,10-d0e0f0]diisoquinoline-1,3,8,10-tetrone

PyCN-ACR PyCN: dicyanopyrizine; ACR: 9,10-dihyroacridine

PYDC 2-((2-(4-(2-ethylhexyl)-4H-benzothieno[3,2-b]thieno[2,3-d]pyrrol-2-yl)pyrimidin-5-yl)
methylene)malononitrile

PαMS poly(α-methylstyrene)

Rbn rubrene

Red 2 adamantyl1-6-(3,3,7,7-tetrametyljulolidyl)vinyl-4-(2-methylene-1,3-indanedione)-4H-
pyran
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Ru(acac)3 tris(acetylacetonato)ruthenium(III)

Ru(terpy)2 bis(terpyridine)ruthenium(II)

RuCp*(mes) ruthenium(pentamethylcyclopentadienyl)(1,3,5-trimethylbenzene)

SF-PDI2 9,90-spirobi[fluorene]-2,7-di-1-N,N-Bis(1-hexylheptyl)-perylene-3,4:9,10-bis-
(dicarboximide)

SFXSPO 40-diphenylphosphinoylspiro(fluorine-9,90-xanthene)

SIMEF silylmethylfullerene

SnPc tin phthalocyanine

Spiro-BTBi 2,7-bis(biphenyl-4-yl)-20,70-di-tert-butyl-9,90-spirobifluorene

Spiro-DPVBi 2,20,7,70-tetrakis(2,2-diphenylvinyl)-9,90-spirobifluorene

Spiro-TAD 2,20,7,70-tetrakis(N,N-diphenylamino)-9,90-spirobifluorene

Spiro2-CBP 2,7-bis(carbazol-9-yl)-9,90-spirobifluorene

SQ 2,4-bis[4-(N,N-diisobutylamino)-2,6-dihydroxylphenyl]squaraine

SubNc boron subnaphthalocyanine chloride

SubPc boron subphthalocyanine chloride

T2T 2,4,6-tris(biphenyl-3-yl)-1,3,5-triazine

TAPC 4,40-cyclohexylidenebis[N,N-bis(4-methylphenyl)benzenamine]

TAZ (10-naphthyl)-5-phenyl-1,2,3-triazole

TBDNPA 2-tert-butyl-9,10-bis[4-(2-naphthyl)phenyl]anthracene

TBPe 2,5,8,11-tetra-tert-butylperylene

TBRb 2,8-di-tert-butyl-5,11-bis(4-tert-butylphenyl)-6,12-diphenyltetracene

TCNE tetracyanoethylene

TCNQ tetracyanoquinodimethane

TCTA 4,40,400-tri(N-carbazolyl)triphenylamine

TDAF 2,7-bis[9,9-di(4-methylphenyl)-fluoren-2-yl]-9,9-di(4-methylphenyl)fluorene

TDBC (5,6-dichloro-2-[3-[5,6-dichloro-1-ethyl-3-(3-sulfopropyl)-2(3H)-benzimidazolidene]-1-
propenyl]-1-ethyl-3-(3-sulfopropyl) benzimidazolium hydroxide, inner salt, sodium salt)

TDBT 2-((7-(N-(2-ethylhexyl)-6-p-tolyldithieno[3,2-b:20,30-d]pyrrol-2-yl)benzo[c][1,2,5]
thiadiazol-4-yl)methylene)malononitrile

TDPM 2-((2-(N-(2-ethylhexyl)-6-p-tolyldithieno[3,2-b:20,30-d]pyrrol-2-yl)pyrimidin-5-yl)
methylene)malononitrile

TFP poly[(9,9- dioctylfluorenyl-2,7-diyl)-co-(4,40-bis(N-(4-sec-butyl)-phenyl)-diphenylamine)]

TFSI bis(trifluoromethane)sulfonimide

THAP tris[2,5-bis(3,5-bis(trifluoromethyl)-phenyl)-thieno](3,4-b,h,n)-1,4-5,8,9,12-
hexaazatriphenylene

THF tetrahydrofuran

TiOPc titanium oxide phthalocyanine

TIPS-Pn 6,13-bis-(triisopropylsilylehthynyl)pentacence

TMPE-OH triethylolpropane ethoxylate

TmPyPB 1,3,5-tri((3-pyridyl)-phen-3-yl)benzene

TMS bis(trimethylsilyl) sulfide

TPA-BZP N,N-diphenyl-4-(7-phenylbenzo[c][1,2,5]thiadiazol-4-yl)aniline

TPA-DCPP TPA: triphenylamine; DCPP: 2,3-dicyanopyrazinophenanthrene

TPA-PPI N,N-diphenyl-40-(1-phenyl-1H-phenanthro[9,10-d]imidazol-2-yl)biphenyl-4-amine

(Continued )
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TPAXAN 20,50-dimethyl-40-(10-(naphthalen-2-yl)anthracen-9-yl)-N,N-diphenyl-[1,10-biphenyl]-4-
amine

TPBA 9,90,10,100-tetraphenyl-2,20-bianthracene

TPBi 2,20,200-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole)

TPD N,N 0-diphenyl-N,N 0-bis(3-methylphenyl)-1,10-biphenyl-4,40-diamine

TPP tetraphenylporphyrin

TPT-IC 3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-indanone))-30,80-5,5,10,10-tetrakis(4-
hexylphenyl)dihydropyran[5,6]thieno[3,2-b]pyran[d]thiophene

TPTPA tris[4-(5-phenylthiophen-2-yl)phenyl]amine

TQ1 poly[2,3-bis-(3-octyloxyphenyl)quinoxaline-5,8-diyl-alt thiophene-2,5-diyl]

TSPO1 diphenyl-4-triphenylsilylphenylphosphine oxide

TT-FIC (4,4,10,10-tetrakis(4-hexylphenyl)-4,10-dihydrothieno[200,300:40,50]thieno [30,20:4,5]
cyclopenta[1,2-b]thieno[2,3-d]thiophene-2,8-diyl)bis(2-(3-oxo-2,3-dihydro)inden-5,6-
difluoro-1-ylidene)malononitrile

TTB N,N 0,N00,N00-tetrakis(4-methylphenyl)-(l,l0-biphenyl)-4,40-diamine

TTF tetrathiafulvalene

TTF-4SC18 tetrakis-(octadecylthio)-tetrathiofulvalene

TTF-TCNQ tetrathiofulvalinium 7,70,8,80-tetracyanoquinodimethane

Ttn tetracene

TTN tetrathianaphthacene

TTPA 9,10-bis[N,N-di-(p-tolyl)-amino]anthracene

UGH2 p-bis(triphenylsilyly)benzene

W2(hpp)4 ditungsten tetra-hexa-hydropyrimidopyrimidine

Y6 2,20-(2Z,20Z)-((12,13-bis(2-ethylhexyl)-3,9-diundecyl-12,13-dihydro-[1,2,5]thiadiazolo
[3,4-e]thieno[200,300:40,50]thieno[20,30:4,5]pyrrolo[3,2-g]thieno[20,30:4,5]thieno[3,2-b]
indole-2,10-diyl)bis(methanylylidene))bis(5,6-difluoro-3-oxo-2,3-dihydro-1H-indene-2,1-
diylidene))dimalononitrile

ZnPc zinc phthalocyanine

ZnTPPdT zinc (5,15-di(p-thiolphenyl)-10,20-di(p-tolyl)porphyrin)

α-NPD 2,20-dimethyl-N,N 0-di-[(1-naphthyl)-N,N 0-diphenyl]-1,10-biphenyl-4,40-diamine

α�6τ α-sexithiophene
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APPENDIX C

Measuring ionization potentials and
electron affinities

Measuring molecular frontier orbital energies is key
to understanding the fundamental optical and elec-
tronic properties of a material. Once the transport
energy levels are defined, the appropriate materials
can be chosen for the design of high performance
devices. There are numerous ways for measuring
molecular energetics, ranging from ultraviolet and
x-ray photoelectron spectroscopies, to scanning Kel-
vin probe microscopy and cyclic voltammetry. Here
we discuss the two most common methods: ultravio-
let photoelectron spectroscopy (UPS or PES), and cyc-
lic voltammetry (CV), and their relationships to
each other.

