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Preface

The Japanese Research Association for Organic Electronics Materials (JOEM) was

established as an independent nonprofit organization in 1984. At that time, the

electronics industry had been growing rapidly, and companies and their researchers

were searching for the technologies and science of not only silicon and compound

semiconductor materials but also organic semiconductor materials and organic

conductive materials. Dr. Yoshio Taniguchi, who was working for Hitachi Ltd.

then, had recognized that organic substances were promising materials in the field

of electronics, and with his colleagues he coined the terms “organic electronics”

and “organic electronics materials.” Dr. Taniguchi and his colleagues founded the

JOEM in order to stimulate the research activities of organic electronics materials

among academia, governmental institutes, and industries by providing the oppor-

tunities for communication and discussion.

For the past 30 years, a large number of researchers in academia and industry

have been studying and developing organic electronics. There are many unsolved

obstacles, but there have been significant advances such as the development of

organic light-emitting diodes (LED), organic thin-film transistors (TFT), and

organic photovoltaic modules (PV). Notably, organic electronics technologies

have attracted attention from the printing industries for application in flexible

devices, wearable devices, and others, which may be commercialized in the near

future.

The future of organic electronics is promising and growing, but there are still

many challenges facing commercialization, such as material degradation involving

oxygen, moisture, heat, process inadaptability, and cost. In order to solve these

problems, there must be further advancement in our understanding of organic

electronics, particularly in the basic sciences. We are concerned that researchers

in industry who are involved in developing organic electronics may not be suffi-

ciently educated in the basic principles and sciences of organic electronics materials

and devices. This is an unfortunate result of a highly competitive global environ-

ment in industry, where most of the researchers and engineers have to focus so

much on product development and commercialization. In order to avoid such
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misfortune, we started an educational course called the “JOEM Academy” in 2011

for younger researchers and engineers, to promote better understanding of basic

principles and sciences of organic electronics. Every year, eight to ten professors of

organic electronics in Japan from the top universities are invited as lecturers at the

JOEM Academy for 4–5 days. The number of participants is kept small (about

10 people) to encourage free discussion, which we believe to be the key to

enhancing the understanding of basic principles and sciences. After the lectures,

laboratory tours are held, where participants have the opportunity to see the latest

research and facilities. We hope that participants have a valuable time with the

lecturers and other participants. In 2014, Springer Japan contacted us concerning

publishing some proceedings of the JOEM Academy, and we decided to compile

this book.

This work is intended to be a resource and reference book for graduate students

and researchers in the industry who are new to organic electronics materials,

devices, and their applications. The book focuses primarily on the fundamental

principles and theories behind organic electronics materials and devices, but also

highlights state-of-the-art technologies, applications, and future prospects. For

example, physics for organic transistors, structure control technologies of polymer

semiconductors, nanotube electronics, organic solar cells, organic electrolumines-

cence, and many other topics are included. In the first three chapters, the funda-

mental principles and sciences of organic electronics materials and devices are

discussed. These include the physics and chemistry of organic electronics materials,

organic light-emitting diodes, and organic solar cells. The following six chapters

focus on practical knowledge essential for research and development and

commercialization.

I am profoundly grateful to the members of the JOEM Academy committee who

are also coeditors of this book: Prof. Jun Mizuno at Waseda University, Prof.

Toshiyuki Watanabe at the Tokyo University of Agriculture and Technology,

Mr. Satoru Toguchi at the NEC Corporation, and Dr. Kazuaki Furukawa at the

NTT Basic Research Laboratories of the NTT Corporation. The production of this

book would not have been possible without their enthusiasm for publication and

stimulating discussion. I am also thankful to Emeritus Prof. Yoshio Taniguchi of

Shinshu University, who is the emeritus chairman of JOEM; Dr. Hiroyuki Suzuki,

who is the president of JOEM; and the executive directors Mr. Kei Fujinami and

Dr. Ryuichi Nakamura for their help and encouragement. I am particularly indebted

to Ms. Miyuki Kitamura, a secretary at JOEM, for her long hours of office work in

communication with the authors and formatting manuscripts. I am also thankful to

Dr. Shin’ichi Koizumi and Ms. Mihoko Kumazawa at Springer Japan, the pub-

lisher, for their help.

Some mistakes certainly remain because of my inability to amend and correct

them. Nevertheless, I hope that this book will give a reasonable picture of what

organic electronics materials and devices are and that readers will understand the

viii Preface



importance of organic electronics in creating a new future. I also hope that some

readers will become researchers and engineers who lead the field of organic

electronics and make a significant contribution to our society.

Fuji, Shizuoka, Japan
Spring, 2015

Shuichiro Ogawa
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Chapter 1

Physics of Organic Field-Effect Transistors
and the Materials

Tatsuo Hasegawa

Abstract Organic semiconductors that were discovered more than half century

ago in Japan (H. Inokuchi, Org. Electron. 7, 62 (2006)) are now transfigured into the

practicable electronic materials by the recent concentrated studies of the materials,

thin-film processing, and device fabrication technologies. In this chapter, we first

present and discuss fundamental aspects of electronic phenomena in organic semi-

conductors as the bases to understand and study the organic electronics technolo-

gies. Then we discuss how to understand the charge-carrier transport in organic

field-effect transistors (or more frequently refferd as organic thin-film transistors, or

OTFTs). Finally we introduce recent studies to fabricate OTFTs by print production

technologies.

Keywords Organic thin-film transistor • Organic semiconductor • π-electron •

Carrier dynamics • Printed electronics

1.1 Fundamentals for Crystalline Organic Semiconductors

1.1.1 Semiconductors with Hierarchical Structure

Organic semiconductors are a class of semiconducting organic materials composed

mainly of carbon elements. The rigorous definition of semiconductors – i.e., the

filled electronic states and the empty electronic states are divided energetically by a

moderate width of forbidden band or energy gap – is naturally satisfied by all the

organic semiconductors, as is similar to other inorganic semiconducting materials.

In fact, the most basic (or crude) characteristics of the materials and the devices

based on the organic semiconductors are typical of semiconductors, whereas

they exhibit specific characteristics unique to this whole class of the materials.
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The organic semiconductors may be defined, for a rather practical reason, as the

semiconductors composed of organic molecules that are synthesized by the tech-

niques of organic synthetic chemistry. Along with this feature, however, the organic

semiconductors are quite unique in that the whole solid-state properties are ascribed

to a hierarchical nature of [atom–molecule–solid], where the molecules are com-

posed of atoms held together by covalent bonds, and the solids are formed by

discrete molecules held together by van der Waals interactions. The key player to

bridge this hierarchy is the π-electrons that are the source for all the functional

electronic properties of the organic semiconductors. In this section, we outline the

electronic structure and the origin of fundamental and specific characteristics of the

organic semiconductors, with specially focusing on the roles of the π-electrons.
Then we briefly outline the basic architecture of the organic field-effect transistors.

1.1.2 π-Electrons as Source of Mobile Carriers

Amajor source for an enormous number of organic materials is the unique nature of

carbon that can form chains, rings, or branches by stable covalent σ- or π-bonds. The
σ-bonds are formed by the 2s–2p hybrid orbitals (sp1, sp2, or sp3) between the

adjacent atoms, whereas the π-bonds are formed by the overlap between 2p orbitals

of adjacent atoms that do not participate in the formation of σ-bonds (Fig. 1.1). The
terms of σ and π are originally associated with the symmetry of the bonds with

respect to the rotation along the inter-atomic axes, although the term of π is now

frequently utilized to refer to the electrons in the π-bonds. The σ-bonds are relatively
strong and the electrons in the σ-bonds are likely to be localized. In contrast, the π-
electrons are widely delocalized when the 2p orbitals of respective atoms along the

connected linear chains or rings are all aligned in parallel, as presented in Fig. 1.1.

The effect of the delocalized π-electrons most obviously appears in the color of the

materials. The usual organic or plastic materials that are formed only by the σ-bonds
do not have colors or are transparent. This is because the σ-bonds are so strong that the
electronic excitation energy becomes high and the optical gap energy is much larger

than the visible photon energy range (1.6–3.3 eV). In contrast, when the π-electrons
are delocalized over the molecule, the electronic excitation energy considerably

decreases, and the materials become colored. Figure 1.2 presents the optical gap

energies of polyacenes (and polyenes), plotted as a function of the number of fused

benzene rings and double bonds. When the molecules become larger and the

C C

H

C C

p-bond

s-bond

Fig. 1.1 Schematic for a

linear chain of carbon

connected with σ and π
bonds
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delocalized π-electrons are more extended, the excitation energy becomes consider-

ably lowered and becomes colored due to the absorption of visible light.

In both the polyenes and polyacenes, each carbon has one π-electron along the

alternating sequence of single and double bonds in the chemical notation. Actu-

ally, however, these π-electrons do not belong to each double bond but rather to a

group of atoms along the alternating sequence of single and double bonds. The

sequence is often called as conjugated double bonds, which allow a delocalization

of π-electrons across all the adjacent aligned p-orbitals.

Here we present the most intuitive picture for the delocalized π electrons of

polyacene by a perimeter-free electron orbital (PFEO) model [1]. We assume

naphthalene, composed of two fused benzene rings as an example, that has 10

delocalized π-electrons along the circle, as presented in Fig. 1.3. For the simplicity,

it is considered that the 10 π-electrons can move freely (V ¼ 0) along the circle with

a length L but infinite potential (V ¼ 1 ) outside the circle. The wave function

ϕPFEO is the simple plane wave as a free electron, and the energyE can be written as

a solution of the Schr€odinger equation by the following form:

ϕPFEO
q ¼ 1ffiffiffi

L
p exp �i

Eq

h
t� 2πq

L
x

� �� �
, ð1:1Þ

Eq ¼ h2k2

2m
¼ h2

2m

2π

L

� �2

q2: ð1:2Þ

Here, h is the Planck constant, k is the wave number, and q(¼0, �1, �2) is the

quantum number. The energy depends on the number of nodes in the wave
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Fig. 1.2 Optical gap

energy of polyacenes as a

function of number of fused

rings or double bonds (red
squares); Values calculated
by PFEO model (blue
dashed line); Optical gap
energy in polyenes as a

function of double bonds

(gray circles)
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functions, which is equal to 2q. The energy diagram of the systems is depicted in

Fig. 1.3. The circle length can be represented as: L ¼ Na ¼ 4nþ 2ð Þa, where N is

the number of atoms (N ¼ 10 in the case of naphthalene), a is the inter-atom

distance, and n is the ring number (n ¼ 2 in the case of naphthalene). As two

electrons are filled at each level, the highest filled level will have q¼ n, and the

lowest unfilled level have q¼ n + 1, so that the energy difference between the levels
can be written (with using typical interatomic distance value of a ¼ 0.138 nm) as

ΔEn ¼ π2h2

2ma2
1

2nþ 1
¼ 19:7 eV

2nþ 1
: ð1:3Þ

The dashed line in Fig. 1.2 presents the result of the calculation. In spite of such

simplicity, it is surprising to find the overall consistency as to the trend and rough

values. Another important result is also obtained in terms of the stability of the

molecules. As the electrons are filled from the lower levels, these ringlike mole-

cules become stable, if there are ð4nþ 2Þ π-electrons per molecule (one from each

carbon atom). This is the origin of the stability of aromatic compounds and is often

called as Hückel’s rule. These features demonstrate that the delocalized nature of

the π-electrons where the weak linkage between the 2p orbitals can form the nearly

free electrons within the molecules. The unique nature of organic molecular

materials is the designability of materials in terms of the shape and size of such

free electron system within the molecules.

L

x

0

ΔE2

Fig. 1.3 Energy levels and wave functions in perimeter-free electron orbital (PFEO) model
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1.1.3 Molecular Orbitals

The molecular orbital (MO) theory is used to determine the π-electronic states in the
molecules [2]. The MO theory is based on the concept that the electrons are not

assigned to the individual bonds between atoms but to the molecular orbital that is

extended to the whole molecule. This concept is in contrast to the valence bond

(VB) or Heitler–London theory. The simplest model is based on linear combina-

tions of atomic orbitals (LCAO) to present the molecular orbital ϕm as follows:

ϕm ¼ 1ffiffiffiffi
N

p
XN
n¼1

can χ
a
n , ð1:4Þ

whereN is the number of atoms and can and χ
a
n are the coefficient and atomic orbitals

of the nth atom, respectively. The linear combination should compose the

eigenfunction of one-electron molecular Hamiltonian h with eigen energy ε as

hϕm ¼ εϕm: ð1:5Þ

By multiplying χ a
n0* (complex conjugate of χ a

n0 ) and integrating both sides asÐ
χ a
n0 *hϕ

mdτ ¼ ε
Ð
χ a
n0*ϕ

mdτ, and by substituting (1.4) into (1.5), simultaneous

equations for coefficients can are obtained. In the Hückel theory for π-electrons,
the following simplifications are assumed:

hnn0 ¼
ð
χ a
n0 *hχ

a
n dτ ¼

α ðn0 ¼ nÞ
β ðn0 ¼ nþ 1Þ
0 ðn0 6¼ n, nþ 1Þ

,

8<
: ð1:6Þ

si j ¼
ð
χ a
i *χ

a
j dτ ¼

1 ði ¼ jÞ
0 ði 6¼ jÞ :

�
ð1:7Þ

Here α and β are called as Coulomb integral and resonance integral, respectively.

The si j is called as overlap integral. For example, the simultaneous equations in the

case of benzene (i¼ 1, 2, . . ., 6) can be simply represented by the matrix formula as

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

0
BBBBBB@

1
CCCCCCA

ca1
ca2
ca3
ca4
ca5
ca6

0
BBBBBB@

1
CCCCCCA

¼ 0 : ð1:8Þ

By solving the equation, eigen energy and eigenfunction can be obtained. The eigen

energy is obtained as E¼ α�2β, α�β, αþβ, αþ2β, as presented in Fig. 1.4.
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It is also important to understand, for solving the equation, that the coefficients

can obey some relations due to the molecular symmetry. In the case of benzene, the

π/3 rotation of the eigenfunction as to the axis perpendicular to the molecular plane

at the center of the molecule still affords the eigenfunction with the same eigen

energy. It means that the ϕm ¼ cϕm 0
, where c is complex number with absolute

value 1 and ϕm 0
is the molecular orbital after the rotation. Furthermore, the 6 times

repetition of the π/3 rotation should give it back to the original eigenfunction.

Therefore, the eigenfunction of benzene can be represented as

ϕm ¼ 1ffiffiffi
6

p
X6
n¼1

ei
2πn
6
jχ a

n ð j ¼ 0, � 1, � 2, � 3Þ: ð1:9Þ

The wave functions of molecular orbitals of benzene are depicted in Fig. 1.4.

The cyclic compounds can also include non-carbon elements within the cycles

(which are called as heteroatoms). For example, 5-membered ring becomes stable

due to the Hückel’s rule (N ¼ 4nþ 2), in case that one sulfur atom is included,

because two electrons in the lone pair of 3p orbitals contribute to the molecular

orbitals. In particular, the thiophene ring is known to be an extremely important unit

to obtain high-performance organic semiconductors. This is associated with the

characteristics of the 3p orbitals of sulfur, which is more extended outside the

molecules than 2p orbitals of carbon, and is effective to increase the intermolecular

interactions when the semiconducting molecular crystals are formed.

In the simplest MO calculations, empirical values are used for α and β to

describe the one electronic states in the molecules. Electrons in the molecules fill

the states from lower levels with satisfying the Pauli principle. Ground states of the

molecules that are formed by many electrons are approximated by using the Slater

Fig. 1.4 Molecular orbital

and energy diagram of

benzene
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determinant, the treatment of which is called as the Hartree–Fock approximation.

The detailed calculations for the many-electron system are conducted by ab initio

(or first principles) calculations. In the states of many electrons, Coulomb and

exchange interactions between electrons should be considered and are treated by

configuration interactions that hybridize many excited electronic states to minimize

the total energy and to obtain the more reasonable ground states of the molecule.

Recently, calculations using density functional theory (DFT) is more frequently

used to calculate ground states of many-electron system; the method is based on the

calculation of distribution function of electron density, n(r), and the effective

potential. These methods are now familiarized, owing to the rapid development

of programs and calculation speed of the computers. Today, DFT applications such

as B3LYP (Becke, Lee, Yang, and Parr) [3] or ADF (Amsterdam density function)

[4] calculations are commercially available and are used by using laptop computers

with standard configuration. Figure 1.5 illustrates the wave function of molecular

orbitals of pentacene as obtained by the ADF calculations [5].

1.1.4 Electronic Band Formation

When same kinds of organic molecules are gathered, they are self-organized to

form crystals, if the molecular shapes have relatively high symmetry and the

molecules can be packed densely without opening within the molecular

LUMO+1

LUMO

HOMO

HOMO-1

HOMO-2

Fig. 1.5 Wave functions of molecular orbitals in a pentacene molecule calculated by ADF

program [5]
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arrangement that holds the translational symmetry. In the crystals composed of

densely packed molecules, molecular orbitals of π-electrons, composed of such as

spatially extended carbon 2p orbitals, are overlapped and interacted with those of

the adjacent molecules. Thus, the electronic states of the π-electrons are extended

widely over the crystals. In the crystals, the intermolecular interactions between the

combination of adjacent molecules should become equivalent with others between

a crystallographically equivalent combinations. Such a formation of crystals that

have translational symmetry is essentially important for the (translational) charge-

carrier motion in the semiconductors.

Here we discuss the electronic wave function in the crystals with certain

intermolecular interactions. In the case of organic semiconductors in which the

molecules are bound by relatively weak van der Waals interactions, it is quite

effective, as a first approximation, to use the tight-binding model in which the wave

function is formulated by linear combination of molecular orbitals for obtaining

wave functions in solids. This is analogous to the LCAO for the formation of

molecular orbitals by the linear combination of atomic orbitals. The wave function

is represented by the following form [6]:

φsðrÞ ¼ 1ffiffiffiffi
N

p
XN
n¼1

cmn ϕ
m
n ðr� RnÞ: ð1:10Þ

where N is the number of molecules and cmn and ϕm
n ðr� RnÞ are the coefficient and

molecular orbitals of the nth molecule at the position Rn, respectively. Because of

the translational symmetry of the crystals, the wave function can be represented by

the following form (by obtaining the same procedure as (1.9)):

φ s
k ¼

1ffiffiffiffi
N

p
XN
n¼1

expðik � RnÞϕm
n ðr� RnÞ: ð1:11Þ

This kind of formula is called as the Bloch function and satisfies the Bloch’s
theorem.

Electronic energy, E(k), which is plotted as a function of wave number k is the
electronic band structure. The tight-binding method affords the trigonometric

function (or called as “cosine” band). Because the intermolecular interaction is

relatively weak in organic semiconductors, the highest occupied valence band

(HOVB) is mainly composed of HOMOs of the molecules, and the lowest unoc-

cupied conduction band (LUCB) is mainly composed of LUMOs of the molecules.

Therefore, the solids composed of closed-shell molecules should be the semicon-

ductors (each band is filled) and are divided by the energy gap. Effective mass of

each band is approximated by the following equations:

1

m*
¼ 1

h2
∂2

EðkÞ
∂k2

: ð1:12Þ
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Thus the effective mass m* is inversely proportional to the intermolecular transfer

integrals. Band transport usually means the free-carrier motion with the effective

mass as is determined by the band curvature. Under an electric field, free carriers

are not infinitely accelerated but are frequently scattered such as by phonons in the

crystals at finite temperature, so that they have average velocity. In other words, the

mean free path of free carriers is finite at room temperature in the crystals, so that

the transport of charge carriers becomes “diffusive” motion. In the diffusive

motion, the average velocity of diffusive drift motion under an electric field carrier

is proportional to the applied electric field, whose proportional coefficient is defined

as the drift mobility (or simply mobility) μ of carriers as

v ¼ μE: ð1:13Þ

By using the mobility, the electrical conductivity σ is described by the following

equation:

σ ¼ neμ: ð1:14Þ

Here n is number of carriers per unit volume and e is the elementary charge. In the

diffusive motions of carriers, the following Einstein relation generally holds with

assuming the diffusion constantD (defined as the coefficient in diffusion equation):

D ¼ μkBT

e
: ð1:15Þ

Intrinsic mobility in the semiconductor single crystals should be determined by

such a mechanism.

For achieving efficient carrier transport in organic semiconductors, it is neces-

sary to design organic molecules which can form highly crystalline solids with large

intermolecular interactions and translational symmetry. The molecular orbital

calculations using the DFT are also utilized to calculate intermolecular interactions

between the molecules by using the atomic coordinates as is obtained by the crystal

structure analysis. Figure 1.6 shows a result of the intermolecular interactions in

pentacene calculated by the ADF method. The pentacene is known to crystallize

layered-crystal structures where the molecules packed by herringbone-type motif,

as presented in Fig. 1.7. It is empirically known that a number of materials with this

type of packing motif afford high-performance OTFTs.

Crystal structure analysis [7] is an indispensable tool for investigating the

molecular packing. The structure analysis is done by irradiating monochromatic

x-ray beam on single crystals and collecting data of a number of Bragg reflections

of respective indexes. By the Fourier transformation of the intensity distributions of

each index, distribution of electron density in the unit cells can be obtained. As is

different from inorganic materials, it is difficult to conduct the crystal structure

analysis of organic semiconductors by means of x-ray analysis for polycrystalline

films or powders, because the materials are composed of many atoms in the unit

cell. So it is indispensable to use the full x-ray single-crystal structure analysis to

obtain the reliable crystal structures.

1 Physics of Organic Field-Effect Transistors and the Materials 9



So far it is actually difficult to predict what kind of crystal structure can be

formed by a molecule before it is synthesized and crystallized. For the development

of materials, it is actually necessary to obtain the materials and to conduct the

crystal structure analyses. Probably from many actual examples, we could empir-

ically predict what kind of crystal structures can be obtained in the designed

molecules. Nonetheless, the stability of molecular packing in the crystals are also

ADF (PW91/TZP)

t1

t4

t6

t3
t5

t2
t1(=t4) = 22.8 meV

t2(=t5) = 56.1 meV

t3(=t5) = 23.9 meV

Fig. 1.6 Crystal structure and intra-layer transfer integrals of thin-film pentacene [5]

Fig. 1.7 Herringbone-type

molecular packing and

atomic contacts in

pentacene crystals
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studied, based on molecular dynamics (MD) simulations that can simulate the

motion of respective atoms and molecules classically with assuming an inter-

atomic potential. By the technique, the stability and origin of actual crystal struc-

tures are confirmed by the MD calculations for some typical organic semiconduc-

tors [8].

1.1.5 Architecture of Organic Field-Effect Transistors

Figure 1.8 shows typical device structure of OTFTs. The device is composed of

semiconductor layer, gate dielectric, and gate/source/drain electrodes. In the

device, drain current flows between source and drain electrodes, by applying

drain voltage between the source and the drain electrodes. The drain current can

be controlled by the gate voltage which is applied between the source and the gate

electrodes. Nominally, there should be no current through the gate dielectric layer.

Carriers are accumulated both at the gate electrode and semiconductor layer as like

a capacitor. These accumulated charges contribute to the drain current as a drift

current.

The channel semiconductors are usually composed of intrinsic organic semi-

conductors without intentional doping. This feature of the device is much different

from that of conventional field-effect transistors composed of inorganic semicon-

ductors like covalent-bonded crystals of silicon [9]. The first reason of this feature is

that the intentional doping in organic semiconductors is difficult, because the

crystal lattice in which molecules are densely packed without opening and are

bound by weak intermolecular interaction is very easily broken by the introduction

of molecular dopants with different shapes. The second is a rather positive reason

that the surface states due to dangling bonds in covalent-bonded crystals are not

formed in organic semiconductors, so that the carrier injection is possible without

intentional doping.

Due to the feature of the OTFTs as presented above, a type of the device is rather

close to the enhancement-type Si-MOSFET. Carriers are injected into the organic

semiconductor layer, if the Fermi level of metal for source/drain electrode coin-

cides with the band energy of semiconductors. Therefore, the organic semiconduc-

tors with higher HOVB energy (i.e., lower work function) usually show p-type

Source Drain

Gate

Semiconductor
Gate dielectricVG

VD
Fig. 1.8 Schematic for

organic thin-film transistors
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operation, while those with lower LUCB energy (i.e., higher work function) usually

show n-type operation. Indeed, even if the small number of charge carriers with

different types (hole for n-type operation or electron for p-type operation) could be
injected into the semiconductor layer by the direct semiconductor-metal junctions,

they are usually trapped in some trap agents within the semiconductor layers and do

not contribute to the drain current. We note that if the carriers are not accumulated

under the application of the gate voltage, gate electric field should be penetrated

into the channel semiconductor layers.

We give the expression for the drain current ID as a function of gate voltage VG

and drain voltage VD [10]. When VD is smaller than VG, the charge accumulation

covers the whole channel region between the source and drain electrodes.

In this case, ID is proportional to ðVG � VTÞ(VT is the threshold voltage),

which is called as the linear regime and can be described by the following

equation:

ID ffi Z

L
μC0 VG � VTð ÞVD; ð1:16Þ

where Z is channel widith, L is channel length, and C0 is capacitance of the gate

dielectric layer per unit area. The threshold voltage is associated with the number

of traps within the semiconductor layer. When VD is larger than VG, the charge

accumulation does not cover the whole channel region but is limited in the region

close to the source electrodes. The location where the charge accumulation is

depleted is called as the pinch-off point. In this case, ID is proportional to

VG � VTð Þ2, and becomes independent of VD. This is called as the saturation

regime and can be described by the following equation:

IsatD ffi ZμC0

2L

� �
VG � VTð Þ2: ð1:17Þ

These equations are used to evaluate the mobility of the semiconductor layers in the

experiment.

From the architecture of the field-effect transistors, layered-crystalline organic

semiconductors are quite suitable to afford high-performance OTFTs. It has been

demonstrated that a high degree of layered crystallinity is essential for the

production of single-crystalline or uniaxially oriented polycrystalline thin films

in which high-mobility carrier transport occurs along the film planes. We give

some typical examples of materials that show high-performance OTFTs in

Fig. 1.9.
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1.2 Charge-Carrier Dynamics in Organic Field-Effect
Transistors

1.2.1 Overview

In the Sect. 1.1, we discussed that the electronic band structures with relatively narrow

bandwidths are formed in crystalline organic semiconductors that feature periodic

crystal lattices. This picture provides a primary fundamental basis for understanding

the charge-carrier transport in organic semiconductor thin films of OTFTs. However,

we also have to know that the charge-carrier dynamics in actual OTFTs is not that

simple as is determined by the “free motion” of charge carrier with an effective mass

that is prescribed by the electronic band structure. As a clue to address this issue,

temperature dependence of carrier mobility (or conductivity) is frequently utilized to

characterize the carrier transport in real devices as either “metallic type” or “activation

type.” Figure 1.10 presents an example of current–voltage characteristics of a

pentacene OTFT at various temperatures (gate voltage is fixed). When assuming

free-carrier (i.e., metallic-type) transport, the mobility is expected to gradually

increase by lowering the temperature due to the reduction of phonon scattering. In

reality, however, almost all theOTFTs including single-crystalline organic field-effect

transistors present activation-type characteristics at least at low temperature, even if

the “metallic-type” behavior is observed at relatively high temperature [11–13]. In this

H2n+1Cn
CnH2n+1

S

S

S

S

R

R

Fig. 1.9 Some important materials for high-performance organic semiconductors
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respect, the charge transport has an intermediate character between the band transport

and the charge localization at finite temperature.

Here we have to comment that the use of the “hopping” theory should not be

justified in crystalline organic semiconductors that show relatively high carrier

mobility, even if the activation-type characteristics are observed. In the hopping

model, it is assumed that the charge transport is based on a hopping process

between diabatic molecular states, where the molecules are energetically relaxed

to localize the hopped charge on the respective molecule. The hopping frequency,

khopping, is simply given by [14–16]

khopping ¼ t2

h
π

λkBT

� �1=2

exp � λ

4kBT

� �
; ð1:18Þ

where t is transfer integral, h is Planck constant, λ is reorganization energy, kB is

Boltzmann constant, and T is temperature. The hopping model makes a basic

assumption that the nuclear motion that “reorganizes” the molecular structure via

ionization is much faster than the charge hopping rate between molecules. How-

ever, it is difficult to apply this picture into the crystalline organic semiconductors

that involve strong intermolecular interactions in the range of 0.01–0.1 eV; the

energy is comparable to the calculated reorganization energy for isolated molecules

which is limited by a fast intramolecular vibrational mode, such as C¼C bond

stretching, and is less than 0.2 eV at most. Thus, the hopping picture may be only

applicable to the disordered amorphous organic semiconductors whose

intermolecular hopping rate is very small due to the small intermolecular electronic

coupling less than 1 meV. It was also pointed out that the hopping transport
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between the neighboring molecules is improbable by the Hall effect measurements

for some OTFTs [17].

We also briefly note here that it has been demonstrated that carrier transport

becomes apparently “metallic type” in the similar but different type of π-conjugated
organic molecular solids, if the number of carriers becomes large enough [18]: two-

component organic charge-transfer (CT) compounds composed of similar π-conju-
gated molecules have high enough carrier density (typically one carrier per two

molecules) and show metallic behavior down to the lowest temperature [19].

Particularly, the effective nature of electronic band structure has been preponder-

antly demonstrated in the single crystals of these compounds; the coincidence of

Fermi surface topology between the theory and experiments is investigated by the

carrier transport studies under high magnetic field and at low temperature.

Back to the discussion on the temperature dependence of carrier mobility in

OTFTs, it is most probable that the thermally activated behavior should be ascribed

to the existence of local potential (with either intrinsic or extrinsic origin) that

disturbs the translational symmetry or lattice periodicity, and forms carrier trap

states within the semiconductor channel layers. This effect should be essentially

important in the OTFTs whose device operation is carried by a limited number of

charge carriers: the number of carriers induced by gate voltages in the OTFTs is

roughly estimated as small as 10�12 cm�2 at most, which roughly corresponds to

“one carrier per one thousand molecules,” if we assume that the charges are

accumulated at the surface of conventional organic semiconductor crystals. Such

a tiny amount of charge carriers should be directly affected by the disordered

potential in the crystals or in the gate dielectric layers. In other words, carrier

transport in OTFTs should be dominated by shallow or deep trap states that are

formed in the vicinity of the bandedge states. The distribution of these trap states is

also quite important in understanding the device operation of OTFTs especially at

the subthreshold regions.

Many theoretical studies have been also reported, so far, to identify the

origin of charge localization in organic semiconductors. Role of thermal

fluctuation [20–22], vibration coupling [23, 24], and fluctuation in gate dielectric

layer [25] have been discussed so far, as associated with the unique nature of

organic semiconductors. A number of experimental studies have been also

reported so far to investigate trap density of states in organic semiconductors,

mainly on the basis of electrical device-characteristic measurements [26]. In spite

of these works, the real picture has not been established due to the limited number

of microscopic experimental studies. This is also related to the fact that the

number of charge carriers is strictly limited in OTFTs, which make it difficult

to conduct these studies. In this section, we especially focus on microscopic

charge-carrier transport in OTFTs by providing experimental results by field-

induced electron spin resonance (FESR) measurements. It is shown that the

measurements can exceptionally probe microscopic motion of charge carriers

accumulated in OTFTs by gate voltages, which is quite useful to investigate the

charge-carrier dynamics in OTFTs.
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1.2.2 Field-Induced Electron Spin Resonance

1.2.2.1 Electron Spin Resonance

Figure 1.11 presents a schematic for the principle of electron spin resonance (ESR)

technique. When holes (electrons) are accumulated in the OTFTs by negative

(positive) gate voltages, they are accommodated at the HOMO (LUMO) levels

and can move from molecule to molecule through the intermolecular interactions or

the electronic band states. When we view the carrier states in terms of electronic

spins, only charge carriers are unpaired and have finite magnetic moments with spin

quantum number S¼ 1/2. The ESR technique probes the response of electronic

magnetic moment in terms of the magnetic resonance absorption of microwaves

under static magnetic field [27].

In the presence of an external static magnetic field, the electronic magnetic

moment aligns itself either parallel (ms¼�1/2) or antiparallel (ms¼ +1/2) to the

field. They have different magnetic energies whose separation is called as Zeeman

splitting, as shown in Fig. 1.11. The split is proportional to the applied static

magnetic field strength B and is given by gμBB. Here g is a dimensionless constant

called as g factor, and μB (¼9.3� 10�24 J/T) is the Bohr magneton. When we

irradiate the spin system with microwave at frequency ν, magnetic resonant absorp-

tion takes place at the resonance condition:

hν ¼ gμBB, ð1:19Þ

by which the spin direction is converted between the parallel and antiparallel

alignment. In usual cases, the ESR signal cannot be detected with the channel

organic semiconductors under no gate bias due to the intrinsic semiconductor
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nature. So the ESR measurements allow us to probe, sensitively and selectively, the

carriers that are accumulated at the semiconductor–insulator interface in the OTFTs

by the gate voltages.

Because of the simple and general features of ESR measurements as presented

above, it is expected that similar experiments should be possible for the devices

based on inorganic semiconductors. However, there are no examples, except for the

OTFTs, to detect the charge carriers in field-effect transistors by ESR experiments.

This may be due to the fact that the number of carriers induced by the gate voltages

is considerably limited in the device, whose detection is not feasible. Nonetheless,

extremely highly sensitive detection of electronic spins in the OTFTs is possible,

because the relaxation time of excited spin state is fairly long in organic materials

due to the small spin–orbit interactions of light atomic elements, so that much

narrow ESR spectrum is observed.

ESR measurements of field-induced carriers in OTFTs are first reported by

Marumoto and Kuroda in 2004 [28]. They successfully demonstrated that the

detected FESR signal from the OTFTs is proportional to the applied gate voltages

and is surely ascribable to the charges accumulated at the organic semiconductor

interfaces. They also claimed that the carrier states are spatially extended over

several molecules in pentacene OTFTs by the fact that the observed FESR

linewidth is narrower than that of the isolated cationic molecule in solution [29].

Then Matsui and Hasegawa observed the so-called motional narrowing effect in the

FESR spectra of OTFTs, from which the various aspects of charge-carrier dynamics

that are directly connected to the device operations can be extracted [30].

1.2.2.2 Field-Induced Electron Spin Resonance Technique

The FESR measurements could be done with conventional X-band ESR apparatus

equipped with a cavity with high Q value (4000–6000 in TE011 mode). Figure 1.12a

schematically illustrates the device structure of an OTFT as used for the FESR

measurements. A 100-μm-thick poly(ethylene naphthalate) film was used as the

nonmagnetic substrate, and an 800-nm-thick parylene C film was used as the gate

dielectric layer. The capacitance Ci is estimated at 4.5 nF cm�2 by AC method at 1

mHz. The semiconductor layer of pentacene was fabricated by vacuum deposition

to form a total area of 2.5 mm� 20 mm and a thickness of 50 nm on top of the gate

dielectric layer. As the gate, source, and drain electrodes, vacuum-deposited gold

films with a thickness of 30 nm were used. The thickness is much smaller than the

skin depth of gold at the X-band microwave. By using these devices, it is possible to

eliminate the ESR signals from the device components. It is also useful to use a

stack of sheet devices for the high-precision FESR measurements.

The ESR experiment detects magnetic resonance absorption at the condition:

B¼ hν/gμB, by sweeping static magnetic field at a constant microwave frequency.

The spectrum is obtained in the form of a first derivative curve of the resonance

absorption as a function of magnetic field due to the use of lock-in detection

technique. An example of the FESR spectrum is presented in Fig. 1.12c for the
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pentacene OTFTs. The spectra usually exhibit symmetric, single-shaped, and very

narrow resonance absorption line with width of ten to several hundred μT. The
resonance field allows to evaluate the g factor which is usually close to that of free

electron (¼2.002319) in organic semiconductors. The g factor depends on the

direction of applied static magnetic field as to the semiconductor crystals to afford

anisotropic g tensor, which is mainly originated from the anisotropy of spin–orbit

interaction of the component molecules.