Photoelectron spectroscopy is a convenient method
for determining the ionization (i.e. HOMO) energies
of organic compounds. The complementary process
of inverse photoelectron spectroscopy (IPES) is used
for measuring the LUMO energies. The energetics of
both processes are illustrated in Fig. C.1a for an or-
ganic semiconductor of energy gap, EG, ionization
energy, IE ¼ q IPð Þ; where IP is the ionization poten-
tial, electron affinity, EA, and work function, ϕ. Photo-
electron spectroscopy is based on the photoelectric
effect: a photon of kinetic energy, hν, is incident on
the semiconductor, exciting a bound electron at initial
energy Ei into the vacuum at final energy Ef. The
initial state is that of an N-electron system. After the
electron is ejected, the final state corresponds to a
singly-ionized, N�1 state. It leaves behind one elec-
tron in the singly occupied molecular orbital, or
SOMO. The photoelectron has kinetic energy Ekin

given by

Ekin ¼ hν− Ef N−1ð Þ−Ei Nð Þ� �
: ðC:1Þ

The binding energy, Ebin, of the electron in the ith
orbital at energy, Ei, referenced to the Fermi energy,
EF, is thus given by the term in brackets in Eq. C.1. By
inspection of Fig. C.1a, this yields

Ekin ¼ hν−Ebin−ϕ: ðC:2Þ

Furthermore, we obtain the ionization energy via

IE ¼ hν−Ekin ¼ hν− Ecutoff−EHOMO
� �

; ðC:3Þ
where the cutoff energy, Ecutoff, is energy of the pho-
ton that results in the highest kinetic energy electron,
and EHOMO corresponds to the electron emitted with
Ekin ¼ 0. Thus, the ionization energy is determined
from the difference between the onset and the cutoff
energies in the PES spectrum in Fig. C.1b. The ener-
gies are typically referenced to EF, which is deter-
mined by measuring the work function of a metal
film on the substrate prior to deposition of the
organic.
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Fig. C.1 (a) Energetics of photoelectron (PES) and inverse photoelectron
spectroscopy (IPES) in relation to an organic semiconductor. (b) Example
PES and IPES spectra, and the associated energies.
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The binding energies of the bound-state orbitals can
be obtained from the spectral features at Ebin > EHOMO.
Similarly, surface states, or defect states within the
energy gap may also be apparent, although the sensi-
tivity of the technique is limited only to states whose
density is typically > 1% of the HOMO density of
states. The measurement resolution is typically
50–100 meV. Finally, since the electron penetration
depths within the solid are only several Ångstroms,
PES is inherently a surface-sensitive probe. Hence, the
measurements should be conducted in ultrahigh vac-
uum, where surface contamination and surface char-
ging are minimized.
The electron energies are typically measured by an

energy analyzer such as that shown in Fig. C.2. The
UV light source used is frequently the 21.22 eV emis-
sion from the HeIα transition. It impinges onto the
surface of a thin film sample, ejecting photoelectrons
into an electron lens. The kinetic energies of the elec-
trons, all travelling at different velocities, are dis-
persed in the hemispherical “clam shell” analyzer
that has a field between the inner and outer hemi-
spheres. The higher energy electrons travel near the
outer hemisphere, with the lower energy electrons
describing tighter radii near the inner hemisphere.
The dispersed electrons are then detected by a multi-
channel detector to resolve the PES spectrum, yield-
ing the integrated density of states. Rotating
the sample relative to the input aperture, resolves
the electron momenta parallel and perpendicular to
the sample (k∥ and k⊥, respectively). This variation on

PES is known as angle resolved ultraviolet electron
spectroscopy, or ARUPS.
The EA, and hence ELUMO, are measured using the

complementary technique of inverse photoelectron
spectroscopy. In IPES, an electron beam is incident on
the sample, populating high energy initial states,
shown on right hand side of Fig. C.1a. As the electrons
relax, they emit light of energy hν whose spectrum is
measured using a monochromator. The lowest energy
photons correspond to the electron affinity, and the
various high energy LUMO level densities of states
can be inferred from the spectral features at energies
higher than ELUMO. Since the density of electrons is
limited, the signal from the IPES spectrum is consider-
ably smaller than from PES, and hence the accuracy of
the method is correspondingly limited to 100–150
meV. The measured difference between EHOMO and
ELUMO using a combination of PES and IPES, respect-
ively, gives the energy gap.
Cyclic voltammetry is unlike PES, in that it is car-

ried out in solution on individual molecules within a
room ambient, eliminating the need for ultraclean
environments and the associated costly equipment.
Cyclic voltammetry is an electrochemical process
whereby a molecular species dissolved in solution is
reduced or oxidized, depending on its energy relative
to a secondmolecular species or an electrode. A singly
ionized molecule corresponds to its þ1 oxidation
state, or its �1 reduced state. The energies required
for oxidation and reduction therefore have a one-to-
one correspondence with the IE and the EA, respect-
ively. The reduction of the singly ionized molecule,
M1

þ, due to charge transfer from neutral M2
0 is

shown in inset (i) of Fig. C.3. This so-called homoge-
neous electron transfer occurs when the HOMO of M2

is higher than that ofM1. Heterogeneous charge trans-
fer from an electrode that occurs in CV is shown in
inset (ii). At a particular bias applied between the so-
called working electrode and the solute (or analyte),
the metal work function is higher than the HOMO of
the analyte, promoting charge transfer that results in a
reduction reaction. The potential that leads to oxida-
tion or reduction thus provides a relative measure-
ment of the ionization and electron affinity energies,
respectively.
One-electron transfer results in an energy in the

electrochemical cell, E, governed by the Nernst equa-
tion, viz. (Bard and Faulkner, 1980)

E ¼ E00 þ RT
F

ln
Mþ½ �
M0½ � : ðC:4Þ

Here, E00 is the formal potential determined by the
details of the electrochemical cell, R is the universal

UV light source

variable
aperture

electron lens
multi-channel
detector plate

–

+

UHV Chamber

hemispherical
energy

analyzer

sample
sample holder

k‖,Ei

k⊥, Ekin

Fig. C.2 Experimental configuration used in PES.
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gas constant, and F ¼ qNA is Faraday’s constant
where NA is Avogadro’s number. Also, [Mþ] and
[M0] are concentrations of the oxidized and neutral
analytes, respectively. Thus, E ¼ E00 when the concen-
trations of the oxidized and neutral species at the
electrode are equal.

A representative voltammogram for micromolar
concentrations of Ir(ppy)3 with a ferrocene (Fc) refer-
ence in a DMF solution with a tetra(n-butyl)ammo-
nium hexafluorophosphate salt to increase solution
conductivity, is shown in Fig. C.3. The voltage is
swept in the direction of the blue arrow at 100 mV/s
starting at point A, reversing sweep direction at B,
sweeping in the positive direction until point F, once
more reversing direction, and completing the cycle at
I. The sweep is reversible, indicating that themolecule
is stable under oxidation and reduction at the work-
ing electrode.