1.2.2.3 Motional Narrowing Effects

Here the “motional narrowing effect” is briefly outlined as a core concept to analyze

the FESR experiments [31, 32]. First we presume that charge carriers with elec-

tronic spins do not move and continue to stay at respective sites. In this case, the

origin of finite linewidth in the ESR spectrum is classified into two fundamentally

different cases. The one comes from a decay of the excited spin state, i.e., lifetime

width, which leads to the Lorentzian line shape. This effect becomes more crucial at

higher temperature because of the increased phonon scattering. The other is a result

of inhomogeneity in local magnetic field, ΔBlocal, at respective sites, i.e., inhomo-

geneous width. Especially, an important origin of the ΔBlocal is the interaction of

electronic spins with nuclear spins which is known as hyperfine interaction. The

hyperfine interaction with proton nuclear spin in π-conjugated molecules reaches as

high as 0.1–1 mT. As a result of the independent nature of respective nuclear spin
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orientations, the ESR spectrum is inhomogeneously spread, as schematically shown

in Fig. 1.13, where the resonance condition by sweeping static magnetic field at a

constant microwave frequency reflects the probability distribution of nuclear spin

moments as given by

B ¼ hν=gμB � ΔBlocal: ð1:20Þ

The motional narrowing takes place in the latter case. Let us assume that the

electronic spins of charge carriers move rapidly within the space that involves

nonuniform distribution of ΔBlocal. The electronic spins should feel the ΔBlocal that

rapidly varies with time, but they effectively feel the average magnetic field within

a certain period of time, in terms of the magnetic resonance absorption. Because the

fluctuation width of the averaged magnetic field, ΔBlocal, is smaller than that of

local magnetic field, the spectral width of the obtained ESR spectrum becomes

narrower than that of the ESR spectrum without motion (see Fig. 1.13). This is the

motional narrowing effect. The motional narrowing is observed only when the

motion velocity exceeds over a threshold value. If we define k as the motion

frequency between sites per unit time, the condition is given by the relation

k > γ ΔBlocal
2

� 	1=2
; ð1:21Þ

where γ¼ 1.8� 1011 T�1 s�1 is the gyromagnetic ratio. Considering that theΔBlocal

is in the range of 0.1–1 mT, the threshold motion frequency is estimated at about

107–108 s�1. Motional narrowing does not appear when the motion frequency is

lower than the threshold value. The ESR spectrum begins to be narrowed when the

motion frequency becomes higher than the threshold value and the linewidth is

τC
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Fig. 1.13 An electron spin moving through randomly oriented nuclear spins
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inversely proportional to k (see Eq. (1.22)). Therefore, the motion frequency of

charge carriers can be estimated by the measurement of motionally narrowed

linewidth.

1.2.3 Carrier Transport Inside Microcrystal Domains

Based on the backgrounds as presented in the preceding subsections, we focus on

various aspects of microscopic charge-carrier dynamics in OTFTs as experimen-

tally revealed by the FESR measurements in the subsequent three subsections. The

first two are based on the experiments where the static magnetic field is applied

perpendicular to the plane of polycrystalline organic semiconductor thin films. In

the OTFTs showing relatively high mobility, polycrystalline films are usually

composed of layered microcrystals (as discussed in Sect. 1.1) that are uniaxially

oriented with the layer parallel to the substrate plane. Therefore, the obtained FESR

spectra are equal for all the microcrystals in terms of the measured direction of g
tensor, where the magnetic field is applied parallel to the crystal axes perpendicular

to the layer. In contrast, the last subsection is based on the experiment where the

static magnetic field is applied parallel to the film plane.

Figure 1.14 presents the temperature dependence of the ESR linewidth for four

kinds of OTFTs (pentacene, DNTT, PBTTT, and PNDTBT) measured at the

magnetic field perpendicular to the film plane [33]. The plots present unique

temperature variation which can be commonly divided into the three regions for

all the OTFTs: (1) low-temperature range where the linewidth is independent of

temperature, (2) mid-temperature range where the linewidth decreases with increas-

ing temperature, and (3) high-temperature range where the linewidth increases with

increasing temperature.

The OTFTs do not operate in the low-temperature range (see Fig. 1.10). It means

that the motion of charge carriers should be “frozen,” which is consistent with the

temperature-independent nature of the ESR linewidth where no motional narrowing

is observed. In sharp contrast, the temperature-dependent feature in the mid-tem-

perature range should be attributed to the motional narrowing effect, where the

carriers are thermally detrapped (or released) from the trap sites and begin to move

in the crystals. This interpretation of the temperature dependence is also demon-

strated by the dependence of the ESR linewidth on the input microwave power at

various temperatures; the results indicate that the spectrum in the low-temperature

range is inhomogeneous, while the spectrum character becomes more homoge-

neous with the increase of temperature in the mid-temperature range. In the high-

temperature range, the linewidth turns to increase with the increase of temperature,

where the temperature dependence should be dominated by the fast spin–lattice

relaxation. Actually, this feature becomes more apparent in DNTT than in

pentacene, most probably because the DNTT are composed of a larger element of

sulfur, leading to the larger spin–orbit coupling.
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When the ESR spectrum is narrowed by the motional narrowing effects, motion

frequency of charge carriers, denoted as k1, can be estimated by the observed ESR

linewidth at respective temperature, as is given by the following relation:

k1 ¼ γ ΔBlocal
2

� 	
=ΔB: ð1:22Þ

ΔBlocal
2


 �
can be estimated by the original inhomogeneous linewidth at the low-

temperature range, where the carrier motion is frozen. The estimated k1, presented
in Fig. 1.15a, is in the range of 107–109 s�1, indicating that the residence time of

charge carriers at respective trap sites is estimated at about 1–100 ns. The k1
increases by the increase of temperature, but the temperature-dependent nature is

relatively gradual and the activation energy is estimated at 2–21 meV. Here we

must note that the estimated average residence time of charge carriers is extremely

long, if the hopping theory is tentatively assumed; kMarcus should be in the range of

1013–1014 s�1 under the assumption of hopping length as the intermolecular

distance.
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Then we deliberate what the obtained motion frequency represents for, as is

related to the charge-carrier motion. According to the multiple trap-and-release

(MTR) model [34, 35], the average time at traps is much longer than that

for traveling from trap to trap. In this case, the average traveling length d
between the traps is simply represented by the diffusive motion of charge

carriers as [36]:

d ¼
ffiffiffiffiffiffiffiffiffiffiffi
4DτC

p
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4kBTμ

0τC
e

r
; ð1:23Þ

where D is the diffusion constant, kB is the Boltzmann constant, μ’ is the effective
charge-carrier mobility inside the microcrystals, and e is the elementary charge.

The second derivation utilizes Einstein’s relation, as presented in Eq. (1.15),

which implies a statistical nature for the total stochastic carrier motion, including

the trap-and-release processes. From Eq. (1.23), d is calculated to be about

10–50 nm at room temperature. In Fig. 1.15b, we show the schematic of the

charge-carrier motion, as achieved by the FESR experiments. The charge carriers

should move from trap to trap by thermally activated trap-and-release process.

The activation energy for motion frequency, which is comparable to or smaller

than the thermal energy at room temperature, should correspond to the averaged

depth of these traps. The motional nature between the traps should be band-like

carrier transport, while the feature is not clear from the FESR experiments.
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1.2.4 Density of Trap States Inside Microcrystal Domains

As we discussed in the former subsection, FESR linewidth becomes almost constant

(or temperature independent) in the low-temperature range, typically below a few

tens of kelvin. In this temperature range, the charge carriers lose thermal energy and

become immobile, as they should be trapped by shallow or deep traps. It means that

the FESR spectrum at the lowest temperature should include rich information about

the trapped or weakly localized carrier states. Therefore, the analysis of the spectrum

should allow the detailed investigation of these trap states that take crucial roles in

the charge-carrier transport at elevated temperature [37, 38].

The low-temperature FESR spectrum is inhomogeneous, because the local

magnetic field at respective sites is different with each other. As discussed above,

the origin of the local magnetic field is ascribed to the hyperfine interaction with

nuclear spin moments. As an example, we show the ESR spectrum of cationized

pentacene molecule in solution in Fig. 1.16a [39]. The spectrum exhibits compli-

cated hyperfine splitting. As the respective pentacene molecules are isolated with

each other in solution, an unpaired electronic spin within the cationic pentacene

molecule interacts with 14 proton nuclear spins. As the ESR line should split per

333 334 335
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Proton nuclear spin

a N = 1

Localized states
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c N = 4
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Fig. 1.16 Local magnetic field due to the combination of proton nuclear spin orientations and its

effect on ESR spectrum. (a) Measured ESR spectrum of cationized pentacene molecule in solution

and calculated ESR spectra for the electronic states with spatial extension over (b) N¼ 2, (c)
N¼ 4, and (d) N¼ 9 molecules. The right shows the schematic for the shallow localized states
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each proton nuclear spins (I¼ 1/2), the total number of splits amounts to

214¼ 16,384 (the number of independent combinations is 372 from the molecular

symmetry), where both ends are composed of either all up or all down spins. The

ESR spectrum is composed of these resonance lines that have finite linewidth and

are overlapped with each other. Although the actual spectrum is waved as presented

in Fig. 1.16a, the envelope of the resonance lines is close to the normal (or

Gaussian) distribution function.

On the other hand, the electronic spins in solids should be extended over several

molecules. Namely, the electronic wave function in solids is not restricted to a

single molecule. When we assume that the wave function is extended over N
molecules, the electronic spin interacts with nuclear spins included in all the N
molecules, so that the split number exhibits exponential dependence on N. Even-

tually, the linewidth becomes narrowed by a factor of
ffiffiffiffiffiffiffiffiffi
1=N

p
, as compared to the

case of cationic single molecule, according to the central limit theorem. Based on

the presumption, Marumoto and Kuroda pointed out that the wave function is

extended over about 10 molecules in pentacene OTFTs, because the observed

spectral linewidth is almost 1/3 of the linewidth of radical molecules in solution.

But they did not take account of the fact that the obtained spectrum is not Gaussian

and also of the fact that the linewidth is temperature dependent at least at room

temperature.

In order to reveal the spatial extension of trapped charge states, spectral analyses

could be conducted where the spectrum is decomposed into several Gaussian curves

with different linewidths. Considering that there are several kinds of weakly

localized states, the actual spectrum, denoted as S(B), should be composed of the

sum of several Gaussian curves, denoted as G(B, N) with different widths for N, as
is given by:

S Bð Þ ¼
ðþ1

1

∂G B, Nð Þ
∂B

D Nð ÞdN; ð1:24Þ

G B;Nð Þ ¼
ffiffiffiffiffiffiffiffiffiffi
N

2πσ20

s
exp � B� B0ð Þ2

2 σ20=N
� 	

" #
: ð1:25Þ

Equation (1.25) is the definition of the Gaussian curve. By solving the integral

equation numerically, we can obtain the density of localized states, D(N ), from the

ESR spectrum. In Fig. 1.17, we show the D(N ) as obtained by the analyses of FESR

spectrum of pentacene OTFTs. As seen, the D(N ) is composed of two discrete

peaks (denoted as A and B) and a broad structure (denoted as C) whose spatial

extension is over 6–20 molecules. Such shallow localized states should originate

from a weak attractive potential that may be ascribed to the possible slight deviation

of molecular location from the equilibrium position or a chemical change in

molecules. These localized states should take crucial roles in the device operation

of pentacene OTFTs at room temperature.
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1.2.5 Carrier Transport Across Domain Boundaries

As discussed in the former subsections, channel semiconductor layers of the OTFTs

with showing relatively high mobility are composed of uniaxially oriented layered

microcrystals whose layers are parallel to the substrate plane. When the magnetic

field is applied perpendicular to the substrate, the same ESR signal should be

obtained for all the layered microcrystals where the magnetic field is parallel to

the normal of the layer (which is denoted as c-axis). In striking contrast, when the

magnetic field is applied parallel to the substrate, static magnetic field is applied

with different angles on each microcrystal domains within the layers (crystal axes

within the layer are denoted as a- and b-axes). Because of the anisotropy of g
values, resonance magnetic field should be distributed in the latter measurements.

Here we demonstrate that these measurements allow us to observe motional

narrowing between microcrystals and to estimate grain boundary potential.

Figure 1.18 shows the temperature dependence of the FESR spectra obtained by

the measurement with applying the magnetic field parallel to the film (or substrate)

plane. Single monotonous peak is observed at room temperature, while the
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spectrum split into the two peaks by the decrease of the temperature. The respective

peaks observed at low temperature should correspond to the resonance signals and

at magnetic field applied parallel to the a- and b-axes, respectively. We note that

such a clear peak splitting is observed in DNTT and PBTTT OTFTs, but not in

pentacene OTFTs. This difference is associated with the relatively large g anisot-

ropy in DNTT and PBTTT, due to the large spin–orbit interactions of sulfur.

The peak of the spectrum obtained at room temperature is located almost at the

center between the two peaks that are split at low temperature. It is clear that the

spectrum at room temperature cannot be reproduced by the simple sum of the split

peaks at low temperature. The temperature dependence of the spectrum can be

understood in terms of the motional narrowing effect where the anisotropy of g
values is averaged by the motion of charge carriers across the domain boundaries.

In order to analyze the motional narrowing effect due to the averaging of the two

different local magnetic fields, it is necessary to make fitting analyses by the

theoretical curves. Figure 1.18 also presents the result of fitting, which is found to

reproduce well the experiment. In addition, it is possible to estimate the motion

frequency moving across the domain boundaries. Figure 1.19 presents the temper-

ature dependence of motion frequency k2 across the boundaries for the case of

DNTT and PBTTT. The k2 is about an order of magnitude smaller than the k1 which
is the motion frequency between the traps inside microcrystal domains as described

in the former subsection. In addition, activation energy estimated by the tempera-

ture dependence of k2 is 42 meV for DNTT and 86 meV for PBTTT. The result

indicates that there are large energy barriers at the grain boundaries.

It is thus concluded that the effective mobility values in polycrystalline OTFTs are

rate determined by the motion across the grain boundaries. Although the PBTTT

films are known to show high degree of crystallinity as polymer semiconductor,

observation of surface morphology by AFMmeasurements is not effective to identify

the domain structures. Nonetheless, it was clearly demonstrated in this measurement

that the grain boundary is the rate-determining process for the PBTTT.
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1.2.6 Short Summary and Outlook

A microscopic charge-carrier dynamics that is crucial to understand device opera-

tion of OTFTs is discussed, by the experimental results using FESR experiments

that probe charge carriers accumulated at the organic semiconductor interfaces.

By the analyses of motional narrowing effects in the FESR spectrum, it was shown

that the charge-carrier transport can be understood in terms of the two aspects: the

trap-and-release transport within the microcrystal domain and the transport

across the domain boundaries with a relatively high barrier potential (a few

times larger than kBT ).
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1.3 Print Production of Layered-Crystalline Organic
Semiconductors

1.3.1 Introduction

Studies of “organic electronics” have had a new outlook in recent years, in

responding to a strict requirement from industrial circles to demonstrate a clear

comparative advantage of the organic semiconductors over the other semiconduct-

ing materials. The concept of the “printed electronics” was born against such a

background [40]. In the printed electronics, printing technologies that are used to

produce documents or photo images on papers are used to manufacture electronic

devices at ambient conditions. Particularly, it is expected that the printed electron-

ics technology should replace the vacuum, lithography, and heat-treatment tech-

nologies that have been indispensable for the production of all the electronic

devices thus far. By these replacements, massive vacuum facilities become unnec-

essary and/or the use of flexible plastic sheets as base plates becomes possible,

allowing us to realize flexible electronic products that have lightweight, thin, and

impact-resistant characteristics. Among other semiconducting materials, π-conju-
gated organic molecular materials should take key roles in the innovation of the

electronic device productions by the use of printing technologies. This is because

the organic materials are soluble in kinds of solvents and also because the conve-

nient thin-film formation is possible for the materials by convenient solution

processes such as spin coating or drop casting at ambient conditions.

A possible future role of the printed OTFTs in the printed electronics technol-

ogies can be considered as that any plastic surfaces are decorated electronically by

arraying a large number of OTFTs by the printing technologies to function as active

backplanes for displays or sensors to realize what is called “ubiquitous electronics”

society (Fig. 1.20). Because it is now possible to utilize commercially available

inkjet printers, as an example, to print documents or photo images on papers with a

spatial resolution higher than 1,200� 1,200 dpi, it appears auspiciously easy to

Fig. 1.20 Future image of the printed electronics
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manufacture electronic devices with a similar high pattern resolution by the printing

technologies. However, it is also true that there is a crucial difference between

document printing and production of electronic devices. In order to power elec-

tronic devices, it is absolutely necessary to form and stack patterned layers of

electronic functional materials that are uniform at atomic or molecular scales, on

flat substrate surfaces.

In this section, we first discuss various problems to encounter for producing

semiconductor devices by the use of conventional printing technologies. Then we

outline two new printing technologies [41, 42], as particular examples, which take

advantage of high degree of layered crystallinity of organic semiconductors for

manufacturing high-quality semiconductor layers.

1.3.2 Printing Semiconductor Devices?

The printing technologies generally cover a wide range of methods and techniques

which include the stamp printing that transfers ink by the convex part of the resin

stamp or by the concave part of the metal stamp (the former is called as flexography

and the latter as rotogravure), the screen printing that transfers inks through minute

opening in the stencil, the inverse printing that removes unnecessary part of

deposited inks by a stamp (above all are so-called stamp printings), and the inkjet

printing that directly deposits microdroplet inks without stamps (which is the

plateless printing). These technologies are now respectively utilized, depending

on their costs and uses in a wide variety of fields. It is possible for us to define and

characterize all these printing technologies as to freely allocate and deposit a tiny

amount of fluidic medium including coloring matters (i.e., ink) on such as papers.

The inks as used also have a wide variety, whose viscosity ranges from high to low,

and are used depending on the respective printing techniques. In the conventional

printing technologies, crystallinity, grain size, or grain boundaries of coloring

matters are not a matter of concern after the deposited inks are dried out, as long

as the coloring matter is precisely positioned. However, the most important subject

for “printing semiconductor devices” is to obtain the semiconductor layers with

high uniformity in atomic or molecular scale, after the microdroplet ink is

positioned.

As we demonstrated in Sects. 1.1 and 1.2, high-performance OTFTs can be

obtained when we use π-conjugated organic molecular materials that show high

degree of layered crystallinity as the channel semiconductor layers. This feature is

quite useful for producing OTFTs whose carrier transport occurs along the interface

between the semiconductor layer and insulator layer. So it is necessary, for

manufacturing high-performance OTFTs by a printing technology, to use solution

of layered-crystalline organic semiconductors as ink, to deposit the solution ink on

flat substrate surface, and to produce uniform patterned semiconductor films com-

posed of the layered crystals whose layers are parallel to the substrate surface. In

order to uniformly crystallize the materials from the solution, it should be much
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more advantageous to utilize low-viscous solution fluid of semiconducting mate-

rials possibly with no additives. On the other hand, it is known to be quite difficult

to form uniform thin solid layers from a tiny volume of low-viscous droplets –

volume of printed microdroplets produced by such as inkjet printing technique is in

the range of 1–100 pL – by precipitation within the droplet through solvent

evaporation. In particular, according to the fluid science, solvent evaporation occurs

efficiently at around the (solid–liquid–air) contact line of the sessile droplets, so that

the resultant outward capillary flow carries solutes toward the contact line of

microdroplets and form ringlike deposits at around the contact line [43, 44]. (This

is the so-called “coffee-ring effect”; see Fig. 1.21.) In the conventional printing,

papers are used as printed medium where the surfaces are highly uneven in

mesoscopic level including opening or mesoscopic pore that efficiently absorbs

solvents, so that the colored matters are dispersed and adhered to the fabrics in

papers by solvent absorption, where these nonuniformity problems are not appar-

ently exposed. However, in order to manufacture uniform semiconductor layers for

“printing semiconductor devices,” it should be necessary to control the convection

flow and solvent evaporation within the microdroplets.

In order to find out a clue to resolve this issue, it would be meaningful to look

back on the birth course of the concept of printed electronics. The concept has an

origin in the spin coating of solution-processible π-conjugated polymer semicon-

ductors to manufacture organic light-emitting diodes, organic solar cells, and

OTFTs [45–47]. It was later discovered that the spin coating is also applicable to

fabricate high-quality thin films of soluble small-molecule semiconductors that

shows layered crystallinity and thus to manufacture high-performance OTFTs

[48, 49]. Due to these progresses, the spin coating is now widely accepted as a

Fig. 1.21 Schematic for the formation of coffee-ring-like deposits by solvent evaporation and

outward capillary flow within the deposited microdroplet. The right image shows an example
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standard technique for manufacturing thin films in the studies of developing soluble

organic semiconductor materials [50, 51]. Spin coating is the process to produce

thin solution layer on top of the substrate surfaces by centrifugal force as a result of

spinning of substrates and to subsequently produce thin solid films by uniform

solvent evaporation from the entire liquid–air interfaces [52]. However, the usabil-

ity of the spin coating is limited as an industrial production process of semicon-

ductor layers, both due to the enormous loss of raw materials during the process and

to the difficulty in scaling up the device area which is strongly demanded in the

application of flexible electronic devices. Nonetheless, the film formation mecha-

nism may be quite reasonable to realize uniform thin films for the materials

showing high degree of layered crystallinity.

In the subsequent subsections, we illustrate two new printing technologies that

are designated to produce uniform thin films with layered-crystalline organic semi-

conductors. The first one is the “double-shot” inkjet printing technique that allows

us to form single-crystalline films of some small-molecule semiconductors [41].

The second one is the “push-coating” technique that can alternate the (high material

loss) spin coating [42]. We give basic concepts and concrete procedures for these

new printing processes. We discuss that in these processes, the thin semiconductor

solution layer is formed and is followed by gradual and uniform solvent extraction

from the solution layer, as is similar to the spin coating.

1.3.3 Double-Shot Inkjet Printing Technique

The double-shot inkjet printing (IJP) is a novel concept to use two inkjet printheads

and to deposit two kinds of microdroplets at the same positions on the substrate

surfaces. It was recently reported that when antisolvent crystallization, i.e., a binary

liquid mixture of a material solution and an antisolvent, is incorporated into an IJP-

based microdroplet process, it becomes possible to manufacture highly uniform thin

films as precipitates, where the coffee-ring effect can be eliminated. The scheme of

double-shot inkjet printing technique is presented in Fig. 1.22. In the process, an

antisolvent microdroplet is first deposited by the inkjet head on substrates, and then

the semiconductor solution microdroplet is over-deposited at the same position by

the other inkjet head, to form mixed sessile droplets on the substrate surfaces. In the

mixed droplets, the semiconductor layer is first formed and then is dried by

evaporating solvent after several minutes. Finally, the uniform crystalline semicon-

ductor layer with uniform thickness of about 200 nm is formed over the area, if the

suitable semiconductor material is utilized.

It was expected that the use of antisolvent crystallization could separate the time

of occurrence of the solute crystallization and the solvent evaporation [53]. How-

ever, as it will be shown later, the semiconductor thin films grew at the whole area

over the liquid–air interfaces of the mixed droplets. This feature is in striking

contrast to conventional macroscopic antisolvent crystallization that produces a

large mass of microcrystals due to rapid turbulent mixing inside the liquids. It is
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thus quite likely that the chemically different binary microdroplet will exhibit

unique mixing phenomena essentially different from macroscale fluids [54], as

described below. Furthermore, the use of drop-on-demand process which is unique

to the inkjet printing process allows us to control the crystal growth and to form

single-crystalline thin films.

1.3.3.1 Mixing Process of Chemically Different Microdroplets

It has been frequently pointed out that microfluids present distinct dynamical

characteristics that are different from those of macroscale fluids. For example, it is

difficult to mix two kinds of microfluids rapidly inside microchannels [55, 56]. This

feature has been discussed in terms of the low Reynolds number of the fluid flow in

microchannels, which causes laminar flow to dominate over turbulent flow. Another

unique characteristic of microfluids is that the surface (or interfacial) tension becomes

predominant because it is primarily attributed to the high surface-area-to-volume

Fig. 1.22 Schematic for producing semiconductor single-crystal thin films by the double-shot

inkjet printing technique (upper). Micrographs for single-crystal thin-film arrays produced by

double-shot IJP technique (lower) [41]
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ratio of microfluids. Specifically, microdroplets that have free liquid–gas interfaces

may exhibit more diversified dynamics in terms of the surface transformation than

those confined within microchannels. It is thus expected that the mixing dynamics of

the microdroplets should be considerably affected by the difference in surface tension

between the mixed liquids. However, the dynamic nature of mixing binary

microdroplets on solid surfaces has not been extensively studied so far.

We found that the mixing process between microdroplets is predominated by the

difference of surface tension between liquids, the feature of which is much different

from the mixing of macroscale fluids that is accompanied by turbulent flow.

Particularly, the over-deposited microdroplets whose surface tension is lower

than the sessile droplet rapidly cover the entire surface of the sessile droplet, as

presented in Fig. 1.23. This is a type of Marangoni effect whose surface flow along

the droplet surface is driven by the surface tension gradient. Therefore, it is possible

to form thin semiconductor solution layer on top of the antisolvent droplet surface

by the use of suitable combination of solvents. Then the solvent molecules are

slowly diffused and mixed in the droplet, which contribute to the layered self-

organization of the semiconductor molecules within the thin solution layer and thus

to form the uniform crystalline films.

Fig. 1.23 Schematic for the microdroplet mixing process in the double-shot IJP process (left) and
time-lapse micrographs of the droplets after the deposition of semiconductor solution microdroplet

on top of the antisolvent sessile droplet. It is observed that the over-deposited microdroplet rapidly

covers the entire surface of the sessile droplet, and the thin films are grown (Reproduced from

ref. [54] by permission of John Wiley & Sons Ltd)

1 Physics of Organic Field-Effect Transistors and the Materials 33



1.3.3.2 Single-Crystalline-Domain Formation

The “drop-on-demand (DOD)” feature, which means to allocate and deposit

required volume of functional ink at a predefined position, is unique to the inkjet

printing technology. If the nucleus is randomly generated at the surface of mixed

microdroplets, the films are obtained as polycrystalline films. In contrast, it is found

that the DOD function is also useful to form suitable concentration gradient within

the droplet, which allows to control the nucleus generation and thus to grow single-

domain crystal. Particularly, the single-domain formation should be advantageous

to improve the device characteristics, because the domain boundaries between the

grains are eliminated. We found that the single-domain formation is possible over

the films by a tactic design of the droplet shape of the deposited sessile droplet by

the surface modification of the substrate.

For the single-domain formation, we first controlled the droplet shape by hydro-

philic/hydrophobic surface modification of substrates. The surface modification on

silicon dioxide surface is conducted by the combination of the hydrophobization

(formation of SiO-Si(CH2)5CH3) with hexamethyldisilazane (HMDS) and the

partial silanol (SiOH) formation by UV/ozone treatment. It was found that the

droplet-shape formation of rectangular hydrophilic area with the necked region, as

depicted in Fig. 1.22, is effective to produce concentration gradient and to control

the growth direction of the films: When we deposit semiconductor ink at the head

region beyond the neck part, a part with semiconductor ink with high concentration

is formed which accelerates the formation of nucleus.

1.3.3.3 Thin-Film Characteristics

Here we present examples for the double-shot IJP process. We used 2,7-dioctyl[1]-

benzothieno[3,2-b][1]benzothiophene (denoted as diC8BTBT) as the solute organic

semiconductors that has high degree of layered crystallinity [57–59]. We used 1-

mM solution of diC8BTBT in 1,2-dichlorobenzene (DCB) as the over-deposited

microdroplet and N,N-dimethylformamide (DMF) as the antisolvent sessile droplet.

Note that the process temperature for producing the single-crystal thin films and the

subsequent devices is below 30 �C.
The obtained thin film is 30�100 nm in thickness, depending on the printing

condition such as ink concentration, and is quite high uniform to exhibit molecularly

flat surfaces. The synchrotron x-ray study was performed for the films, and it was

found that all the diffractions were observed as clear spots (Fig. 1.24). The result

clearly indicates the high crystallinity of the films. The refined unit cell based on the

analyses of the observed Bragg diffractions is also consistent with that of

diC8BTBT. Additionally, the films were also investigated by a crossed-nicols

microscope that is suitable for the observation of anisotropic crystals. It was found

that the color of almost the entire film changes from bright to dark, simultaneously,

on rotating the film about an axis perpendicular to the substrate (Fig. 1.25).
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The results imply the single-domain nature of the whole semiconductor thin films.

Furthermore, stripe-like features with intervals of several micrometers to several

tens of micrometers were observed in the ordinary optical microscope images of the

films (Fig. 1.26). In the atomic-force microscope image, the similar stripe-like

features are observed, and are found to correspond to the step-and-terrace structure

with step height of 2.3�2.8 nm. The stripes are associated with the molecular step in

diC8BTBT and can be ascribed to the step-and-terrace structure that is characteristic

of the semiconductor single-crystal thin films.

Field-effect transistors were fabricated with the organic semiconductor single-

crystal thin films by forming source and drain electrodes (Au) and the gate

dielectric layer (organic polymer film). The mobility of the device in the saturation

regime reaches 16.4 cm2/Vs on average. The on/off current ratio is 105� 107, and

the subthreshold slope was about 2 V per decade with a threshold voltage of about

10 V. As presented above, the double-shot inkjet printing technique is quite useful

for manufacturing organic semiconductor thin films with highly uniformity and

with considerably improved performance in the TFTs, having been the main

challenge in the printed electronics technology.

Fig. 1.24 Right: x-ray oscillation photographs of the organic semiconductor single-crystal thin films.

Out-of-plane (upper) and in-plane diffractions (lower). Left: crystal structure of diC8BTBT [41]

Fig. 1.25 Crossed-nicols polarized micrographs (left) and polarized optical absorption spectra

with polarization parallel to the a- and b-axes (right) in the inkjet-printed single-crystal film of

diC8BTBT [41]
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1.3.4 Push-Coating Technique

As discussed in Sec. 3-2, the spin-coating technique is widely utilized for the

production of plain thin films of organic semiconductors. There are many problems,

however, in the spin-coating technique, with regard to the large material loss and

limited controllability for the thin film growth. For example, it is known that

crystallinity of organic semiconductors can be improved by the use of highly

hydrophobic substrates or the use of high-boiling point solvent, whereby the device

characteristics can be improved [60–62]. However, it is quite difficult by spin

coating to form uniform thin films with use of such a substrate or solvent, as most

of the material will be lost.

We have developed a “push-coating technique,” as an alternative, which uses

viscoelastic silicone stamp using polydimethylsiloxane (PDMS) to spread polymer

solution on the substrate and subsequently to absorb solvent slowly from the thin

solution layer. Figure 1.27 shows the schematic of the process. First, we deposit a

tiny amount of polymer semiconductor solution on the substrate and then press a

viscoelastic stamp on to spread the solution, by which the uniform thin solution

layer is formed between the stamp and the substrate. Subsequently, thin solid film is

formed by extracting solvent with the stamp. Finally, the stamp is peeled off from

the film. The uniform thin-film formation process is quite similar with the spin-

coating technique, in terms of the thin solution layer formation and subsequent

extraction of solvent. The feature is quite fitted to the organic semiconductors that

have high degree of the layered crystallinity.

In the lower part of Fig. 1.27, we present an example of the obtained plain

organic semiconductor films by the push-coating technique; the typical polymer

semiconductor, poly-3-hexylthiophene (P3HT), is used to form films on highly

hydrophobic silicon substrate whose surface (water contact angle is 110�) is treated
with a silane-coupling agent. Although the high-boiling point solvent (1,2,4-

trichlorobenzene with boiling point at 214 �C) is used, uniform thin films can be

manufactured with eliminating the material loss. It takes about a few minutes to

Fig. 1.26 Optical micrograph (left) and atomic-force microscopy image (right) showing the step-
and-terrace structure on the organic semiconductor single-crystal thin film of diC8BTBT [41]
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absorb solvent from the solution layer. As the absorbing velocity of the solvent is

slower than the spreading velocity of the solution, it was easy to form larger-area

films.

It was advantageous to use the stamp with trilayer structure which is composed

of PDMS both-sided surface layer and solvent-resistant fluorinated silicone layer.

There are two advantages in the use of the stamp with the trilayer structure. The first

one is the shape stability of the stamp. If the single-layer PDMS is used, the stamp

will be easily deformed by the solvent absorption, so that it is not easy to form

uniform thin solution layer. In contrast, the stamp with trilayer structure is not

deformed against the solvent absorption. In addition, the repeated use of the stamp

is also possible after the solvent extraction due to such shape stability. The second

advantage is that the stamp can be easily detached from the film. As the solvent

retains within the PDMS stamp for a long period of time, the semiwet nature is

retained at the stamp surface during the film formation. As a result, adhering force

between the film and stamp is always weaker than that between the film and

substrate. Therefore, it is possible to detach the stamp with all the films left on

the substrate.

Various types of patterning method are applicable in the push-coating technique,

as it can form thin films on any substrate surfaces. In Fig. 1.28, we show an example

Fig. 1.27 Schematic of the film production process by the push-coating technique (upper). P3HT
film produced by the push-coating technique on highly hydrophobic surface (lower left) and water
contact angle on the substrate surface (lower right) [42]

1 Physics of Organic Field-Effect Transistors and the Materials 37



for the thin-film patterning with use of the inverse printing method. First we

fabricated polymer semiconductor films on a silicone blanket. When we heat the

stamp at 35 �C, by which the solvent-absorbing capability of the stamp is higher than

that of the blanket, all the films are left on the blanket, after the stamp is peeled off.

Next we remove the unnecessary part of the film by attaching the molded glass plate.

The films left on the blanket can be then transferred even to the substrate with any

highly hydrophobic surface, and as a result, high-resolution pattern film is obtained.

Additionally, it is possible to use high-boiling point solvent in the push-coating

technique, so that the temperature and duration for the film growth can be widely

controlled. In Fig. 1.29, we show the intensity profile of (100) diffraction peak as

measured, where the 1,2,4-trichlorobenzene is used to grow the P3HT films

at various temperatures. By the increase of temperature for the film growth, it is

seen that the diffraction profile is narrowed. From the analyses of the peak profile,

Fig. 1.28 Negative image patterning process for a push-coated film [42]

Fig. 1.29 Peak profiles of the x-ray diffractions for the films processed at different conditions [42]
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interlayer distance is distributed (1.34�1.39 nm) in the spin-coated films, while the

interlayer distance of the films fabricated at 150 �C is uniform at 1.34 nm. It means

that the high-temperature process is quite effective to improve the structural order

between the polymer chains. With use of the push-coated films, we fabricated

bottom gate/bottom contact OTFTs. We used silicon dioxide as gate dielectric

layer and gold film as the source/drain electrode (with channel length at

5�100 μm and width at 5 μm). As a result, the OTFTs based on the push-coated

films exhibit mobility (0.5 cm2/Vs) about one order higher than the OTFTs based on

the spin-coated films.

1.3.5 Short Summary and Outlook

The flatness and uniformity of the semiconductor layers at atomic or molecular

level are the key factors to obtain excellent device performance in the semicon-

ductor devices. In order to realize such a semiconductor layer by printing technol-

ogy, we have introduced double-shot inkjet printing technique and push-coating

technique, both of which are designed to promote self-organization of semiconduc-

tor molecules to form layered crystals. Especially, the formation of thin semicon-

ductor solution layer and the subsequent uniform evaporation solvent from the

solution layer are the key factors for the uniform thin-film formation. In order to

realize the printed electronics technology, it would be further necessary to establish

the basic understanding of the microdroplet-based device process, to design of

molecules with higher degree of molecular ordering, and to sophisticate the printing

process. By these studies, we consider that the semiconductor device performance

should be more improved. Furthermore, in order to realize the printed electronics, it

would be also necessary to develop print production technology for metal wires and

insulator layers in addition to the semiconductor layers. For this, the development

of printing technology that takes advantage of the material characteristics should be

utmost important. In this meaning, it becomes more and more important to utilize

the outcome of molecular nanotechnology that has been studied, for a couple of

these decades, to promote the self-organization of molecules, nanometal inks that

disperse metal nanoparticles, or surface chemical modification with use of surfac-

tant molecules to manipulate microdroplets.
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Chapter 2

Organic Light-Emitting Diodes (OLEDs):
Materials, Photophysics, and Device Physics

Chihaya Adachi, Saeyoun Lee, Tetsuya Nakagawa, Katsuyuki Shizu,

Kenichi Goushi, Takuma Yasuda, and William J. Potscavage Jr.

Abstract Currently, organic light-emitting diodes (OLEDs) have reached the stage

of commercialization, and there has been an intense drive to use them in various

applications from small- and medium-sized mobile devices to illumination equip-

ment and large television screens. In particular, room-temperature phosphorescent

materials have become core OLED components as alternatives to conventionally

used fluorescent materials because devices made with phosphorescent materials

exhibit excellent light-emitting performance with internal electroluminescence

efficiencies (ηint) of nearly 100 %. However, phosphorescent materials have several

intrinsic problems, such as being limited to metal–organic compounds containing

rare metals, for example, Ir, Pt, Au, and Os, and difficulty in realizing stable blue

light emission. As a result, researchers have attempted to develop new materials for

use as emissive dopants in OLEDs that overcome these limitations. In this chapter,

first we briefly review the progress of OLED materials and device architectures

mainly based on fluorescent (first-generation) and phosphorescent (second-

generation) emitters. Then, we discuss third-generation OLEDs that use a new

light-emitting mechanism called thermally activated delayed fluorescence

(TADF). Recently, highly efficient TADF, which had been difficult to realize

with conventional molecular design, has been achieved by very sophisticated

molecular structures, allowing access to the unlimited freedom of molecular design

using carbon-based materials. This has led to the production of ultimate OLEDs

that are made of common organic compounds without precious metals and can

convert electricity to light at ηint of nearly 100 %.
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2.1 Introduction

Materials can be classified into three groups in terms of electrical conductivity:

insulators, semiconductors, and metals. In general, organic molecules composed of

carbon skeletons act as insulators, as exemplified by plastics. However, very

different conductivity can be obtained by forming an ultrathin film (approximately

0.1 μm thick) of such insulating organic molecules. When an organic thin film is

sandwiched between two electrodes and a voltage of approximately 10 V is applied,

electrons and holes are injected from the cathode and anode, respectively, into the

film by overcoming the energy barriers at the corresponding interfaces. These

injected carriers hop toward the opposite electrode, following the electric potential

gradient. When an electron and hole recombine at a molecule, an excited state,

namely, a molecular exciton, is induced. Photons are emitted when the excited state

relaxes to the ground state. This entire process is called organic electrolumines-

cence (EL). Because their emission mechanism is similar to that of inorganic light-

emitting diodes (LEDs), devices that emit organic EL are widely known as organic

LEDs (OLEDs). The ultrathin-film architecture of OLEDs means that a high

electric field of over 106 V/cm can be applied to the organic thin film. Under

such extreme conditions, carriers are injected from the electrodes into the organic

thin film and can easily hop between molecules. Thus, unprecedented high current

injection and transport can be realized in this case, even though the organic thin film

behaves as a complete insulator under low electrical fields of <103 V/cm.