The oxidation potential of the analyte relative to the
Fc reference is obtained from the several peaksD, E,G,
andH. The anodic scan in the positive direction gener-
ates a peak anodic current at D corresponding to the
point where the transport of Fc to the electrode is
maximum. At higher potentials, Fc becomes depleted
from solution near the electrode, and the current drops
until it oncemore begins to increase to a second peak at
E. This secondpeak is due to oxidation of the analyte, Ir
(ppy)3. In the reverse, cathodic scan, the opposite reac-
tions occur in reverse order, where the analyte is now

reduced. The midpoints between the corresponding
peaks, indicated by “þ” are E1=2 ¼ E00 ; the formal po-
tential. From these data, the relative oxidation poten-
tials of the analyte and Fc is VCV ¼ 0.32 V. Similar
reduction peaks are found by the structure in the scan
near V ¼ �3 V. The first reduction peak of
IrðppyÞþ3 ! IrðppyÞ3 is at point C.
The peak positions are considerably easier to re-

solve using differential pulse voltammetry (DPV).
The DPV data are a differential of the conventional
voltammogram that are obtained by plotting the cur-
rent immediately prior to increasing the baseline volt-
age using a linear voltage ramp or a pulse staircase.
A differential voltammogram of the sample in Fig. C.3
is shown in Fig. C.4. The resolution of this technique is
approximately 50 meV, or at least twice that achieved
using PES. From the oxidation and reduction peaks of
the analyte, we obtain a redox potential difference of
�Eredox ¼ 3.01 eV.
The experimental setup for CV measurements is

illustrated in Fig. C.5. It consists of a working elec-
trode that is resistant to corrosion in the electrolytic
solution (typically Pt or glassy carbon), and a counter
electrode often of the same composition. The refer-
ence electrode should have a stable equilibrium po-
tential. The voltammograms in Figs. C.3 and C.4 use a
Fcþ/Fc couple that is commonly used for analyzing
organic electronic materials. The electrolyte itself
comprises a solvent such as DMF, DCM, acetonitrile,
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Fig. C.3 Cyclic voltammogram of a subject molecular solute (Ir(ppy)3) in a solution containing the reference, ferrocene/ferrocenium (Fc/Fcþ). VCV ¼ 0.32
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etc. The solvent also contains a high concentration of
an electrolyte to minimize resistance that might dis-
tort the data by increasing the voltages of the peak
anodic and cathodic currents. Ammonium salts are
preferred for this purpose. Similarly, the voltage
sweep must be sufficiently slow to avoid overtaking
the rate of ionic diffusion. This can flatten the peaks,
reducing the measurement resolution (Elgrishi et al.,
2017). Finally, accurate data are obtained only for
molecules that can be reversibly cycled. Irreversible
oxidation or reduction implies that the molecule

decomposes during measurement. Irreversibility re-
sults in an open voltammogram.
A correspondence between VCV, the ionization en-

ergy measured by PES, and EHOMO is obtained by
compensating for image charge effects between the
analyte and the working electrode, and solvation ef-
fects that depend on the relative dielectric constants of
the solution (εCV) used in CV, and the thin film (εfilm)
analyzed by photoelectron spectroscopy. It has been
shown that CV and PES potentials are related by
(D’Andrade et al., 2005)

VCV ¼ −
1

qf r; dð Þ
εfilm
εCV

EHOMO−VREF; ðC:5Þ

where f(r, d) is a function due to Coulomb attraction
between a “spherical” molecule of effective radius r
forming an adsorbed film on the electrode of approxi-
mate thickness, d, and its image charge in the elec-
trode. Also, VREF is the oxidation potential of the
reference molecule. Figure C.6 shows a plot of the
ionization potential vs. VCV referenced to Fcþ/Fc
of a population of common organic electronic mol-
ecules. The reference ionization potential is �4.76 eV
for a biphenyl-substituted ferrocene (Cp2Fe). This ref-
erence is indicated by the point at a VCV ¼ 0 V. The
straight line is a best fit to the data using:

EHOMO ¼ − 1:4±0:1ð Þ� qVCVð Þ− 4:60±0:08ð Þ eV: ðC:6Þ

This functional form is within measurement error of
Eq. C.5, where qVREF ¼ �4.76 eV. The fits are largely
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Fig. C.6 Ionization energy measured by PES vs. the electrochemical
potential measured in DMF referenced to biphenyl-substituted ferrocene
for a population of common organic electronic molecules (data points).
The line is a fit to Eq. C.6 (D’Andrade et al., 2005).

Reprinted from Organic Electronics, 6, D’Andrade, B. W., Datta, S., Forrest,
S. R., Djurovich, P., Polikarpov, E. & Thompson, M. E., Relationship between
the ionization and oxidation potentials of molecular organic semiconductors.
11–20, Copyright 2005 with permission from Elsevier.
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Fig. C.5 Electrochemical test cell used in cyclic voltammetry (Elgrishi
et al., 2017).
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independent of the solvent used, suggesting that
image charge effects have a more significant contri-
bution to the slope than solvation effects.

Empirical fits between the LUMO energies meas-
ured by IPES and the reduction potentials (again rela-
tive to Fcþ/Fc) in a DMF solution using a tetra(n-
butyl)ammonium hexafluorophosphate electrolyte of
a similarly large population of organic electronic
small molecules results in the following linear rela-
tionship (Djurovich et al., 2009):

ELUMO IPESð Þ ¼ − 1:19±0:08ð Þ�qVCV− 4:78±0:17ð Þ:
ðC:7Þ

Note that reduction potentials are measured at
VCV < 0.

Finally, it is reasonable to expect that the redox
potential, which is equal to the difference between
adding and subtracting an electron from the mol-
ecule, should be related to ELUMO � EHOMO ¼ EG,
the transport energy gap. Indeed, a statistical analysis
of organic electronic compounds results in a correl-
ation that is accurately fit by (Sworakowski, 2018)

EG ¼ 1:16�Eredox: ðC:8Þ

The 16% difference in these values is due to dielectric
polarization. In the thin film, the molecules must col-
lectively respond to the presence or absence of charge
in the solid. However, in CV, the molecular species are

diluted (often at micromolar concentrations), and thus
the redox energies correspond to those of isolated mol-
ecules within the polar dielectric medium of the solv-
ent. The solvent dielectric constant is generally
considerably higher than that of the solid
(εCV � 30 vs: εfilm � 3−4). This substantially screens
the electric field in the solution, reducing the energy
required to remove, or add a charge. Quantitative ana-
lysis shows that this leads to a systematically smaller
�Eredox compared to EGwhose magnitude is consistent
with the empirical fit in Eq. C.8.
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base transport factor 837
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bcc (body centered cubic) lattices 38
Beer–Lambert law 105, 156, 573
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bilayer junction solar cells 647
bilayer rectifying solar cells 17
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biological molecules 7–8
Biot-Savart law 130
bipolar injection 258, 368
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Bloch surface waves (BSWs) 926
Bloch’s theorem 116, 174
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550–1
Boltzmann distribution 93–4
Boltzmann factors 44, 95, 104, 106, 139,
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Born–Mayer potential 38–9

Born–Oppenheimer approximation
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organic thin film transistors 891
solar cells 625, 744
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Coulomb blockades 990, 997
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Coulomb forces 37
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cross-conjugation 1001–2
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Czochralski crystal growth

method 310, 311–12, 314

D
d-a-a’ donors 710
dark injection space charge limited

(DISCL) current
measurement 223–4

dark spot defects 506, 534
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transfer
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diffusion fields 575
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diode equation, see ideal diode equation
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dipole energy 44
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dispersion interactions 46
dispersive transport 195, 222
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display backplanes 892–3
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drain conductance 815
drain contacts 804
drain current drift 843
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effective irradiance 641
effective mass 118, 177
effective medium approximation
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effective Richardson constant 238
efficiency, see performance
efficiency roll-off 435–9
Einstein coefficients 104
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elastic conductors 900–1
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phosphorescence
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field effect mobility 219, 806, 816
field effect transistors 806
filamentary conduction 955
fill factors 627, 644
film composition heterogeneity 594
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flat-band condition 811
flexibility 15, 27, 533, 548, 891
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flicker noise 574, 575–6, 588, 826–7
floating gate memory transistors 966–7
floating gates 966
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fluorescence quantum yield 149, 159
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618–19, 893
focused ion beam (FIB) milling 621
foldability 533
Förster radius 150, 158, 398
Förster energy transfer, see fluorescent

resonant energy transfer
forward looking infrared (FLIR)

thermal imaging 510
Fourier transforms 35
Fowler–Nordheim tunneling 242, 252
Franck–Condon blockades 994
Franck–Condon factors 93, 105, 106–7,

133, 148, 192, 193
Franck–Condon integrals 93, 94, 96
Franck–Condon principle 80, 93, 94,

100, 125, 190
Franck-Condon shifts 94
Frank–van‑der‑Merwe growth 58,

59, 60

free spectral range 537
Frenkel excitons 10, 11, 117, 120–1
Frenkel–Poole emission 198, 279–80,

609
frequency response 810
FRET - see fluorescent resonant energy

transfer
friction transfer deposition 873–4
frontier molecular orbital energies 80
fullerene acceptors 701–2t
fullerene channels 234–6
fullerenes 4, 32, 236

organic light detectors 605–6, 649, 714
functionalization 22
fused ring aromatic compounds 21

organic thin film transistors 857–8
two-dimensional materials 986

G
gain mediums 535
gain‑bandwidth product 571, 588
gain‑efficiency product 574
gain‑guided lasers 537, 542
gate contacts 804
gate leakage 814, 820f, 878, 887
Gaussian disorder model (GDM) 196,

197, 884–5
Gaussian orbitals 81, 82f
geminate recombination 228
geometric isomers 77
gerade states 85, 135
giant magnetoresistance (GMR)

1004, 1005–6, 1007
Gibbs free energy 190, 191, 244
glancing incidence deposition 486
glass transition temperatures 335, 499
gradual channel approximation 814
graphene 610, 679, 973, 986, 987, 996
graphite 58
gratings

organic light detectors 750–2
organic light emitters 483–4

gravity column chromatography 306
gravure printing 354–5
grazing incidence small angle X‑ray

scattering (GISAXS) 691, 692f
grazing incidence wide angle X‑ray

scattering (GIWAXS) 497
grazing incidence X‑ray diffraction

(GIXD) 691, 692f
green-light emitters 401t, 402–3, 405
gyromagnetic ratio 130

H
H2

+ ion 40–2
Hall effect current measurement 227–8
Hartree–Fock approximation 82, 87, 88
Haynes–Shockley measurement

method 220–2
HCN molecule 78
heart sensors 902–3
Heeger, A. J. 18
Heitler–London formalism 111
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hemispherical focal plane arrays
(HFPA) 343, 344

herringbone structures 850f, 851
Hertzian vector 474
Herzberg–Teller expansion 93, 133
heterocyclic substituent molecules 22
heteroepitaxy 310
heterojunctions 248; see also excitonic

heterojunctions, organic–inorganic
heterojunctions, two-dimensional
heterojunctions

high pressure liquid chromatography
(HPLC) 306

highest occupied molecular orbitals
(HOMOs) 9, 10

hole blocking layer (HBL) 375, 376
hole injection layer (HIL) 375
hole transport layer (HTL) 371,

375, 376
Holstein–Peierls model 189
homoepitaxy 310
homogeneous electron transfer 1032
homogeneous nucleation 328
homojunctions 248
Hooge’s empirical formula 826, 828–9
hopping mobility 10, 187–204
hot excited state management 525–7
Huang–Rhys parameter 107, 192
Hubbard Hamiltonian 207–8
Hückel approximation 84
Hückel molecular orbital (HMO)

theory 90, 91
hybrid atomic orbitals (HAOs) 83–4
hybrid charge transfer excitons

(HCTEs) 270, 271, 272–3, 274,
277–8, 981, 982

hybrid fluorescent/phosphorescent
WOLED 450, 456–9

hybrid polaritons 931–2
hydrogen bonds 48–9, 50t
hyperfine interaction 75, 133
hypsochromic spectral shifts 97,

124, 125
hysteresis 842, 885, 889

I
ideal diode equation (Shockley

equation) 248, 250–1, 257–66, 268,
269, 280t, 582–3

ideality factor 239, 820
illuminance 378, 379t
image dynamic range 442
impact ionization 584
imperceptible electronics 899–900
impurities 297–99
incipient bands 10
incommensurate lattices 57
index-guided lasers 538
index-matching fluid (IMF) 483
INDO (intermediate neglect of

differential overlap) method 91
induced dipole-induced dipole

interactions 45–8

inhomogeneous thermal line
broadening 101

inkjet printing 345–7, 355t, 875–6
Inokuchi, Hiroo 16
inorganic semiconductors 8–16
interface dipoles 244
interface traps 811, 820, 963
interface-induced degradation 506–9
intermediate coupling 990
intermolecular bonds 8–9
internal conversion 104
internal electroluminescence quantum

efficiency 373
internal quantum efficiency 572
International Summit on OPV Stability

(ISOS) 757
interstitial dopants 205, 297
intersystem crossing (ISC) 104, 129,

131–3, 135, 142–4, 421
intralayer interactions 62
intramolecular charge transfer 421
intramolecular covalent forces 8
intrinsic degradation 502
intrinsic failure mechanisms 757
inverse photoelectron spectroscopy

(IPES) 1031, 1032, 1035
inverse quasiepitaxial growth 335–6
inversion isomers 77
ionic bonds 37–40, 50t
ionization (potential) energy 47, 119,

1031–5
irradiance 378, 379t
Ising model 595
isopycnic separation 308–9
isotope rule 109
isotropic approximation 128
isotype heterojunctions 248
IUPAC nomenclature 5

J
Jablonski diagrams 103, 104, 119
Johnson noise, see thermal noise
joint (photonic) density of states 92
Joule heating 510, 996
junction breakdown 584
junction capacitance 275

K
Kasha’s intersystem crossing ratio: 143
Kasha’s rule 94, 95, 104
Keesom interactions 44
Kelvin relationship 942
Kirchhoff’s law 660
Knudsen evaporation cells 321, 322
Kretschmann configuration 926

L
Lambertian sources 378, 383–4
laminates 359, 360
Langevin recombination 161, 232–4
Langmuir–Blodgett (LB)

technique 331–2
Laporte selection rule 129

large area circuits 891
large polarons 181
laser desorption/ionization time-of-

flight mass spectroscopy
(LDI‑TOF‑MS) 514–15

laser scribing 782
laser thermal ablation 782
laser-induced fluorescence (LIF)

327
laser-induced thermal imaging

(LITI) 341
lasers, see organic semiconductor

lasers
lasing linewidths 539, 547–8
lasing thresholds 538, 539, 544t
lattice dislocations 56
lattice energy 36–7
lattice translation vectors 32
law of mass action 229, 249
Lennard-Jones coefficients 48t, 50
Lennard-Jones potential 47, 48
letterpress printing 354
lifetime (electronic devices) 502–3, 551
lifetime energy yield 760
lifetime (luminous) 503
ligand field parameter 135
ligand-centered (LC) couplings 134
ligands 22
light emitting electrochemical cells

(LECs) 919–23
light emitting polymers (LEPs) 407,

408f
light harvesting complexes (LHCs) 68
light trapping 743–57
light utilization efficiency (LUE) 674,

675, 682
lighting devices 448–72
linear combination of atomic orbitals

(LCAO) 42, 81, 86–7
linear polyacenes 21–2, 66f, 87f,

189, 409
linear regime (OTFT) 815
linear source evaporation systems 319f
liquid crystal displays (LCDs) 440–2
local density approximations 89
London interactions, see induced

dipole-induced dipole interactions
lossy mode outcoupling 472
low index grids (LIGs) 485–8
low temperature poly‑Si (LTPS)

technology 442
lower polariton branch (LPB) 925
lowest unoccupied molecular orbitals

(LUMOs) 9, 10
luminance 378, 379t
luminescent properties 298
luminosity function 376
luminous efficiency 378, 379t
luminous excitance 378, 379t
luminous flux 377, 379t
luminous intensity 377, 379t
luminous power efficiency 378, 379t
LUMO–HOMO recombination 229–30
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lumophores (luminous dye
molecules) 9

Lyons model 119

M
MacAdam ellipses 380
Mach–Zehnder interferometers 1004
Madelung constants 38, 39
Marangoni effect/flow 347, 872
Marcus, Rudolf 18
Marcus electron transfer theory 18,

190–5, 198, 246, 388, 715, 718
mass density waves 60
matrix memories 952–3, 955
Matthews–Blakeslee thickness limit 56
MacDiarmid, A. G. 18
mean free path 181, 317–8f, 348
mean free time 181
mean square noise current spectral

density 826
mean time to failure (MTTF) 503
mechanically controlled break junctions