In 1950, Japanese scientists Inokuchi and Akamatsu [1], who demonstrated the

doping of donors and acceptors into organic solids based on a similar idea in

inorganic semiconductors, first discovered electrical conduction in organic mate-

rials and established the category of organic semiconductors (Fig. 2.1). In 1965,

clear EL was confirmed from a single crystal of anthracene by Helfrich and

Schneider [2]. They also carried out pioneering research on liquid crystals, devel-

oping twisted nematic liquid crystals. At that time, scientists discussed whether

OLEDs or liquid crystals were more suitable for display devices, as can be seen in

the literature of the time. Eventually, liquid crystals were chosen as the main

research focus for targeting practical display devices, and the target of research

on OLEDs shifted from single crystals to ultrathin films in an attempt to realize

low-voltage operation. Because the initial OLEDs used single crystals with a

thickness of a few millimeters, they required a few thousand volts to emit light

and thus were thought to be far from commercialization. After almost 50 years of

development focusing on novel organic molecules and device architectures,

OLEDs have now reached the stage of commercialization, albeit 20 years behind

the commercialization of liquid crystals. In particular, the research and develop-

ment of OLEDs has rapidly accelerated since 1990, and their practical application
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has leaned toward small display devices, such as mobile phones and MP3 players,

and flat-panel TV screens since 2000. In this span, it has been undoubtedly

confirmed that electric charges can transport between adjacent molecules through

suitable π-electron orbitals under a high electric field; consequently, thin films of

organic molecules can be used as semiconductor thin films. Such unique organic

semiconductor behavior has been established through the development of OLEDs

and has led to the emergence of novel semiconductors.

Organic photoconductor (OPC) units in the xerographic process were the first

commercialized electronic devices using organic semiconductors and are the heart

of copiers and laser printers used daily in homes and offices. When the charged

layer formed on the surface of an OPC is irradiated with light, current flows through

the organic semiconductor layer to form a latent image. OPCs have now become a

main component of the printing industry as a result of the dramatic spread of laser

printers and copiers. In fact, the organic molecules currently used in OLEDs are an

extension of the materials developed for OPCs. Also we note that the progress of

conducting polymers has considerably influenced the research and development of

OLEDs from the perspectives of both materials and device design. Since the early

2000 20101960 2020

Conductive polymers

1990

OLED TV

OLED mobile
devices

Emergence of 
organic semiconductors

Organic photo-
conductors Organic light 

emitting diodes

OLED lighting 

OLED
flexible devices

OLED
large area 

display

Fig. 2.1 History of research and development of organic semiconductors. The concept of organic

semiconductors was established in the 1950s and 1960s. The research fields of conductive poly-

mers and OPCs were established in the 1970s and 1980s. The full-scale research and development

of organic electronic devices actively using a current density in the order of mA/cm2 started from

the 1980s. Since then, extensive research and development of OLEDs, OSCs, organic transistors,

and organic memories has been carried out, from basic research to practical application. Organic

semiconductors are expected to be applied to bioelectronics in the future

2 Organic Light-Emitting Diodes (OLEDs): Materials, Photophysics, and Device. . . 45



1990s, various molecular skeletons for carrier transport of both holes and electrons

have been designed and synthesized based on the molecular design for OPCs. Also

in the 1990s, a wide variety of fluorescent molecules for use as emitters and their

optimum device architectures were developed, while phosphorescent emitters and

their device architectures have been in development since around 2000. In partic-

ular, we stress that electron transport materials are a major point in the development

of OLED materials, because until around 2000, almost all organic semiconductors

used for OPCs were hole-transport materials, and few electron transport materials

had been identified. Thus, the molecular design for organic materials that conduct

electrons was established through research on OLEDs [3]. On the basis of research

achievements regarding OLEDs, a wide range of research and development of next-

generation organic devices, such as organic solar cells (OSCs), organic transistors,

organic memories, and organic semiconductor lasers, is now ongoing, and these

technologies will be connected to future bioelectronics.

We note that in the history of research on the aforementioned organic optoelec-

tronics, OLEDs were the first devices based on organic thin films capable of being

operated at current densities as low mA/cm2 levels and are considered to be the core

organic optoelectronic devices realized by using organic molecules as active semi-

conductors. Since 2000, organic electronics has become not only an independent

academic field but also an established industry and is beginning to gain market

value. The new organic semiconductor materials, device physics, and device

engineering developed in relation to OLEDs have been applied to produce novel

next-generation devices. Thus, a new industrial field of electronics has evolved.

2.2 Basics of Organic Light-Emitting Diodes (OLEDs)

In this section, the recent progress in OLED device architectures, organic fluores-

cent and phosphorescent materials, roll-off characteristics of external quantum

efficiency (ηext) of OLEDs, white OLEDs, and solution processing is introduced.

2.2.1 Progress of Device Structures

In OLEDs, excitons can be formed by the recombination of holes and electrons. The

excitons can lose their energy through a radiative decay process in an emitting layer

(EML). In an EL process, recombined holes and electrons generate excitons with

four different spin combinations of one singlet (antiparallel spins) and three triplets

(parallel spins). Therefore, statistically, 25 % of the formed excitons are singlets

and 75 % are triplets, the relaxation of which results in the different radiative decay

processes of fluorescence and phosphorescence, respectively. The fundamental

structure of OLEDs that allows carrier flow is shown in Fig. 2.2. Holes are injected
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into the hole conduction level (Ev) and electrons are injected into the electron

conduction level (Ec) from the anode and cathode, respectively. We call this

phenomenon carrier injection. Holes and electrons are successively transported

through a hole-transport layer (HTL) and an electron-transport layer (ETL), respec-

tively. In addition, on the anode side, a hole-injection layer (HIL), which has a

small energy gap with respect to both the work function of the anode layer and Ev of

the HTL and thus facilitates the injection of holes, is often included. In a similar

manner, on the cathode side, an electron-injection layer (EIL) with an intermediate

Ec between that of the ETL and the work function of the cathode layer has been

introduced for effective electron injection and transport. This multilayer structure

can improve the carrier injection and transport efficiencies of OLEDs, resulting in

the enhancement of the recombination of holes and electrons in an EML at lower

driving voltage. Furthermore, electron- and hole-blocking layers (EBL and HBL,

respectively) are also widely included in OLEDs to improve the charge balance of

holes and electrons and confinement of excitons by preventing the leakage of

charge carriers and excitons from the EML to adjacent layers. Thus, present high-

performance OLEDs are composed of multiple layers.

The very first report on EL can be traced to Bernanose’s observation of EL from

organic dye-containing polymer thin films when applying a high alternating current

(AC) voltage in 1950. In 1965, blue EL was observed from an anthracene single

crystal by applying a rather high voltage of over 1000 V [4]. It should be noted that

the recombination of holes and electrons was found to result in the direct generation

of both singlet and triplet excitons [5]. In the 1980s, a wide variety of thin-film

device architectures were examined, and OLEDs based on a thin film of anthracene

fabricated by vacuum deposition were shown to emit light at a low voltage of 12 V

Fig. 2.2 Operating mechanism of OLEDs (HIL hole-injection layer, HTL hole-transport layer,

EBL electron-blocking layer, EML emitting layer, ETL electron-transport layer, HBL hole-

blocking layer, EIL electron-injection layer)
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[6]. Advanced studies on multilayer OLEDs were reported by Tang et al. in 1987

[7]. An OLED using tris(8-quinolinolato)aluminum(III) (Alq3) and aromatic

amines as an ETL (EML) and HTL, respectively, and Mg:Ag as a cathode,

exhibited a high luminance of 1000 cd A�1 at 10 V and ηext of nearly 1 %

(Fig. 2.3). In successive work, by doping the EML with dicyanomethylene and

coumarin, the emission color was finely controlled and ηext was more than doubled

[8]. At the same time, the concept of an ETL that confined charge carriers

and molecular excitons was confirmed by using novel electron transport materials

[3, 9].

In addition, not only small molecules but also polymers are being used in thin-

film OLEDs. In an early study using poly(vinylcarbazole) (PVCz) as a host

material, light emission by EL was confirmed [10]. In the 1990s, Burroughes

reported polymer OLEDs containing poly( p-phenylene vinylene) (PPV) as an

EML [11]. After that, luminescent polymer materials including polyphenylenes

and polythiophenes have been actively developed.

In 1997, the first commercial application of OLEDs in a car radio system was

realized. At present, OLEDs are widely used in mobile phones, tablet computers,

lighting, and televisions. Since the first reports of OLEDs, a wide variety of organic

semiconducting and luminescent materials, probably over one hundred thousand,

have been designed and synthesized.

2.2.2 Luminescence Mechanisms of Organic Molecules
and Solid Films

The luminescence phenomenon of organic materials when they are excited by a light

source can be explained by the following photophysical interpretation. The absorp-

tion of a photon in an organic material causes an electron to be excited from its

ground state (S0) to a singlet excited state (S1). After photoexcitation, the excited

electron loses its energy through photoluminescence (PL), intermolecular energy

transfer, intramolecular energy transfer, isomerization, or dissociation (Fig. 2.4) [12].

Organic luminescent materials can be characterized by their absolute PL quantum

efficiency (ΦPL), which is defined as the ratio of photons emitted to photons absorbed

Fig. 2.3 (a) Device structure of a double-layered OLED reported by Tang et al. (b) Molecular

structures of tris(8-quinolinolato)aluminum(III) (Alq3) as an emitter and 4,40-cyclohexylidenebis
[N,N-bis(4-methylphenyl)benzenamine] (TAPC) as a hole-transport layer
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by the molecules, transient lifetime (τ), and emission spectrum. The occurrence of

nonradiative decay decreases both ΦPL and τ. The luminescence from organic

materials can be more specifically described as fluorescence or phosphorescence.

These two emission processes can be distinguished by τ. While τ for fluorescence

ranges from 10�9 to 10�8 s, τ for phosphorescence is much longer and ranges from

10�6 to 102 s (Table 2.1). In the case of fluorescence, excited electrons relax directly

from S1 to S0 to emit light (Eq. 2.1). In contrast, phosphorescence occurs from a triplet

excited state (T1), which is formed by intersystem crossing (ISC) from S1 (Eq. 2.2).

Because phosphorescence is a spin-forbidden process, its τ is usually longer than that
of fluorescence.

Fluorescenceð Þ S0 þ hvex ! S1 ! S0 þ hvem ð2:1Þ
Phosphorescenceð Þ S0 þ hvex ! S1 ! T1 ! S0 þ hvem ð2:2Þ

Fig. 2.4 Relaxation routes of optically excited organic molecules

Table 2.1 Transition times of absorption, internal conversion, intersystem crossing, fluorescence,

phosphorescence, and thermally activated delayed fluorescence (TADF)

Transition time

Absorption 10�15 s

Internal conversion 10�15 s – 10�10 s

Fluorescence 10�9 s – 10�5 s

Intersystem crossing 10�8 s – 10�5 s

Phosphorescence 10�6 s – 102 s

TADF 10�6 s – 10�2 s
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When luminescence is produced by electrical excitation, i.e., EL, rather than by

exposure to light, it can again originate from both fluorescence and phosphores-

cence (Fig. 2.5). Fluorescent OLEDs emit through the radiative relaxation of singlet

excitons, while the emission of phosphorescent OLEDs originates from triplet

excitons. Because of the 1:3 branching ratio of singlet and triplet excitons under

electrical excitation mentioned earlier [12], the production efficiency of singlet

excitons is limited to just 25 %. In contrast, phosphorescent OLEDs can utilize both

singlet and triplet excitons for phosphorescent emission by taking advantage of the

ISC of nearly 100 % in metal complexes, which means that nearly 100 % of

electrogenerated excitons can be harvested for EL. Here, ηext of OLEDs is given
by the following equation:

ηext ¼ ηint � ηout ¼ γ � ηST � ΦPL � ηout, ð2:3Þ

where γ is the charge balance factor, ηST is exciton production efficiency, ηint is
internal quantum efficiency, and ηout is light out-coupling efficiency (Fig. 2.6). To

maximize ηext, all of these factors should be nearly 100 %. A high γ can be attained
by the construction of appropriate multilayer structures [8, 13]. High ΦPL can be

achieved by using emissive materials that suppress nonradiative recombination, and

these materials are often doped into a host layer with a wide energy gap to minimize

the concentration quenching of excitons that usually occurs at high concentrations.

In the case of fluorescence-based OLEDs, the maximum ηext is limited to 5 %

assuming an ηout of 20 %, because of optical reflection and loss in organic layers

[14]. Meanwhile, phosphorescent OLEDs can utilize both singlet and triplet exci-

tons for emission, allowing ηST and ηext to reach 100 % and 20 %, respectively [15].

Fig. 2.5 Jablonski diagram of electronic transitions for fluorescence (S1–S0) and phosphorescence
(T1–S0) after recombination of holes and electrons
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However, we note that the rather long τ of phosphorescence leads to strong

nonradiative exciton annihilation, resulting in roll-off of ηext at high current

density [16].

In OLEDs, it has been well established that the use of guest–host (doping)

systems substantially enhances ηext. Because most neat films of emitter molecules

show rather strong concentration quenching, emissive materials are usually doped

in a host matrix at very low concentration; i.e., typically 1–2 %. In a guest–host

system, there are two kinds of energy transfer mechanisms from host (exciton

donor) to guest (exciton acceptor): F€orster and Dexter energy transfer processes

(Fig. 2.7) [17, 18]. In OLEDs, both F€orster and Dexter processes contribute to

energy transfer between the host and guest molecules because both singlet and

triplet excitons are formed in host and guest molecules under electrical excitation.

F€orster energy transfer is a long-range (up to ~10 nm) dipole–dipole coupling

interaction between host and guest molecules [19]. F€orster energy transfer is only

allowed between singlet states of a host and guest because only transitions between

states with the same spin multiplicity are allowed, whereas those between singlet

and triplet states with different spin multiplicity are forbidden. The rate constant of

F€orster energy transfer for a guest–host system is given by the following equation:

kFET ¼ kH
R0

RHG

� �6

, ð2:4Þ

where kH is the rate of radiative decay of the host, RHG is the separation between the

host and guest molecules, and R0 is the F€orster transfer radius. R0 can be calculated

as follows:

Fig. 2.6 Schematic representation of OLED processes: charge carrier recombination, production

of molecular excitons; internal emissions of fluorescence, phosphorescence, and delayed fluores-

cence; and external emission
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R6
0 ¼

9000κ2ln10φH

128π5n4NA

ð1
0

FHðλÞεGðλÞdλ, ð2:5Þ

where κ is an orientation factor, φH isΦPL of the host, n is the refractive intensity of the
medium, NA is the Avogadro constant, FH (λ) is normalized host PL intensity, εG(λ) is
the molar absorption coefficient of the guest, and λ is wavelength. From these

equations, the rate constant of F€orster energy transfer can be determined using the

fluorescence spectrum of the host and absorption spectrum of the guest. To increase

the F€orster rate constant, a large overlap of host emission and guest absorption spectra,

large εG(λ), and small distance between host and guest molecules are required.

Dexter energy transfer is a short-range (up to ~1 nm) intermolecular electron

exchange process from host to guest. Dexter energy transfer is allowed between

host and guest singlet states and host and guest triplet states. The rate constant of

Dexter energy transfer is given by the following equation:

Fig. 2.7 Schematic diagrams showing (a) F€orster and (b) Dexter energy transfer
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kDEX ¼ 2π

h

� �
κ2exp

�2RHG

L

� � ð1
0

FHðλÞεGðλÞdλ, ð2:6Þ

where RHG is the distance between host and guest molecules and L is the sum of the

van der Waals radii of the two molecules. The rate constant of Dexter energy

transfer strongly depends on the distance between the host and guest molecules and

is also affected by the overlap between FH (λ) and εG(λ). Therefore, not only the PL
decay processes in a single molecule but also the energy transfer processes in

emitter layers should be taken into account to maximize OLED performance.

2.2.3 Efficiency Roll-Off in OLEDs

Roll-off of ηext, which is a decrease in efficiency with an increase of current density,
has been widely observed in OLEDs. To realize high-performance OLEDs in

displays and lighting sources, high brightness with low roll-off must be achieved.

Roll-off characteristics can be described using the critical current density (J50%), at
which ηext decreases to 50 % of its maximum value [16].

Figure 2.8 illustrates exciton annihilation processes that lead to roll-off. For

instance, polaron–exciton and exciton–exciton annihilation, field-induced

quenching, charge carrier imbalance, Joule heating, and degradation can all affect

ηext [20]. The most relevant roll-off process in phosphorescent OLEDs is triplet–

triplet annihilation (TTA) because of the long τ of phosphorescence emission and

the high density of triplet excitons [21]. Shortening the distance between dopant

molecules in a guest–host system can further decrease TTA [22]. The process of

TTA can be characterized by the following equations:

4ð3M∗ þ 3M∗Þ ! 1M∗ þ 3ð3M∗Þ þ 4M, ð2:7Þ
d½3M∗�

dt
¼ � ½3M∗�

τ
� kq

2
½3M∗�2 þ J

qd
ð2:8Þ

η50%
η0

¼ J50%
4J

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 8

J

J50%

s
� 1

" #
ð2:9Þ

where 3M*, 1M*, and M refer to molecules in triplet excited, singlet excited, and

ground states, respectively, [3M*] is triplet exciton density, d is the width of the

recombination zone, kq is the rate constant of TTA, q is the fundamental electric

charge, J is current density, and η0 is maximum ηext.
Among the processes that contribute to roll-off in OLEDs, singlet–singlet

annihilation (SSA) has been observed in anthracene crystals and affects the density

and lifetime of singlet excitons [23]. Singlet–triplet annihilation (STA) usually
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occurs at high concentrations of guest doping and high current densities exceeding

100 mA cm�2 [24]. Polarons can also interact with both singlet and triplet excitons,

leading to exciton–polaron annihilation. Triplet–polaron annihilation (TPA) occurs

in both fluorescent and phosphorescent OLEDs because of the long lifetime of

triplet excited states. Holes generally lead to stronger TPA than electrons. Singlet–

polaron annihilation (SPA) is of great concern in organic lasers, where very high

current densities are used [25].