(MCBJs) 997
memory devices 950–73
memory transistors 961–73
memory windows 951, 962, 963
meridonal (mer) isomers 135, 141,

142f, 142t
metal foil substrates 359
metal gate–insulator–semiconductor

(MIS) capacitors 810–13, 887
metal NP memory transistors 967–9
metal–insulator–semiconductor field

effect transistors (MISFETs) 804,
805, 820, 886

metal–ligand charge transfer
(MLCT) 134, 135, 136, 138, 139

metal-metal-ligand charge transfer
(MMLCT) 140–1

metal–organic junctions 240–8
metal–oxide–semiconductor field effect

transistors (MOSFETs) 826–7, 886
metallic bonds 40
metastable crystalline phases 50
Meyer–Neldel rule (MNR) 834
microcavities 923–8
microlens arrays (MLAs) 480–1, 482,

486, 489, 490, 746–7, 754
microplasmas 584
mid‑wavelength infrared

(MWIR) 613, 616
Miller capacitance 821
Miller effect 821
Miller indexes 35–6
Miller–Abrahams electron transfer

theory 189–90, 193, 197, 198, 200,
201, 202, 387

minimum energy is structure 50–1
mixed heterojunctions 585
mode repulsion 538
molecular alloy 658, 662–3
molecular dynamics methods 54
molecular dynamics simulation 595

molecular layer deposition
(MLD) 322, 323

molecular materials 32
molecular sensitizers 429
monochromators 638
monodisperse populations 613–14
monodisperse solutions 5
monodisperse substances 299
monomer/excimer WOLEDs 459–65
monomers 5
Moore’s law 973
morphological models 594–8
Morse potential 79, 80
Mott formula 943
Mott–Gurney relationship 213, 214,

215, 217
multijunction OPV cells 580f, 644,

647–8, 725–38
multiscale assembly 67, 69

N
n‑channel OTFTs 839–40, 861–3, 864–6
NAND flash memories 950, 952
nanocrystalline networks 597
nanoimprinting 874
nanoparticle scattering layers (NPSLs)

organic light detectors 749–50
organic light emitters 479–80

nanoparticles (NPs) 309, 729–31, 956–7
nanowires (NWs) 673, 678–9
National Television Standards

Committee (NTSC) 380, 399
near infrared (NIR) 569, 616, 682
neutral strain points 900
Newtonian fluids 346
noise currents

organic light detectors 574–6, 588, 810
organic thin film transistors 826–30

noise equivalent power (NEP) 576
noise margins 826, 832
noise measurement circuits 217
non‑adiabatic electron transfer 190
non‑destructive processing 533
non‑fullerene acceptors (NFAs) 649,

711–25, 720t, 721–2t
non-volatile memories 950
numerical models 87–91
Nyquist noise, see thermal noise

O
Occam’s razor 215
occupational density of states

(ODOS) 196, 199
offset printing 353–4, 355t
Ohm’s law 204, 570
Ohmic contacts 237, 244, 247, 257
OLED displays 439–48
oligomers 5
oligothiophenes 710, 860–1, 864
on/off current ratio 810
Onsager–Braun dissociation 601, 602
Onsager–Braun model 259–61, 273,

596, 684, 846

open circuit voltage 264–7, 276, 627–9
operating voltages 810
optical absorption/emission 10, 15
optical masks 638
optical pumping 928–31
optical resonators 535
optical skin depth, see skin depth
optically pumped OSLs 537, 541–3
organic charge coupled devices

(OCCDs) 623–4
organic compounds/materials 4–8
organic homojunctions 248–53
organic lasers 26t
organic light detectors 569–784
organic light emitters 368–550
organic light-emitting diodes

(OLEDs) 19, 368–73
architectures 373–6
efficiency 373
performance 376–86
reliability 502–35
see also fluorescent OLEDs,
lighting devices, OLED displays,
phosphorescent OLEDs

organic luminescent solar collectors
(OLSCs) 754–7

organic molecular beam deposition
(OMBD) 317, 321–4

organic photoconductive (OPC)
devices 599

organic photodetectors 569–98
organic photodiodes (OPDs) 577,

578–9, 588–95
organic phototransistors

(OPTs) 844–50
organic photovoltaic (OPV) cells 11, 25,

26t, 592, 647–725
reliability 757–77
see also multijunction OPV cells,
solar cells

organic semiconductor lasers
(OSLs) 535–50

organic semiconductors 8–16
organic thin film transistors

(OTFTs) 26t, 27, 228, 315, 804–905
organic thin films 204–28
organic vapor jet printing (OVJP)

347–52, 355t
organic vapor phase deposition

(OVPD) 54, 314, 321, 324–30, 338
organic thin film transistors 809

organic–inorganic heterojunctions 248,
270–9

organic–transition‑metal
complexes 134–41

organometallic compounds 11
orientation factor 148, 153–4
oscillator strength 105
Ostwald ripening 58
OTFT sensors 897–9
outcoupling 472–502, 551
outcoupling efficiency 372
outcoupling layers 682–3
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output conductance, see drain
conductance

Overhauser effects 133
oxygen transmission rate (OTR) 775

P
p‑channel OTFTs 839–40, 857–61
packaging 358–60
organic photovoltaic cells 773–7

packing fractions 34
paraelectric materials 958, 969
Pariser-Parr-Pople (PPP) method 90–1
Parkesine 7
passive pixel sensors (PPSs) 893–4
pattern formation 337–55, 551
Pauli exclusion principle 38, 75, 76, 80,

104, 129, 625, 638–47
Peltier coefficient 942
Peltier effect 941, 946
percolation, see dynamic percolation
performance/efficiency 26t
organic light-emitting diodes 373,

376–86
organic photovoltaic cells 683–8,

726–8, 731–2, 736–7
solar cells 625, 638–47
see also reliability

perimeter-free electron orbital (PFEO)
theory 86–7

permeability 533
permeable base transistors 837–9
permeable source electrodes 836
perturbation theory 96
phosphor sensitized

fluorescence 147, 392
phosphorescence/

electrophosphorescence 19, 103,
141–3, 387, 389–91, 412

phosphorescent OLEDs (PHOLEDs)
19, 26t, 412–39, 472, 492–4, 495–6,
497

applications 621–3
reliability 517, 517–32, 518

photo‑CELIV current
measurement 226

photo‑induced absorption 658–9
photo‑induced charge transfer 577
photo‑oligomerization 767
photoalignment techniques 874
photoconductivity 569–70
photoconductors 569–73, 583, 588,

598–603
photocurrent gain 569, 570–1
photodetector mode 577
photodiodes 569, 576–7, 588, 603–15
applications 615–24

photoelectron spectroscopy
(PES) 1031–2, 1034

photogeneration 577, 584
photolithography 339–41
photoluminescence quantum

yields (PLQYs) 110, 129, 143–4,
146, 978

photometric properties 376
photopic response 376
photopic vision 377
photoresists 339
photosynthetic (light harvesting)

complex 69f, 151f
phototransistors 569, 844-50
photovoltage 845
photovoltaic mode 577
phthalocyanines (Pcs) 22, 23–4, 861
physical dimers 110
physical vapor transport (PVT) crystal

growth 314
pixels 447–8
pixel sensors 893
planar-mixed heterojunctions 585–6
Planck’s law 381
plasmons 730
plastic substrates 359, 532–4, 534
point-contact gap formation

technique 994–6
point groups 34t
point-on-line coincidence 57, 63
Poisson’s ratio 39
polariton mixing (Hopfield)

coefficients 930
polariton lasers 933–7
polaritonic OLEDs 941
polaritonic OPDs 938–9
polaritons 923
polaron pair (PP) intermediate

states 258, 387
polaron-limited transport 186
polarons 18, 81, 173, 181, 184
polyacenes, see linear polyacenes
polyaromatic hydrocarbons, see

polycyclic aromatic hydrocarbons
polycyclic aromatic hydrocarbons

(PAHs) 21, 22, 86, 101, 851
polydisperse solutions 5
polymer donors 701–2t
polymer OLEDs 372, 403–12, 418–21
polymers 7
polymorphism 51
porphyrins 22–3, 861
position sensitive detectors (PSDs) 620–1
potential distribution theorem 44
power conversion efficiency (PCE) 627
power factor 942
power loss penalty 630
Poynting vectors 591
pre‑excimeric configuration 113
product throughput 533
P-type delayed fluorescence 143
pulsed current drives 511
pump parameter 547
Purcell effect 445, 473
Purcell factor 476, 524
purification 299–310

Q
Q-factor 537
QD‑LED LCDs 441

quantum dots (QDs) 9, 26t
organic light detectors 613–15, 742–3

quantum interference 1001–4
quantum numbers 76
quantum wells (QWs) 931
quasiepitaxy (QE) 60–2, 67, 70, 873

R
Rabi splitting energy 925, 927, 940
radiance 378, 379t
radiant excitance 378, 379t
radiant flux 378, 379t
radiant intensity 378, 379t
radiative energy transfer 146, 153–4,

154t
radio frequency identification (RFID)

transponders 832–3
radiometric properties 376
random access memories (RAMs) 950
read-only memories (ROMs) 950
reciprocal carrier collection 669
reciprocal lattices 35
red shifts 544
red-light emitters 399–402, 400t, 421
reflection high energy electron

diffraction (RHEED) 63, 323
reflective apertures 745–7
reflectivity 574
regioregularity 852
relaxation oscillations 547
reliability 15–16, 26t
organic light-emitting diodes 502–34
organic photovoltaic cells 757–77
organic transistors 878–89
solar cells 625–6

remnant polarization 958
reorganization energy 184, 191, 193
residual gas analysis (RGA) 324
resistive memory devices 955–8, 961
responsivity 574
reverse intersystem crossing

(RISC) 421
Reynold’s number 324
Richardson constant, see effective

Richardson constant
ridge waveguide 538
rigidochromic spectral shifts 11,

108, 398
ring oscillators 824–6
ring resonators 537
roll‑to‑roll (R2R) manufacture 27,

355–8
organic light detectors 782, 783–4

S
saturation regime 813
scaling to modules 777–84
scanning Kelvin probe microscopy

(SKPM) 881, 888
scanning tunneling spectroscopy 979
scattering layers 749–50
Scherrer analysis 695
Schoen, J. H. 20
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Schottky barrier devices 236–40
Schottky barrier diodes 236, 647
Schottky barrier solar cells 647
Schottky effect 240–1
Schrödinger’s equation 76–7, 79, 82
scotopic response 376
scotopic vision 377
screen printing 352–3, 355t
Second Law of Thermodynamics 631
Seebeck coefficient 942, 946
Seebeck effect 941
selective area electron diffraction

(SAED) patterns 613
self‑assembled monolayers (SAMs) 66,

731, 820, 839, 851, 854–7, 877,
1001–2

self‑assembly 62, 67–9, 70
self‑consistent field (SCF)

approximation 88
self‑interstitial sites 298
self‑trapped excitons 113
semi‑empirical approach 87, 89–91
semi-transparent OPVs 681–3t
sensitizer molecules 146
sensor layers 395
shadow masks 337–9, 340
shape memory polymers 904–5
shear forces 66
shear thickening 346
sheet-on-shuttle process 356–7
Shirakawa, H. 18
Shockley, William 20
Shockley–Queisser (SQ)

thermodynamic efficiency
limit 630–8

Shockley–Read–Hall (SRH)
recombination 230–2, 249, 302

short circuit current 627
short circuit operation 577
short wavelength infrared (SWIR) 569
shot noise 574, 588, 619–20
shunt resistance 584
simple harmonic oscillators

(SHOs) 79
single-crystal OTFTs 807, 854
single-crystal transistors 850, 854
single-electron approximation 174
single-electron tunneling (SET) 992
single-molecule devices 988–1007
single-molecule p‑n junctions 988–90
single-molecule transistors 991–2
single-walled carbon nanotubes

(SWNTs) 610
singlet fission 160, 434, 738–41
singlet fission OPVs 741–3
singlet states 76
singlet–polaron annihilation (SPA) 160,

161
organic light emitters 431

singlet–singlet annihilation (SSA) 160
organic light emitters 431

singlet–triplet annihilation (STA) 160,
161, 162f

organic light emitters 431, 432, 433,
434, 435, 436

singlet–triplet coupling 177
singlet-triplet exchange energy, see

exchange energy
singly occupied molecular orbitals

(SOMOs) 101–3
singulation substrate segmentation 356
size exclusion chromatography

(SEC) 305, 306–7
scanning Kelvin probe microscopy

(SKPM) 881, 921
skin depth 374, 677
Slater determinants 76, 81
Slater–Condon selection rule 136, 137
Slater orbitals 82f
slot die coating 357
small molecular weight light emitting

electrochemical cells
(SMLECs) 919, 923

small polarons 181, 187–8
smartphones 20
sneak currents 619–20, 952, 962
solar cells 19–20, 579–82, 583–4, 624–30

efficiency 630–47
modules 777–80
operational standards 757
see also organic photovoltaic
(OPV) cells

solar reference spectrum 638
solar simulator lamps 638
solar-blind detection 605
solid state solvation effect

(SSSE) 128, 398
solution casting 330–3
solution deposition 19
solution shearing 853, 868–9, 871
solution-based purification 305–8
solution-processed multilayer

structures 734
solvatochromism 124–9, 142f
solvent exchange 871–2
solvent extraction purification 305
solvent vapor annealing (SVA) 333,

335–7, 685–6, 689–93
solvent-assisted crystal growth 313
source contacts 804
Soxhlet distillation apparatus 307
sp2/sp3‑hybrid orbitals 84
space charge limited (SCL)

conduction 212–19
space groups 34
spatially coherent light sources 539–40
spatially correlated disorder 201
specific detectivity 576
spectral mismatch correction factor 640
spectrally resolved photoluminescence

quenching (SR‑PLQ) 156
spin exchange 129–46, 387–93
spin formation ratios 373
spin polarization 1005–6
spin–orbit coupling 19, 94t, 130–3, 134,

135, 136, 139, 143, 388

two-dimensional materials 974
spin–orbital functions 76
spin–spin coupling 94t, 133–4
spinodal decomposition 769
spintronic devices 1004
split gate OTFTs 843–4
squaraines 606
stability diagrams 992, 993
stabilization energy 86
stacked OLEDs (SOLEDs) 447, 466–7,

468–72
stamp transfer process 315
Standard Colorimetric Observer 379,

380
standard reporting conditions

(SRC) 639
static disorder 182, 189–204
static random access memories

(SRAMs) 950
Stokes shift 94, 108, 109
strain 56, 66
Stranski–Krastanov growth 58, 59, 60
stretchable electronics 899–902
striped WOLEDs 471–2
strong coupling 927, 928–9, 930, 931
sub‑anode grids 487–8
sub‑electrode microlens arrays

(SEMLAs) 489–91
sub‑threshold slope/current 819–20,

820f
substitutional doping 204
substrate mode outcoupling 472,

479–82
substrates 26t, 27, 359–60
super red, green, blue (sRGB)

standard 380, 399
superexchange 155
superluminescence 538
surface morphology 26t
surface plasmon polariton (SPP) mode

outcoupling 472, 491–4
surface-modified substrates 872–5

T
tactile matrix arrays 901–2
tactile sensors 894–5
TADF‑based OLEDs 421–31, 465–6
takt time 357
tandem OPVs 580, 637, 643, 726–8, 733
Tang, C. W. 17
temperature effects 504–5, 510–12,