To suppress roll-off and achieve high brightness in OLEDs, it is crucial to

decrease the local exciton density. This may be achieved by decreasing the lifetime

of luminescent excitons [26], reducing molecular aggregation [27], and broadening

the recombination zone [28]. Moreover, minimizing the spectral overlap between

emission and polaron absorption can decrease polaron annihilation [25].

2.2.4 White OLEDs

White OLEDs (WOLEDs) are receiving great attention and being developed as the

next generation of solid-state light sources. However, the low brightness, suboptimal

Fig. 2.8 Schematic illustration of processes leading to roll-off in OLEDs (SPA singlet–polaron

annihilation, TPA triplet–polaron annihilation, SSA singlet–singlet annihilation, TTA triplet–triplet

annihilation, STA singlet–triplet annihilation)
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device stability, and expensive manufacturing cost of WOLEDs currently limit their

use. To overcome these disadvantages, many researchers have been attempting to

develop effective emitter molecules and optimized device structures.

White emission is obtained when the emission spectrum covers the wide visible

region from 400 to 800 nm. Typically, emissive molecules exhibit narrow emission

with a width of 50–100 nm that can be recognized as colors such as red (R), green

(G), and blue (B). To realize white emission, different colors of emission should be

mixed to produce a broad emission spectrum, for example, by combining red,

green, and blue emission or blue and orange emission. The combination of emission

can be controlled by various device structures to give highly efficient white

emission (Fig. 2.9) [29, 30].

The simplest method to obtain white emission is by blending emitters with

different emission colors in a single layer. The first single-layer WOLEDs were

fabricated by blending PVCz with orange, green, and blue dyes using solution

processing [31]. Subsequently, WOLEDs were produced by vacuum deposition of a

blend of three kinds of phosphorescent emitters [32]. WOLEDs with a multilayer

device structure have also been fabricated [33, 34]. In this device structure, excitons

Fig. 2.9 Schematic illustration of the structure of white OLEDs (WOLEDs). (a) Single layer, (b)
multi-RGB layer, (c) multi-RGB layer with interlayer, and (d) RGB side by side
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can be generated in an EML by direct recombination of holes and electrons or by

energy transfer from a neighboring EML. Such multilayer structures exhibit the

best efficiency, spectral coverage, and device lifetime compared to those of other

WOLED architectures. While the emission spectrum of multilayer devices often

depends on the applied driving voltage, this problem can be solved by controlling

the recombination zone and width of the EMLs [35].

The EMLs can be further isolated to reduce their interaction and suppress

brightness-dependent color shifts even at very high operating voltages [36]. In

striped WOLEDs, which is the extreme case of isolated EMLs, white emission

can be generated from monochrome pixels each consisting of an OLED. Striped

WOLEDs generate white emission using independent red-, green-, and blue-

emitting devices. However, the manufacturing process of these types of devices is

rather complicated, which makes them expensive.

2.2.5 Solution-Processed OLEDs

The main methods used to fabricate multilayer OLEDs are thermal evaporation

under high vacuum [7] and solution processing [11]. Thermal evaporation is the

most widely employed method to fabricate efficient, stable OLEDs, even though it

has the disadvantages of complexity and high production cost [37]. Solution-

processing methods such as spin coating [38], ink-jet printing [39], and spray

processing [40] have attracted considerable attention for the fabrication of flexible

and large-area OLEDs because of their simplicity and low cost.

Many phosphorescent polymers and small molecules have been studied as

emitters for highly efficient solution-processed OLEDs. After the first reports of

solution-processed OLEDs using the polymer PPV [11], conjugated polymers

possessing high solubility and good morphology were developed as hosts for

phosphorescent emitters with the aim of producing highly efficient polymer-based

OLEDs [41–43]. However, the long conjugation length of polymers leads to a low

T1 energy level and decreased device efficiency [44, 45]. To solve these problems,

phosphorescent emitters have been dispersed in nonconjugated polymers, resulting

in improved efficiency [46, 47].

Small molecules are mainly used in vacuum thermal evaporation and have the

advantages of high ΦPL and easy purification. For application of small molecules in

solution-processed OLEDs, the problems of low solubility, poor morphology, and

tendency to crystallize should be solved. Newly designed small molecules bearing

alkyl or alkoxy and flexible groups have been developed for use in solution

processes [48, 49]. Rigid molecules such as spirofluorene have been introduced in

core unit to increase the glass transition temperature (Tg), which suppresses crys-

tallization [50]. Using small molecules based on Ir(III) and Pt(II) complexes,

numerous highly efficient solution-processed OLEDs have been reported [51, 52].
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2.2.6 Problems Facing OLEDs

OLEDs have many excellent basic characteristics, such as self-luminescence,

surface luminescence, high flexibility, high resolution, and high EL efficiency.

Through research and development over the past 25 years, some device character-

istics superior to those of liquid crystals have been obtained. However, OLEDs still

have several problems that need to be solved to improve their performance: their

high cost arising from the use of noble metals such as Ir and Pt as emitting

materials, difficulty in achieving stable blue light emission, and low device stability

and high-cost production because of the use of ultrathin organic films with a

thickness of approximately 100 nm. Thus, the potentially excellent device charac-

teristics of organic semiconductors have not yet been fully realized. In addition,

improving the efficiency of light extraction from thin films by introducing photonic

crystals and light scattering techniques has been widely discussed; however, no

decisive solutions have been reached [53]. The greatest challenge facing medium-

and small-sized OLED displays is sufficiently high definition. To achieve this, RGB

coloring with an order of accuracy of 10 μm is required, and an innovative process

must be developed to allow low-cost mass production. Currently, the following five

developments are necessary to obtain next-generation OLEDs: (1) realization of

highly efficient luminescence without using phosphorescent materials, (2) utiliza-

tion of the intrinsic optical and electronic anisotropies of molecules, (3) develop-

ment of an RGB coloring process to achieve high definition, (4) development of

thick-film devices with organic layers thicker than 10 μm, and (5) development of a

low-cost fabrication process.

2.3 Thermally Activated Delayed Fluorescence (TADF)
for OLEDs

2.3.1 Principles of TADF in OLEDs

At present, OLEDs are expected to be practically applied as flat-panel displays and

illumination sources because they have unique characteristics, such as high EL

efficiency and flexibility, and can be processed at low temperatures. To date,

various fluorescent and phosphorescent materials have been developed to improve

the EL efficiency of OLEDs [21, 54, 55]. As a result, highly durable and practically

applicable OLEDs using fluorescent materials have been realized. However, the

internal quantum efficiency (ηint), which is defined as the ratio of the number of

photons produced by EL inside the device (i.e., before out-coupling) to the injected

current (i.e., the number of injected carriers), of fluorescent OLEDs is typically at

most only 25 % because of the limit imposed by the statistics of the electron spin

states formed under electrical excitation [56, 57]. In contrast, OLEDs containing

phosphorescent materials that display luminescence from the triplet state can

achieve ηint¼ 100 % [15]. However, the design of molecules used in such OLEDs
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is greatly limited because the heavy atom effect (spin–orbital interaction) must be

induced, for example, by using rare metals, to realize a highly efficient radiative

transition from a triplet excited state to the ground state.

Researchers have reported several methods to achieve ηint higher than the

theoretical limit of 25 % for OLEDs without using Ir complexes. Specifically, a

method to prepare phosphorescent materials that are free of rare metals [58, 59] and

another to generate singlet excited states by TTA [60] have been reported. For

OLEDs using phosphorescent materials, TTA leads to the deactivation of triplet

excitons and thus decreases the EL quantum efficiency; however, for OLEDs using

fluorescent materials, the concentration of singlet excitons can be increased by

TTA. Delayed fluorescence attributed to TTA was already confirmed from the EL

observed from an anthracene single crystal in the 1960s, indicating that triplet

excitons actively move around and interact in an organic solid thin film. Therefore,

scientists have examined the possibility of generating singlet excitons from TTA to

improve EL efficiency [60]. In actuality, ηext has been reported to exceed its

theoretical limit (5 %) in some OLEDs using fluorescent materials, demonstrating

the potential of TTA to improve device performance as confirmed by transient EL

characteristics. However, the efficiency of generating singlet excitons by TTA is at

most only 37.5 %, so a novel luminescence mechanism is required to exceed this

limit.

Recently, our research group has proposed a method of achieving an ηint of
100 % through up-conversion from the triplet excited state, which is generated with

a probability of 75 % by electrical excitation, to the singlet excited state (Fig. 2.10)

[61]. This method can be used to cause the triplet excited state to contribute to

luminescence without needing rare metals. The method involves the up-conversion

of triplet excitons to singlet excitons using thermal energy and has long been known

as E-type delayed fluorescence in the field of photochemistry, but here we call it

thermally activated delayed fluorescence (TADF). Well-known materials that

exhibit TADF are eosin [62], fullerene [63], and porphyrin [64] derivatives.

Fig. 2.10 Energy alignment of singlet and triplet energy levels to achieve efficient TADF

58 C. Adachi et al.



Although the TADF process was considered to show a low power conversion

efficiency because it is generally an endothermic reaction, recent studies have

revealed that highly efficient delayed fluorescence can be achieved by optimizing

molecular design.

TADF characteristics depend on the probability of reverse intersystem crossing

(RISC) from triplet to singlet excited states (Fig. 2.11). The EL efficiency increases as

the energy difference between the singlet and triplet excited states (ΔEST) decreases.

For example, condensed polycyclic aromatic compounds, such as anthracene,

exhibit very intense fluorescence but are not expected to show efficient TADF

because their ΔEST exceeds 1 eV. In contrast, ketone-based materials, such as

benzophenone derivatives, have a relatively small ΔEST of 0.1–0.2 eV but do not

exhibit intense luminescence at room temperature and only exhibit phosphorescence

at low temperatures [65].

Here, the dominant factor affecting TADF, ΔEST, is examined from the view-

point of quantum chemistry. To obtain TADF with a high conversion efficiency, a

luminescent material needs to possess a small ΔEST between S1 and T1 levels,

which can be realized by having a small orbital overlap between its highest

occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital

(LUMO) [66]. The ΔEST of luminescent molecules can be described by the

following equations:

Fig. 2.11 Jablonski diagram of electronic transitions after recombination of holes and electrons

for TADF. A small energy gap between T1 and S1 substantially promotes up-conversion (RISC)
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ES ¼ EU � ELð Þ þ KLU; ð2:10Þ
ET ¼ EU � ELð Þ � KLU; ð2:11Þ
ΔEST ¼ ES � ET ¼ 2KLU; ð2:12Þ

where EU is a ground level (the highest occupied molecular level, U-level), EL is an

excited level (the lowest unoccupied molecular level, L-level), and KLU is an

exchange energy. Furthermore, KLU is given by the following equation [67]:

KLU ¼
ZZ

φU 1ð ÞφL 2ð Þ 1
r12

φU 2ð ÞφL 1ð Þdτ1τ2 ð2:13Þ

whereφL andφU are the wave functions of the U- and L-level orbitals, respectively,

and r12 is the distance between electron (1) and (2). As shown in Eq. 2.13, KLU is

determined by φL and φU and should generally decrease as their overlap decreases.

Evidence of this relationship can be found in several known materials. A small

ΔEST can be obtained as a consequence of the orthogonal overlap between n and π*
orbitals (Fig. 2.12a). In contrast, π–π* transitions normally possess large ΔEST

because of the parallel overlap between π and π* orbitals (Fig. 2.12b) [68].Thus,

small orbital overlap between the HOMO and LUMO should be necessary for small

Fig. 2.12 (a) n–π* orbital

overlap and (b) π–π* orbital
overlap in benzophenone
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ΔEST. However, a high luminescence efficiency could not be attained in conven-

tional materials with small ΔEST because n–π* characteristics usually cause a small

radiative decay rate (kr). Therefore, the development of new luminescent materials

possessing both small ΔEST and large kr is required to realize highly efficient

TADF.

Here, a relatively large kr is required to obtain high EL efficiency. In the case of

the aforementioned aromatic compounds, however, a large overlap between the

wave functions of the ground and excited states is required. Therefore, it is

necessary to design molecules that exhibit highly efficient EL while maintaining

a small ΔEST. Because a large kr and small ΔEST are conflicting, judicious molec-

ular design is required to realize them simultaneously. We carefully designed and

synthesized a novel molecule that has a small ΔEST and can exhibit highly efficient

EL. Specifically, we designed and synthesized novel compounds that contained

both electron-donating and electron-accepting substituents and successfully created

a luminescent molecule exhibiting an EL efficiency of nearly 100 % while

maintaining a very small ΔEST (<0.2 eV). This molecule allows up-conversion

from the triplet excited state generated upon electrical excitation to the singlet

excited state, enabling highly efficient EL equivalent to that of phosphorescent

devices from the singlet excited state. In particular, an ultimate level of external

efficiency close to 20 % was achieved in the green range (wavelength of 530 nm)

for an OLED with carbazolyl dicyanobenzene (CDCB) as an emitting layer [69]. In

addition, we found that an intrinsically small ΔEST can be achieved in exciplexes,

which are intermolecular complexes, and successfully obtained an ηext higher than
10 % by selecting the optimal materials [70].

In the following sections, we will introduce a method of up-conversion based on

intramolecular charge transfer (ICT) that achieves a high ηint that exceeds its

theoretical limit of 25 % for traditional fluorescent OLEDs, new organic light-

emitting materials suitable for this approach, and the organic EL characteristics of

devices employing these new materials. We will also introduce the concept of an

exciplex system, which is the excited state formed between donor and acceptor

molecules, as an alternative method to improve ηint through up-conversion.

2.3.2 TADF Characteristics of Triazine Derivatives

To develop high-efficiency TADF materials, it is necessary to design molecules

with excellent EL characteristics while maintaining a small ΔEST. Namely, the key

is to design molecules that can simultaneously achieve both large kr and small

ΔEST. Here, the design of molecules that achieve small ΔEST is examined. In

general, the HOMO is distributed in the electron-donating units, whereas the

LUMO is distributed in the electron-accepting units. Therefore, a small ΔEST can

be obtained by introducing electron-donating and electron-accepting groups onto

molecules to decrease the spatial overlap between the HOMO and LUMO. On the
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basis of this direction of molecular design, we designed and synthesized a novel

molecule, 2,4-bis{3-(9H-carbazol-9-yl)-9H-carbazol-9-yl}-6-phenyl-1,3,5-triazine
(CC2TA), in which the acceptor phenyltriazine unit is used as the central skeleton

and donor bicarbazole units are appended to both ends of the skeleton (Fig. 2.13)

[71]. Molecular orbital calculations revealed that the HOMO and LUMO are locally

distributed mainly in the bicarbazole and phenyltriazine units, respectively. As a

result, the molecule successfully showed a very small ΔEST of 0.06 eV. In CC2TA,

the introduction of bicarbazole with a Wurster structure (>N-aryl-N<) as a donor

resulted in a small ΔEST. When a simple carbazole was included as a donor, the

HOMO and LUMO overlapped to some extent, resulting in an increased ΔEST of

0.35 eV.

To evaluate the TADF characteristics of CC2TA, the PL characteristics of a

co-evaporated thin film obtained by dispersing 6 wt% CC2TA in a bis[2-(diphenyl-

phosphino)phenyl]ether oxide (DPEPO) host were measured, as shown in Fig. 2.14.

The triplet energy (ET) of the DPEPO host is 3.1 eV, so triplets in CC2TA

(ET¼ 2.85 eV) can contribute to efficient luminescence without being transferred

to the host. Figure 2.14a shows time-resolved PL spectra (streak images) of the

CC2TA:DPEPO co-evaporated thin film. At room temperature, both prompt (life-

time, τ¼ 27 ns) and delayed (τ¼ 22 μs) PL components were observed in the same

wavelength range. Figure 2.14b shows the temperature dependence of the transient

PL waveform. The intensity of the delayed PL component markedly increases with

increasing temperature. This result suggests that RISC from triplet to singlet excited

Fig. 2.13 Molecular structure and orbitals of a TADF material with a triazine skeleton (CC2TA)
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states actively occurs around room temperature because of sufficient thermal

energy, resulting in efficient TADF. In contrast, the triplet excitons cannot over-

come the energy barrier to the singlet excited state at a low temperature (150 K).

Therefore, RISC seldom occurs and intense delayed fluorescence is not observed.

ηintðTADFÞ¼ηr;S�ΦF�ηr;S�ΦTADFþηr;T�ΦTADF=ΦISC ð2:14Þ

The characteristics of an OLED containing the CC2TA:DPEPO co-evaporated thin

film as an emitting layer were then examined (Fig. 2.15). The maximum external

quantum efficiency ηext reached 11 %. Here, the efficiency of EL involving TADF

can be expressed by Eq. 2.14 above. In Eq. 2.14, ηr,S and ηr,T are the probabilities of
generation of singlet and triplet excitons, respectively (ηr,S¼ 25 %, ηr,T¼ 75 %),ΦF

is the fluorescence quantum yield (ΦF¼ 16 %), ΦTADF is the TADF quantum yield

(ΦTADF¼ 46 %), and ΦISC is the probability of intersystem crossing (ΦISC¼ 84 %).

From Eq. 2.14, ηint(TADF) is calculated to be 56 %. Assuming that the efficiency of

light extraction is 20 %, the theoretical ηext is 11 %, which is in good agreement

with the value obtained for our experimental device.

Fig. 2.14 (a) Time-

resolved PL spectra of

6 wt% CC2TA:DPEPO

co-evaporated thin film and

(b) temperature dependence

of transient PL waveform
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2.3.3 TADF Characteristics of Spiro Derivatives

Spiro compounds are expected to exhibit TADF because donor and acceptor units

can be introduced into their orthogonal π-conjugated system and the HOMO and

LUMO can be spatially separated [66]. Figure 2.16 shows the molecular structure

of a spirobifluorene derivative (Spiro-CN) that exhibits TADF. This molecule has

Fig. 2.15 (a) Device
structure and relationship

between current density and

voltage and (b) dependence
of external quantum

efficiency (ηext) on current

density for a TADF-OLED

containing CC2TA as an

emitting layer

N N

CNNC

Spiro-CN

a b c

HOMO LUMO

Fig. 2.16 (a) Molecular structure, (b) HOMO, and (c) LUMO of Spiro-CN
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two donor triarylamine groups and two acceptor cyano groups. The molecules

between these groups are distorted by the spirobifluorene skeleton to form a twisted

steric structure. The results of molecular orbital calculations in Fig. 2.16 reveal that

the HOMO and LUMO are locally distributed in the triarylamine-based fluorene

and cyano-based fluorene, respectively.

Figure 2.17a shows the PL spectrum of a Spiro-CN:1,3-bis(9-carbazolyl)ben-

zene (m-CP) co-evaporated thin film, in which 6 wt% Spiro-CN guest is dispersed

in m-CP host. The transient waveform consists of a prompt PL component with τ of
~24 ns and a delayed PL component with τ of ~14 μs. Figure 2.17b illustrates the

temperature dependence of the PL characteristics of the 6 wt% Spiro-CN:m-CP
co-evaporated thin film. The prompt fluorescence component shows no temperature

dependence, whereas the PL intensity of the delayed fluorescence component

clearly increases with temperature. This indicates that RISC from triplet to singlet

excited states actively occurs in Spiro-CN with increasing temperature. ΔEST of

Spiro-CN was then evaluated using the Berberan–Santos equation on the basis of

the abovementioned temperature dependence of PL characteristics. Here, Φprompt is

the quantum yield of prompt fluorescence, Φdelayed is the quantum yield of delayed

fluorescence, ΦT is the efficiency of generating triplet excitons, kp is the radiative
rate constant from the triplet excited state, knr is the nonradiative rate constant from
the triplet excited state, kRISC is the rate constant for RISC, and R is the gas constant.

Then, the Berberan–Santos equation is given by

ln
Φprompt

Φdelayed

� 1

ΦT

� 1

� �� �
¼ ln

kp þ knr
kRISC

� �
þ ΔEST

RT
: ð2:15Þ

Figure 2.17c shows the Berberan–Santos plots of the PL characteristics of the 6 wt%

Spiro-CN:m-CP co-evaporated thin film. ΔEST of Spiro-CN is estimated to be

0.057 eV from the slope of the straight line in this figure. This calculation

Fig. 2.17 (a) Transient PL spectrum of a 6 wt% Spiro-CN:m-CP co-evaporated thin film. The inset
shows time-resolved PL spectra (red line, PL spectrum attributed to prompt fluorescence component;

black line, PL spectrum attributed to delayed fluorescence component). (b) Temperature dependence

of PL quantum yield (○, total; △, delayed fluorescence component; □, prompt fluorescence

component). (c) Berberan–Santos plots of the temperature dependence of PL intensity
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demonstrates that ΔEST of Spiro-CN is much smaller than that of conventional

delayed fluorescent materials, such as C70 (0.26 eV) and tin(IV)fluoride–porphyrin

(0.24 eV).

Next, the PL characteristics of an OLED employing the 6 wt% Spiro-CN:m-CP
co-evaporated thin film as an emitting layer were measured. A maximum ηext of
4.4 % was obtained for an OLED with a structure of indium tin oxide (ITO)/α-N,
N’-di(1-naphthyl)-N,N’-diphenylbenzidine (NPD)/6 wt% Spiro-CN:m-CP/
4,7-diphenyl-1,10-phenanthroline (Bphen)/MgAg/Ag. This value greatly exceeds

the theoretical value of ηext when a conventional fluorescent material with a

fluorescence quantum yield of 27 % is used as an emitting layer (i.e., ηext¼ 1.4 %),

meaning that the efficiency of exciton generation in this OLED is increased

by TADF.

2.3.4 TADF Characteristics of CDCB Derivatives

Although a small ΔEST can be achieved by spatially separating the HOMO and

LUMO as mentioned above, this spatial separation generally decreases the transi-

tion dipole moment μ and thus decreases the EL quantum yield. To realize highly

efficient TADF, a small ΔEST and large μ must be simultaneously achieved while

maintaining the appropriate level of overlap between the HOMO and LUMO.

Figure 2.18a, b, c shows the molecular structure, HOMO, and LUMO, respec-

tively, of a CDCB derivative designed following the abovementioned theory

[69]. The HOMO and LUMO are locally distributed in the donor carbazolyl groups
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Fig. 2.18 (a) Molecular structure of CDCB derivatives and (b) HOMO, (c) LUMO, and (d)
absorption and PL spectra of 4CzIPN
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and acceptor dicyanobenzene units, respectively. It is apparent that the HOMO and

LUMO moderately overlap on the central benzene ring. This indicates that the

CDCB derivative achieves both small ΔEST and large μ. Quantum chemical

calculations also reveal that the change in molecular structure among the S0, S1,
and T1 states is small in 4CzIPN. As a result, 4CzIPN is expected to achieve a high

EL quantum yield because the nonradiative deactivation process is suppressed.

Figure 2.18d shows the absorption and PL spectra of 4CzIPN in toluene solution.

4CzIPN has a wide PL band with a peak at approximately 507 nm attributed to ICT.

The Stokes shift of 4CzIPN is smaller than that in conventional ICT-based lumi-

nescence. This means that the change in the molecular structure of 4CzIPN is small

upon electronic excitation from the S0 to S1 states.
Next, the TADF characteristics of a 6 wt% 4CzIPN:4,4-N,N-dicarbazole-biphe-

nyl (CBP) co-evaporated film will be discussed. Figure 2.19a shows the PL

transient decay characteristics of this film at 100, 200, and 300 K. The PL transient

decay characteristics exhibited two components, a nanosecond-order short-lifetime

component and a microsecond-order long-lifetime component, at all temperatures.

Figure 2.19b depicts time-resolved PL spectra of the short- and long-lifetime

components at 300 K. Luminescence attributed to the long-lifetime component is

delayed fluorescence because the PL spectrum of this component is in agreement

with the fluorescence spectrum of the short-lifetime component. Figure 2.19c

shows the temperature dependence of the PL quantum yield of the prompt and

delayed fluorescence components. The quantum yield of prompt fluorescence

increases slightly with decreasing temperature. This is because the nonradiative

deactivation process is suppressed. In contrast, the quantum yield of delayed

fluorescence decreases markedly as temperature is lowered. This is caused by the

suppression of RISC from the T1 to S1 states with decreasing temperature.

The ΔEST of 4CzIPN can be estimated from the temperature dependence of its

PL quantum yield observed above. Here, kRISC is expressed using the rate constant

for prompt fluorescence (kp), the rate constant for delayed fluorescence (kd), the
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quantum yield of prompt fluorescence (Φp), the quantum yield of delayed fluores-

cence (Φd), and kISC from the S1 to T1 states as follows:

kRISC ¼ kpkd
kISC

Φd

Φp

: ð2:16Þ

Because kp and kd can be determined from the transient PL curve and Φp and Φd

can be measured, kRISC can be evaluated using Eq. 2.16. The relationship between

kRISC and ΔEST can be expressed as

kRISC ¼ A exp �ΔEST

kBT

� �
ð2:17Þ

where A is a constant, kB is the Boltzmann constant, and T is temperature. There-

fore, ΔEST can be calculated from the temperature dependence of kRISC. Fig-
ure 2.19d shows the Arrhenius plot of kRISC for 4CzIPN between 200 and 300 K.

ΔEST is calculated to be 83 meV from the slope of the straight line in this figure.

This analysis demonstrates that the energy difference between the S1 and T1 states is
small for 4CzIPN.

Figure 2.20 illustrates the characteristics of OLEDs with the structure of ITO/α-
NPD (35 nm)/6 wt%-CDCB:CBP (15 nm)/1,3,5-tris(N-phenylbenzimidizol-2-yl)

benzene (TPBi; 65 nm)/LiF (0. 8 nm)/Al (80 nm) containing different CDCB

derivatives as an EML. ηext of the CDCB derivatives were all very high (17.8 %,

19.3 %, and 17.1 %). This means that 4CzIPN has an ηint of nearly 100 %.
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2.3.5 TADF Characteristics of Exciplexes

In the radiative transition of organic compounds, electrons generally transit from

the LUMO to the HOMO within a single molecule. In the excited state formed

within a single molecule, therefore, the HOMO and LUMO are confined in the

molecule, so the electron exchange integral is large, which results in an increased

ΔEST. In an attempt to identify an additional pathway to maximize ηint of OLEDs,
we focused on the exciplex state, which is the excited state formed between

electron-donating and electron-accepting molecules. In the radiative process of

exciplexes, charges transit from the LUMO of the electron-accepting molecule to

the HOMO of the electron-donating molecule. Therefore, the electron exchange

integral of the exciplex is small because the HOMO and LUMO are spatially

separated, resulting in a very small ΔEST. This increases the probability of

up-conversion from triplet to singlet excited states.

Here, the up-conversion from triplet to singlet excited states is explained using

the exciplex formed between electron-donating 4,40,400-tris[3-methylphenyl(phe-

nyl)amino]triphenylamine (m-MTDATA) and electron-accepting 2-(biphenyl-4-

yl)-5-(4-tert-butylphenyl)-1,3,4-oxadiazole (t-Bu-PBD) [72]. Figure 2.21a shows

the PL spectrum of a 50 mol%m-MTDATA:t-Bu-PBD co-evaporated film as well

as the fluorescence and phosphorescence spectra of thin films ofm-MTDATA and t-
Bu-PBD alone. The maximum PL intensity for the co-evaporated film appears at a

wavelength of 540 nm, which is longer than that of the fluorescence maxima of the

m-MTDATA and t-Bu-PBD thin films. This is because an exciplex is formed

between the molecules of m-MTDATA and t-Bu-PBD in the co-evaporated film.

To achieve a high probability of up-conversion, attention should be paid to the

confinement of the triplet excited state of the exciplex formed from the triplet excited

states of the electron-donating and electron-accepting materials because energy can

be transferred from the triplet excited state of the exciplex to those of electron-
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accepting and electron-donating materials to cause nonradiative deactivation of each

triplet excited state, which markedly decreases the probability of up-conversion. The

maximum phosphorescence intensity for the m-MTDATA thin film appears at

475 nm, which means that the triplet excited state of the exciplex is sufficiently

confined. The phosphorescence peak of the t-Bu-PBD thin film appears at approxi-

mately 510 nm [73], again indicating that the triplet excited state of the exciplex is

sufficiently confined by that of t-Bu-PBD, so a high up-conversion probability can be
expected. Delayed fluorescence resulting from the fluorescence component of the

exciplex and up-conversion from the triplet to singlet excited states was then con-

firmed by measuring the transient PL characteristics of a 50 mol%m-MTDATA:t-
Bu-PBD co-evaporated film at room temperature.

ΔEST of the exciplex formed between t-Bu-PBD and m-MTDATA was esti-

mated by measuring the temperature dependence of kRISC, which is given as

Eq. 2.17. kRISC can be estimated from the rate constants and PL quantum yields

of the prompt and delayed fluorescence components using Eq. 2.16 [72]. kp, kd, Φp,

and Φd can be experimentally determined from the PL decay curve and the

temperature dependence of PL intensity. The Arrhenius plot of kRISC calculated

using Eq. 2.16 is presented in Fig. 2.21b. Here, kISC is assumed to be independent of

temperature. ΔEST calculated for the exciplex was 50 meV, demonstrating that its

singlet and triplet excited states are very close in energy.

Although ΔEST of the exciplex formed between m-MTDATA and t-Bu-PBD
was small, the EL efficiency of OLEDs with the m-MTDATA:t-Bu-PBD
co-evaporated film as an emitting layer was still low (~2 %). We then examined

delayed fluorescence from the exciplexes formed between various donor and

acceptor materials. Intense delayed fluorescence was observed from the exciplex

formed between m-MTDATA as the donor material and 2,8-bis(diphenyl-

phosphoryl)dibenzo[b,d]thiophene (PPT) as the acceptor material [70]. Figure 2.22a
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shows the PL spectrum of a 50 mol%m-MTDATA:PPT co-evaporated film as well

as the fluorescence and phosphorescence spectra of thin films of m-MTDATA and

PPT alone. The maximum PL intensity of the co-evaporated film appeared at a

wavelength of 520 nm, which is longer than the fluorescence maxima of the m-
MTDATA and PPT single-component thin films, meaning that exciplexes were

formed in the co-evaporated film. The PL quantum yield of the exciplex formed

between m-MTDATA and PPT was 28.5 %, which is higher than that of the

exciplex formed between m-MTDATA and t-Bu-PBD (19.6 %). In addition, the

PL quantum yield of the delayed fluorescence component was 25.4 %, considerably

higher than that for the exciplex formed between m-MTDATA and t-Bu-PBD
(8.2 %). To evaluate the effect of the increased PL quantum efficiency of delayed

fluorescence in the m-MTDATA:PPT system, the characteristics of OLEDs with

the structure ITO/m-MTDATA (35 nm)/X mol% m-MTDATA:PPT (30 nm)/PPT

(35 nm)/LiF/Al were examined, as shown in Fig. 2.22b. ηext of the OLED is 10.0 %,

which exceeds the theoretical limit of 5 % for devices using fluorescent materials.

Thus, delayed fluorescence from the exciplex state, which is an intermolecular

charge-transfer excited state, can be enhanced by selecting appropriate donor and

acceptor materials.

2.4 Outlook

TADF technologies can greatly improve the performance of future OLEDs to

enable their practical application. Also, from the viewpoints of photochemistry

and material chemistry, TADF technologies have given rise to a new category of

luminescent materials, contributing to the academic progress in this field. The

appeal of organic compounds lies in the diversity of molecular structures, and

TADF materials are novel materials that are designed making full use of that

diversity. Namely, new luminescent materials other than the previously known

fluorescent and phosphorescent materials have become available. The TADF phe-

nomenon was named hyperfluorescence. If the luminescent materials used in

OLEDs greatly shift to third-generation TADF materials in the future, the problem

of the high cost of phosphorescent materials can be solved and the risk of resource

depletion can be avoided by using this rare-metal-free strategy. Moreover, TADF

materials are expected to facilitate production of luminescent materials that exhibit

highly efficient blue emission and highly efficient cost-effective organic EL illu-

mination, which will contribute substantially to the vitalization of the OLED

market in the future. Molecular materials can be designed in an infinite number

of patterns. We hope that the advance of organic optoelectronics will be driven by

the development of new molecular materials.

Part of this discussion was reproduced from Jpn. J. Appl. Phys.,

53, 6, 060101, 2014.
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Chapter 3

Organic Solar Cells

Shuzi Hayase

Abstract Printable solar cells including dye-sensitized solar cells, perovskite solar

cells, and organic thin-film solar cells are summarized. Structures, working princi-

ples, and recent progresses on these printable solar cells are reported. Printable solar

cells are able to be prepared by coatings at ambient temperature and ambient

atmosphere. Therefore, reduction of the preparation cost is expected. Solar cells

are composed of n-type semiconductive layer (electron collection layer), light

harvesting layer, and p-type semiconductive layer (hole collection layer). In

dye-sensitized solar cells, these three roles are allocated to each layer, such as

porous titania, dyes, and electrolyte (or hole transport layer). Perovskite layers

worked as light harvesting layer as well as carrier transport layer for perovskite

solar cells. Directions to enhancing efficiencies are discussed from the viewpoint of

individual working principle.

Keywords Printable solar cells • Dye sensitized • Perovskite • OPV • Organic thin

film • Efficiency • Principle

3.1 Introduction

Solar light energy reaching on Earth is 1 kW/m2 (100 mW/cm2) with spectra

covering from 400 nm to infrared area, which is called 1 sun. The standard spectra

of the light are called air mass 1.5 (AM 1.5). Therefore, the standardized light is

called AM1.5 with 1 sun energy density. 100 mW is gained by 1 m x 1 m solar

modules with 10 % efficiency. Solar cells are generally composed of n-type

semiconductor and p-type semiconductor, one of which absorbs light as light

harvesting layers. The charge separation occurs at the interface (p/n junction)

between them. Electrons and holes are collected by n-type layer and p-type layer,

respectively.

Solar cells are classified by the light absorber material and divided roughly into

silicon solar cells, compound solar cells, and organic solar cells as shown in Fig. 3.1
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Crystalline Si, multi-crystalline Si, polycrystalline Si, and amorphous silicon are

the group of silicon solar cells. The representatives of compound-type solar cells

are CuInGa(S)Se and CdTe which have been put into practical uses. Dye-sensitized

solar cells and organic solar cells contain dyes on titania or blend of n-type fullerene

and p-type polymers as the light harvesting materials. These materials are soluble in

organic solvents, and organic solar cells can be prepared by coating processes.

Therefore, they are also called printable solar cells. Recently, hybrid solar cells

consisting of organic and inorganic compounds have been reported. The represen-

tatives of the hybrid solar cells are perovskite solar cells which have attracted

attention due to the high solar cell efficiency over 20 %. Figure 3.2 summarizes

certified efficiencies for various solar cells [1]. The efficiency of single-crystalline

Si solar cells is 25.6 % (144 cm2) which is higher than other Si (20.8 %) and

compound-type solar cells (CIGS (20.5 %) and CdTe (21 %)). The efficiency of

amorphous Si solar cell is 10.1 % with 1 cm2 cell size. At first, the target efficiency

for organic solar cells was that of amorphous Si solar cells (10 %). Efficiency of

dye-sensitized solar cells and thin-film organic solar cells is now 11.9 % and 11.0 %

with 1 cm2 cell size, respectively, which surpassed the efficiency of amorphous Si

solar cells. In this chapter, structures and working principles for printable solar cells

including dye-sensitized solar cells, thin-film organic solar cells, and perovskite

solar cells are reviewed.

Solar cell
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Compound

Dye-Sensitized

Organic thin film

Bulk

Thin film

Dye/TiO2

Fullerene/Polymers

Monocrystalline Si

Multicrystalline Si
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Amorphous /Microcrystalline Si

GaAS

III - V

II - IV

II - III - IV

GaN

InP

CuInGa(S)Se2

CdTe,CdS,Cu2S
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Or

hybrid

Perovskite sola cell CH3NH3PbI3 etc

Fig. 3.1 Solar cell groups
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3.2 Dye-Sensitized Solar Cell (DSSC) [2, 3]

DSSC are composed of transparent conductive oxide layered glass (F-doped SnO2:

FTO), porous titania layer with dye molecules, and electrolyte consisting of I�/I3
�

redox species and counter electrode (FTO glasses with Pt or Pt/Ti metal plate) as

shown in Fig. 3.3. The porous titania layer is the aggregate of nano titania particles

with 20–30 μm diameter. Paste containing titania nanoparticles is printed on the

FTO glasses, and the substrate is baked at 400–450 �C for 30 min to evaporate

organic materials and make necking among titania nanoparticles. The samples are

dipped in dye solutions from 30 min to 20 h, depending on the dye structure. The

dye has carboxylic moieties which make bonding with Ti-OH on titania

nanoparticles to form Ti-O-CO dye structure. These dyes are adsorbed by mono-

layer structure on the porous titania. Ru compounds are commonly employed

because they have broad absorption originating from metal to ligand charge transfer

(MLCT), which covers wide range of visible spectrum region. Dye aggregations

sometimes cause serious decrease on photovoltaic performances, which should be

avoided to design molecularly. A counter electrode was coupled with the working

electrode by employing thermoplastic films such as ionomer films. Pt was sputtered

on Ti metal sheet or FTO glasses to prepare the counter electrode. Electrolyte is

injected into the space between the working electrode and the counter electrode. All

can be prepared by printing process. The process mentioned above is summarized

in Fig. 3.4. Electrolyte consists of LiI (I� species) and I2 (I3
�) species. In addition,

t-butylpyridine is added in order to increase the open-circuit voltage (Voc), which

neutralizes carboxylic acid of dyes, or adsorbed on the titania surface to go up the

conduction band level of the titania. Other additives, such as imidazolium cation

and guanidinium cation, are added to increase stability.
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Fig. 3.2 Certified efficiency for representative solar cells at AM1.5 1 kW/m2
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Figure 3.5 shows the working principle for the DSSC. On dye excitation,

electrons in the highest occupied molecular orbital (HOMO) go up to the lowest

unoccupied molecular orbital (LUMO). The electrons in LUMO are injected into a

porous titania layer (n-type wide-gap semiconductor) and are diffused in the porous

titania. On the counter electrode with Pt catalyst layer, I3
� species are reduced to

form I– which diffuses in the electrolyte and gives the electron to oxidize dye.