546–7
templated film growth 320, 499–501,

685
temporally coherent light sources 540
ternary blend OPV cells 653, 657–67,

687, 724–5
test color samples (TCS) 382
tetragonal distortion 39, 56
thermal annealing 333, 334–5, 688
thermal conductivity 942
thermal desorption spectroscopy 324
thermal expansion 511–12, 533
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thermal gradient sublimation 303–5
thermal noise 574, 575, 588, 826
thermal resistance 584
thermal runaway 584
thermally activated delayed

fluorescence 373
thermally assisted delayed fluorescence

(TADF) 109, 143–6, 389, 421–31
thermistors, also thermal sensors 895–7
thermocouples 942, 949
thermoelectric coolers (TECs) 946
thermoelectric generators

(TEGs) 943–4, 946
thermoelectric materials 941–50
thin film growth 316–33
thiolation 976
Thomas precession frequency 130
threshold voltages 812–3
threshold voltage shifts 879–82
tight-binding approximation 173–9,

188
time of flight (TOF) mobility 185, 199,

204, 219, 220–3
time‑dependent density functional

theory (TD‑DFT) 89, 95
top-gate/bottom-contact (TG/BC)

transistors 805f,873
top-gate/top-contact (TG/TC)

transistors 805f
topological isomers 77
total crystal energy 50
transconductance 815
transfer characteristics 816
transfer frequency, see cutoff

frequency
transfer length 822
transfer matrix formalism 590–2
transition dipole moments (TDMs) 403,

494–501
transition matrix element 92
transition metal dichalcogenides

(TMDCs) 973–80, 981, 983–5
transition metal triplet emitting

complexes 422f, 423t
transmission electron

microtomography (TEM) 690
transparency
organic light detectors 674–83
organic light emitters 375, 533, 541

transparent metal oxides (TCOs/
MOx) 651–3

transparent OLEDs (TOLEDs) 444, 467
trap generation 512
traps 243–8
trap temperature, see characteristic trap

temperature
triplet diffusion 437
triplet emitting complexes 421

triplet fusion 160
triplet induced absorption 540–1f
triplet manager molecules 435–6,

526–8
triplet metal-metal ligand charge

transfer (3MMLCT) 140–1
triplet states 76
triplet–polaron annihilation (TPA) 160,

162
organic light emitters 391, 431, 437,

439, 523, 531
triplet–triplet annihilation (TTA) 143,

160, 161, 162
organic light emitters 393, 431, 432,

433, 436, 437–8, 523, 531
tristimulus values 379
tunable properties 15
tunneling 242–3
tunneling breakdown 584
tunneling magnetoresistance

(TMR) 1004, 1006
two-dimensional

heterojunctions 980–8
two-dimensional materials 973–88
two-phase aging 759
Type I anode buffers 650
Type I heterojunctions 254, 258
Type I phosphors 134, 142
Type II anode buffers 650–1
Type II heterojunctions 254, 258,

269, 270
Type II phosphors 134, 142
Type III heterojunctions 254, 258

U
ultracentrifugation 308–10
ultrastrong coupling 926, 937–41
ultraviolet photoelectron spectroscopy

(UPS) 179
ungerade states 85, 135
uniaxial pressure 39
unintentional doping 205
unipolar inverters 824
upper polariton branch

(UPB) 925, 931
urea 6

V
V‑traps 747–9
vacancy defects 297
vacuum thermal evaporation

(VTE) 316–21, 783
valence band maximum (VBM) 172
van der Waals bonds 8, 12, 13, 42–3, 49,

50t, 974
van der Waals epitaxy 58-9, 70f
van der Waals forces 42, 69
van der Waals radius 34, 48

vapor deposited materials 732
vapor diffusion method 312
vapor phase crystal growth 314
variable range hopping 943
vertical cavity surface emitting lasers

(VCSELs) 536–7, 546, 548–9
vertical OFETs (VOFETs) 835–9
vibronic progressions 93-4f
vibronic relaxation 104
vibronic wavefunctions 92, 93
vibronics 79, 92–8
Volmer–Weber growth 58, 59
voltage gain 824

W
Wannier–Mott excitons 121, 613
Wannier–Mott (W-M) states 11
Wannier-Mott/Frenkel

hybridization 931–2
water penetration 776–7, 882–7, 890
water vapor transmission rates

(WVTR) 532, 775, 776–7
wavefunctions 75–6
waveguide mode outcoupling 472,

482–91
weak coupling 990
Weibull analysis 503
Weidemann–Franz law 942
white OLEDs (WOLEDs) 448, 449–72
outcoupling 477–8, 481–2, 484
reliability 529

Wigner–Seitz primitive cells 35
Winston collectors 746
whispering gallery modes 545
Wöhler, Friedrich 6
work functions 236–7f
WORM (write once, read many times)

memories 953–5, 973

X
X‑ray diffraction 35, 36
X-ray pole figures 319, 500

Y
Young equation 347, 856
Young’s modulus 533

Z
zeolites 358
zero-field splitting (ZFS) 133, 135–6,

138, 139, 140–1
zero point energy 36
zone casting 871
zone melting 311
zone refining 299–303
ZT, also thermoelectric figure of

merit 942, 944–5f
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Chemical name index

4H-pyran 24f
4CzCNPy 428t
4CzIPN 145f

organic light emitters 424, 426f, 427
4CzPNPh 428t
4P‑NPD 458
44TCzPN 427, 428t

α-NPD 128f
organic light emitters 413
thin film growth 318, 318t, 328

A
ACRSA 429, 431f
Alq3 246, 255

organic light detectors 755
organic light emitters 398, 399, 400t,
401t, 412, 413, 418

thin film growth 318, 318t
anthracene 6, 18, 21f, 40, 41f, 43, 91f,

117–18, 120f, 233
crystal growth 312, 313
organic light emitters 393–4, 409

Au 276

B
BCP 329

organic light detectors 667, 669, 672
organic light emitters 406, 413

BCzVBi 456
BD‑6MDPA 402t
BDN 608
BDT‑IC 719
benzene 7, 21f, 78, 85–7
benzoperylene 22f
benzopyrene 22f
bianthracene 858
bis-PXZ-OXD 428t
BIT6F 706
BN1 402t
BN2 402t
BP1T 545–6
BP2T 842
BP3T 545–6
BP4mPy 54–5
Bphen 234–5

organic light emitters 416, 417
two-dimensional materials 982

BT‑CIC 716–17, 719, 723
BT‑IC 719

Bt2Ir(acac) 450
BTD (benzothiadiazole) 700, 702–3
Btp2Ir(acac) 450
BTQBT 179, 180
butane 23f

C
C8‑IT‑IC 723
C60 54–5, 124, 144, 157f, 158t, 195t,

236, 265t
annealing strategies 335, 336–7
organic light detectors 605, 606f, 611,
668, 672, 673, 684, 685–6, 766–7

organic light emitters 406
organic thin film transistors 833–4,
855, 863

single-molecule devices 993
C70 144, 158t, 195t, 236, 263–4, 265t

organic light detectors 605, 606f,
693–4, 696, 697, 764

carbazole 24f
CBP 157f, 158t, 271–2, 277, 278

organic light emitters 392, 393, 413,
414, 415, 416, 426f, 428t, 508f, 516

thin film growth 318t
corannulene 22f
coronene 22f
coumarin 540 397, 401t
coumarin 545P 401t
coumarin 545T 401t
CuPc 25f, 53, 195t, 255, 256, 265t

annealing strategies 334
organic light detectors 609
purification 304
thin film growth 318t, 329

CYEPL (cyanoethylpullulan) 807
CzP‑BZP 401, 401t
CzSi 415

D
DB‑TCNQ 63, 64–5
DBP 97, 150, 263–4, 276, 277, 278, 279

organic light detectors 693–4, 696,
697, 764

organic light emitters 399, 400t, 465
DCJTB

organic light detectors 755, 756
organic light emitters 400t, 457,
507–8

DCM1 397, 398, 400t

DCM2 128–9
organic light emitters 392, 393, 398,
399, 400t, 401

thin film growth 318t
DCMT 862
dibenzofuran 24f
DIP 158t
DMAC-BP 427, 428t
DMAC-DPS 428t
DMPD 976–7
DMPPP 402t
DMQA 401t
DNB 323
DNTT 820, 896
DPASQ 335, 336–7, 708, 709
DPEPO 428t, 429–30, 431f
DPFS 402t
DPh‑BTBT 860
DPP‑DPP 864
DPPEZnP‑TEH 706–7
DPPT‑TT 867
DPSQ 672, 686, 707, 708, 709
DR3T‑BDTT 703, 706
DRCN5T 703, 706
DTCP 1004
DTDCPB 710
DTDCTB 235
DTffBT 661
DTG (dithienogermole) 703
DTPyT 661

E
ethane 23f

F
F4‑TCNQ 206, 209, 211, 250, 251

organic light emitters 416
F16CuPc 841–2
F8BT 405, 406, 410t

organic thin film transistors 853
F8imBT‑Br 410t
F8TBT 277
FIPAC 94–5
FIr6 454
FIrpic 414, 415, 418, 419, 450
FPt1 464
furan 24f

G
GaPcCl 321
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H
hexane 23f
hexithene 21f
HMTPD 413
HQTZ 409, 411t

I
ICBA

organic light detectors 663
organic light emitters 605, 606f

IDT‑IC 719
IEICO 737, 738
imidazole 24f
indole 24f
indolizine 24f
InP 278
Ir(bppo)2(acac) 498
Ir(dmp)3 517
Ir(MDQ)2(acac) 458
Ir(pmb)3 520, 524, 525
Ir(ppy)(bppo)2 498
Ir(ppy)3 24f

organic light emitters 413, 417, 418,
452, 454, 497, 498, 514, 519

thin film growth 318t
Ir(ppz)3 519
isoindole 24f
IT‑4F 723
IT‑IC 715–16, 719, 723
ITCC‑M 737
ITO 250, 276

organic light detectors 676–7,
681, 777

organic light emitters 416, 443
pattern formation 344, 345f
thin film growth 329

M
m‑MTDATA

organic light detectors 604
organic light emitters 416

MADN 402t
mCBP 513
mCP 414, 415
MEH‑PPV 262

organic light detectors 604, 606
organic light emitters 392, 393,

410t, 412
MeO-TPD 206
methane 23f
MeTHF 94
MoO3 467
MTDATA 251, 252
MTMB 1003

N
naphthalene 21f, 185, 186, 188–9

purification 302
NDPPFBT 706
NKX2221 400t
NPD 157f, 158t, 195t, 265t

organic light emitters 409, 410t, 417

NRS-PPV 214
NSN 604–5
NTCDA 51–3, 63, 64–5, 107, 108, 126,

127, 177, 278
organic light detectors 669
organic light emitters 500

O
OJ2 400t
OPD2FBT2‑1‑MID 706
OTS 68

organic thin film transistors 808
oxazole 24f
OXD‑7 419

P
p‑DTG(FBT2Th2)2 706
P3HT 209, 277

annealing strategies 335
organic light detectors 603, 604, 608,

659, 663, 690, 700, 741, 765, 772–3
organic thin film transistors 851, 852,

853, 864
roll‑to‑roll manufacture 357, 358

P3TEA 266
PB16TTT 864
PBDB‑T 737
PBDT‑DTNT 700
PBDTTT‑E‑T 737, 738
PBTDTTT‑S‑T 703
PBTTT 696, 703
PC61BM 19, 265, 266f

annealing strategies 335
organic light detectors 601, 605, 606,

606f, 663, 690–1, 769
organic thin film transistors 842
roll‑to‑roll manufacture 357, 358

PC71BM 605, 664–6, 696, 704–5t, 768
PCBA 277
PCDTBT 700, 768, 769f, 772–3
PCP‑Na 738
PCPDTBT 604, 659
PDA 410t, 412
PDDTT 604
PDI‑2DTT 725
PDMS 315, 316f, 343f, 344f

organic light detectors 751
organic light emitters 481, 485, 493
organic thin film transistors 877

PDOFA 410t
PDOFN 410t
PDOFP 410t
PDPP3T

organic light detectors 664–5, 666f
organic thin film transistors 843

PDTG‑TPD 703
PEDOT:PSS 255

memory devices 953
organic light detectors 642–3, 651,

674, 677, 678, 679, 733–4, 781
organic light emitters 405, 406, 409,

412, 455
roll‑to‑roll manufacture 357

thermoelectric materials 947
thin film growth 333

PEN 278
pentacene 21f, 180, 195t, 265t

memory transistors 970
organic light detectors 739, 742
organic light emitters 409
organic thin film transistors 805,
807–8, 842

two-dimensional materials 985,
986, 987

pentane 23f
perfluoropentacene 862
perylene 22f, 185
PF-TPA-OXD 409, 411t
PFBT5 409, 410t
PFO‑DHBT10 410t
phenanthrene 22f
PhLPPP 389f
PIDT‑phanQ 703
PMDA 323
PMMA 115

two-dimensional materials 984,
985, 986

polyfluorene (PF) 407, 408
polythiophene (PT) 17, 99

organic light emitters 407
PPE 419
PPIP 402t
PPP 407, 419
PPV 19, 218, 219f, 233

organic light emitters 404, 407, 419
PQIr 454
PQT‑12 857, 864
propane 23f
PSF 409, 411t
Pt(TPBP) 756
Pt‑17 459
PTAA 831, 832f, 881–2
PTB7

organic light detectors 703
two-dimensional materials 984

PTB7‑Th 665f, 666f
PTCBI 195t, 265t

annealing strategies 334
organic light detectors 592, 609, 610,
668, 669, 711–12, 730

thin film growth 329
PTCDA 10, 51–3, 61, 107, 118, 121,

122–4, 126–7, 128, 158–9, 158t,
159f, 177, 180, 213, 265t, 270,
275, 276, 278

organic light emitters 500
purification 307–8
thin film growth 319, 320, 321
two-dimensional materials 979, 980,
982–3

PTFE 493
PTT 608
PtOEP 25f, 158

organic light emitters 412, 413
thin film growth 318t

PPP 407
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PVK 115
organic light emitters 408, 409, 411t,
418, 419

PXZ-DPS 428t
PyCN‑ACR 428t
pyrazine 24f
pyrene 22f, 113, 114f
pyridine 24f
pyrrole 24f
pyrrolidine 24f

Q
quinoline 24f

R
Red 2 400t
Ru(acac)3 265t

organic light detectors 669–70
rubrene 180

crystal growth 314, 315, 316f
organic light emitters 400t, 406, 432,
433f, 434, 435

organic thin film transistors 816, 858

S
SdiPBI‑Se 712
SF-PDI2 266
SFXSPO 428t
SIMEF 605, 606f
SQ 707–9
SubPc 157f, 158t, 265t

organic light detectors 766

T
TAPC 455
TAZ 413
TBDNPA 402t
TCNE 976–7
TCTA 455
tetracene 21f, 189

organic light emitters 409
tetrahydrofuran (THF) 24f, 735
tetrahydropyran 24f
TiO2 276, 277f

organic light detectors 585, 678,
749–50

organic light emitters 479, 484f,
487–8

TIPS‑pentacene 858–9, 869–71
TFB 405, 406f
TFP 405, 406
TFSI 978–9
thiadiazole 395
thiazole 24f
thiolane 24f
thiophene 24f, 98–9
TiO2 278, 279
TmPyPB 455
TPA‑DCPP 427, 428t
TPA‑OXD 409
TPA‑PPI 402t, 403
TPAXAN 402t, 403
TPBA 401t
TPBi

organic light detectors 605, 762, 763
organic light emitters 415, 418, 428t,
507, 508f

TPD 217, 218f
organic light detectors 702–3
organic light emitters 398, 399, 400t,
401, 512

TPE (triphenylenethynylene) 998–1000
TPH 712
TPH‑Se 712
TPTPA 673–4
triphenylene 22f
TSPO1 142f

organic light emitters 415
TT‑FIC 719
TTB 199
TTF‑4SC18 871
TTPA 465

U
UGH2 454

Y
Y6 723–4

Z
ZnO 271–2, 277, 278

organic light detectors 730–1,
738, 781

ZnPc 250
organic thin film transistors 874
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