Charge recombination occurs through routes 9, 10, 11, and 12. The electron

injection (route 2) occurs on the order from 10�11 to 10�13 s, which is faster than

that of the charge recombination of the order from 10�2 to 10�4 s. Therefore, charge

collection by porous titania exceeds the charge losses by the recombination. Charge

collection (route 3) (10�3 s) seems to compete with charge recombination (route 11)

(10�4 s). However, electron from redox species (route 8) is faster (10�6 s) than that

of route 11 and charge collection (route 3) exceeds.

The extremely long electron diffusion length in titania is associated with the high

efficiency of the dye-sensitized solar cells. Electron lifetime (τ) in porous titania is

the order of 10–100 msec, and the electron diffusion coefficient (D) is on the order

of 10�5 cm2/s. The electron diffusion length (L) expressed by (Dτ)1/2 reaches 50–

Electrolyte I-/I3-

(Acetonitrile, ethylene 
carbonate, molten salts, etc.)

SnO2 /F

10-20nm

TiTi

SCN NCSOHP257
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Electrolyte layer: 30 µm
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Fig. 3.3 Structure of dye-sensitized solar cells
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Fig. 3.4 Cell preparation process for dye-sensitized solar cells
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100 μm when porous layer is filled with electrolytes. D and τ can be measured by

impedance spectroscopy (intensity-modulated photovoltage spectroscopy, IMVS)

[4–9] or open-circuit voltage decay method [10]. The long electron diffusion is

explained by ambipolar diffusion mechanism, where Li cation is adsorbed on the

titania surface and screens the electric field from the outside of the titania

nanoparticles. Therefore, coupling of nano-size titania and electrolytes plays an

important role for the high efficiency. I�/I3
� diffusion process in electrolyte is one

of the other diffusion processes. I� carries electrons from the counter electrode.

After I– gives the electron to the oxidized dye, the resultant I3
� (containing I2)

diffuses from working electrode to counter electrode. Bigger I3
� ions diffuse 1.3

times slower than that of small I� ions. Therefore, diffusion of I3
� is the rate-

determining steps in an electrolyte. The diffusion rate is from 10�5 cm2/s to

10�7 cm2/s, depending on the viscosity of electrolytes. The diffusion coefficient

increases with a decrease in viscosity of solvent and follows Stokes-Einstein

relation as shown in Eq. 3.1:

D ¼ RT=6πNaraζaη ð3:1Þ

D, diffusion coefficient

T, temperature

ra, ion radius

ζa, microviscosity factor

η, viscosity

Fig. 3.5 Working principle for DSSC
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The diffusion coefficient is determined by a limiting current method in electro-

lyte from Eq. 3.2:

D ¼ Ilim � dð Þ= 2n� F� Coð Þ ð3:2Þ

D, diffusion coefficient (cm2/sec)

d, distance between two electrodes (cm)

Ilim, limiting current (mA/cm2)

F, faraday constant (C/mol)

Co, iodide concentration

Short-circuit current Jsc is affected by diffusion resistances, such as diffusion of

electrons in titania, diffusion of I� and I3
� in electrolytes, and interfacial series

resistance of Pt/electrolyte, electrolyte/dye, porous titania/FTO interfaces, and so

on. In order to enhance the efficiency, it is necessary to increase these diffusion

coefficients and decrease the charge transfer resistances on each interface.

Maximum Voc corresponds to the difference of TiO2 conduction band energy

level and I�/I3
� redox potential (around 0.9 V). One of the approaches to increase

Voc is to deepen the potential level of redox shuttle. Figure 3.6 shows the repre-

sentative redox shuttle potentials which are compared with I�/I3
� redox shuttle.

Among them, Co redox shuttles gave the best results. The Voc increased from

0.75 V for I�/I3
� redox shuttle to 0.95 V for Co(dpy)3. 12.3 % efficiency has been

reported for DSSC stained with cocktail dyes consisting of porphyrin dye and
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organic Ru-free dye [11]. Recently, 13 % with Voc of 0.91 V, Jsc of 18.1 mA cm�2,

fill factor of 0.78, and a power conversion efficiency of 13 % have been reported

[12]. The anxiety for the Co redox is slow diffusion in electrolytes. The diffusion

coefficient for the Co redox shuttle is about a half of that of iodine/iodide redox

shuttle. The high efficiency has been reported only in acetonitrile with low

viscosity.

Voc decreases when back electron transfer or charge recombination (routes

9 and 10 in Fig. 3.5) occurs. Electrons in titania diffuse in the titania by hopping

shallow traps which are on the surface as well as inside the titania nanoparticles as

shown in Fig. 3.7. Among them, shallow surface traps on the titania surface are

centers for the charge recombination. Surface passivation of titania with dyes is

effective and decreases the surface trap densities and decreases the opportunities for

charge recombination [13–16]. Another approach to decrease the opportunities for

the charge recombination is to separate physically the titania surface from I3
�

(holes) [5–9] as shown in route 2 in Fig. 3.7b. We employed five model compounds

with different alkyl chain lengths [6] as shown in Fig. 3.8. The adsorption density of

dyes on titania increased with an increase in the length of these chains, followed by

increase in the Voc. Longer alkyl chains enable closely packed adsorption of dye

molecules, which passivate well the surface traps of the nanoporous titania [6,

8]. The passivation of traps by these dye molecules is measured by thermally

stimulated current method [17], where electrons trapped at low temperature come

out as the temperature goes up. The current and the temperature at which electrons

come out are associated with trap density and trap depth. Therefore, the trap

distribution can be expected. It was found that the trap density of titania

nanoparticles decreased from 1017/cm3 to 1016–1015/cm3 after the surface passiv-

ation by these dyes, which suppressed the charge recombination route 1 in Fig. 3.7.

In addition, long alkyl chains retard the charge recombination route 2 in Fig. 3.7 as

well. As the results, electron lifetime and Voc increased with an increase in the

chain length of the dye as shown in Fig. 3.9.
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Charge 
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Fig. 3.7 Voc losses caused by charge recombination for DSSC. (a) Electron diffusion in titania,

(b) charge recombination on energy diagram
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Light harvesting in the area of infrared regions which have not been harvested by

Ru dyes is another approach for increasing Jsc. Figure 3.10 shows the relationship

between solar light spectrum and coverage of spectrum area by representative Ru

dye (N3). The representative dye covers the wavelength from 400 nm to 800 nm.

Supposing that the internal quantum efficiency is 100 %, 25–26 mA/cm2 is

expected. The coverage of wavelength becomes longer to 900 nm and 1000 nm;

32 and 36 mA/cm2 are expected. Actually Os dyes cover the wavelength region up

to 1100 nm. However, the incident photoconversion efficiency (IPEC) in visible

region decreased to about 0.6 which was lower than 0.8 of N3 dye. Consequently

total Jsc did not change even if IR light was harvested. In addition, serious Voc

losses were observed [18].

Jsc is coupled with Voc and does not discuss separately. Figure 3.11 shows

working principle and voltage losses predicted for dye-sensitized solar cell. Dye is

excited by the light having x nm absorption spectrum edge (associated with

X/1240 eV(ΔG4)). However, the expected maximum efficiency is ΔG3 (ΔG4-Δ
G1-ΔG2), where ΔG1 and ΔG2 stand for voltage loss for electron injection and

hole injection, respectively. Therefore, at least, ΔG1 and ΔG2 becomes voltage

losses. In addition, voltage loss associated with charge recombination (route 1 and

4 in Fig. 3.11) occurs. Figure 3.12 shows the relationship between absorption

spectrum edge and expected solar cell efficiency when voltage losses are varied.

For DSSC with 0.6 eV loss, expected maximum efficiency is 14.8 % by using light

absorber with 900 nm edge (under the condition of average incident photon to

current conversion efficiency (IPCE)¼ 0.8, FF 0/7). With this 0.6 eV loss, trying to

harvest light of wavelength longer than 900 nm does not succeed because obtained

Voc becomes low and the expected efficiency decreases as the absorption spectrum
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edge of light absorber becomes shifted to longer wavelength as shown in Fig. 3.12.

Therefore, it is recommended to synthesize dyes with 900 nm spectrum edges in

order to enhance the efficiency for DSSC with iodide redox shuttles [19].

The following items have to be at least satisfied with for high-efficiency light

absorbers:

1. LOMO of the light absorber is shallower than that of titania conduction band by

0.2 V.

2. HUMO of the light absorber is deeper than that of redox potential by 0.4 V.

B

B: redox potential
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3. Molecular orbital for LUMO of the light absorber is distributed on COOH

anchor groups.

4. Excitation lifetime of dye itself is longer than the order of nsec.
5. Dye aggregation has to be avoided because the aggregation usually shortens the

excitation lifetime. For suppressing the dye aggregation, it is effective to add

aggregation inhibitors with light absorbers.

Based on the efficiency curves, higher efficiency is expected for DSSC with Co

redox shuttle, because the voltage loss for electron shift from the Co redox to the

HOMO of the oxidized dye (ΔG2) is expected to be 0.2 V which is less than 0.4 V

of iodine redox shuttle. Electrons shift from I� to HOMO of the dye by two-step

process as shown in Fig. 3.5; however, electron shift from Co2+ to HOMO of the

dye occurs in one step. Therefore, voltage loss (ΔG1+ΔG2) in Fig. 3.11 is

expected to be 0.4 V which is smaller than 0.6 V of iodine shuttle redox. The

expected solar cell efficiency for Co shuttle is 18.5 %, employing light absorbers

with 900 nm spectrum edge as shown in Fig. 3.12. Recently, it has been reported

that direct transition from dye HOMO to conduction bond of titania and Ru dyes

with spin-orbital coupling decreases ΔG1 [20, 21].

Tandem cell is the next step to achieve high-efficiency cells. Tandem cells are

composed of at least two cells which are connected in series. The top cell harvests

light with shorter wavelength, and the bottom cell covers the area with longer

wavelength. The voltage of the tandem cell is the sum of voltages for both top and

bottom cells. Therefore, high voltages are obtained. Harvesting light in IR region in

single cells does not directly lead to high-efficiency solar cells as shown Fig. 3.12.

Tandem cell makes it possible. Figure 3.13a shows the mechanically stacked

tandem cell structure for DSSC. The top cell harvests light with shorter wavelength,

and the bottom cell absorbs light with longer wavelength. In order to suppress the

Fig. 3.13 Structure of mechanically stacked DSSC tandem cells. (a) Tandem cell structure, (b)
spectral coverage for top and bottom cells

3 Organic Solar Cells 85



current losses for both of top and bottom cells, current in the top cell has to match

with that in the bottom cell. Figure 3.14 shows the example for efficiency estima-

tion for tandem cells. Top cell harvests light from 400 nm to 749 nm and obtains the

photovoltaic performance of Voc 0.75 V, Jsc 18.1 mA (out of 22.6 mA/cm2), and

fill factor (FF) 0.75. Bottom cell harvests the light from 749 nm to 1200 nm to

obtain the photovoltaic performance of Voc 0.35 V, Jsc 18.1 mA (out of 22.6 mA/

cm2), and fill factor (FF) 0.75. Totally, photovoltaic performance of Voc is 1.1 V,

Jsc 18.1 mA/cm2 (out of 22.6 mA/cm2), fill factor (FF) 0.75, and efficiency 15.0 %.

To harvest the IR light, semiconductors with narrower band gaps such as SnO2

coupled with IR dyes have to be developed for future works.

Light harvesting loss in the bottom cells causes serious problems for the

mechanically stacked tandem cells, because the light has to pass a FTO glass

(F1 in Fig. 3.13) of working electrode in the top cell, a FTO glass (F2 in

Fig. 3.13) of counter electrode in the top cells, and a FTO glass (F3 in Fig. 3.13)

of working electrode in the bottom electrode. In addition, FTO glasses absorb near-

IR and IR light longer than 800 nm which causes serious light harvesting losses in

the area of IR. We have reported tandem cells with transparent conductive oxide

(TCO less) bottom cell [22] structure as shown in Fig. 3.15b. The bottom cell has

back-contact electrode structure, and TCO (FTO) glass is not needed. Figure 3.15a

also shows I-V curves for the model cell for proving the tandem performances by

using two model dyes having visible-light absorption. The absolute efficiency is not

high, but observed Voc for the tandem cell was the sum of the top and the bottom

Fig. 3.14 Estimation of efficiency for tandem cell and current matching
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cells, proving that the TCO-less tandem cell actually works. IR dye/SnO2 electrode

working as light harvesting layer in the bottom cell is needed to complete the

TCO-less tandem cells.

3.3 All-Solid-State Dye-Sensitized Solar Cells
and Perovskite Solar Cells

All-solid-state dye-sensitized solar cells are prepared by replacing electrolyte layers

to solid hole transport layers (HTL), such as 2,2’,7,7’-tetrakis(N,N-di-p-
methoxyphenylamine)-9,90-spirobifluorene (spiro-OMeTAD), CuI, CuSCN,

polythiophene, polypyrrole, and CsSnI3 [2, 23, 24]. All-solid-state DSSCs differ

from the liquid-type DSSCs from the following points. The fundamental structure

and the working principle are shown in Figs. 3.16 and 3.17. The working principle

is almost the same as that of liquid-type DSSCs. Maximum Voc is the difference

between the conduction band of titania and HOMO of HTL. Charge recombination

of routes 6, 8, and 9 is faster than that of liquid-type DSSCs. Thickness of porous

titania layer is around 1–2 μm, which is extremely thinner than 15–20 μm of the

liquid-type DSSCs, because the hole diffusion length of p-type organic semicon-

ductor is not as large as that of redox shuttles in electrolytes. In order for the thin

porous layer to harvest the light effectively, organic dyes with high extinction
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coefficient were employed. Amorphous spiro-OMeTAD was selected in order to

make a good contact between dyes and spiro-OMeTAD. t-Butylpyridine was added

in the spiro-OMeTAD to suppress the charge recombination of oxidized dyes with

holes in spiro-OMeTAD (routes 6, 8, and 9). In addition, thin compact titania layer

(50 nm) was inserted between FTO layer and porous titania layer because contact

between FTO and HTL causes serious charge recombinations. Li ion (Li(CF3SO2)2)

N and N(PhBr)3SbCl6 were added in spiro-OMeTAD. The former is probably
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added for promoting ambipolar diffusion of electrons in TiO2, and the latter is for

increasing carrier density in spiro-OMeTAD (doping) to decrease series resistances.

The efficiency of 5.1 % has been reported in the first paper.

Perovskite solar cells is an extension of this conventional all-solid-state DSSC as

shown in Fig. 3.18(4). Started from conventional DSSC with liquid electrolytes (1),

the research moved toward the development of all-solid-state DSSC (2), where

liquid electrolyte was replaced with hole transport materials as described before.

Then the organic dyes were replaced with inorganic light absorbers, such as CdSe,

CdTe, CdS, Sb2S3, and so on as shown in 3 of Fig. 3.18 [25]. The light absorber is

called extremely thin absorber (ETA). After that, the inorganic dye was replaced

with perovskite materials to give perovskite solar cells (4).

The first reported perovskite solar cell structures were composed of FTO glass/

compact titania layer, porous titania layer or alumina layer/Pb perovskite layer/

HTL, and electrode, as shown in Fig. 3.19. Figure 3.20a shows cross-sectional view

for PVK solar cell with porous titania layer. Compact layer with 20 nm thickness

was observed on the FTO layer with light scattering structures as shown in

Fig. 3.20b, c. Preparation of compact layer without pin holes is important for

high-efficiency solar cells. Figure 3.21b, c is elemental distribution of TEM picture

of Fig. 3.21a. Pb and I are distributed homogeneously in porous titania layers shown

in Fig. 3.21c [26]. Pb perovskites (Pb PVK) are a kind of ionic crystal and

composed of Pb2+, I�, and CH3NH4
+ (MA). They are separated to PbI2 and

MA+I� in solution, and the color of solution is light yellow consisting of PbI2
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and MAI (methyl ammonium iodide). After solvent is removed, Pb PVK crystals

(black) are spontaneously formed. The energy diagram and working principle for

perovskite solar cells are shown in Fig. 3.22. The porous layer is called a scaffold

layer and worked for making better crystal of perovskite layers. Perovskite is

excited by the light exposure and then exciton forms. The exciton binding energy

of the perovskite is very small (30–50 meV) [27, 28] which is almost comparative

to 25 meV of room temperature energy and immediately separated into carriers of

electrons and holes. For comparison, the exciton binding energy of organic mate-

rials, ZnO, and Si are around 300, 60, and15 meV. The exciton binding energy of Pb

PVK is on the order of that of Si solar cells. In perovskite solar cells with porous

alumina, electrons are collected through Pb PVK itself [29]. The oxidized Pb PVK

was reduced by electrons from HOMO of HTL. The maximum Voc is the differ-

ence between Pb PVK-LUMO and HTL-HOMO. For perovskite solar cells with

porous titania [30–32], electrons are collected with both titania and Pb PVK layers.

Charge recombination occurs through routes 4, 5, 7, and 8 of A and B in Fig. 3.22.

Recently, bilayer perovskite solar cells without scaffold layers have been

reported [33]. The perovskite solar cell structures are now classified roughly into

four types as shown in Fig. 3.23. A and B were already explained. C and D are

perovskite solar cells with bilayer structure which does not consist of porous

scaffold layers. C has PVK layer on compact titania layer and HTL, where PVK

works as n-type semiconductor. D has PVK layer on compact p-type semiconduc-

tors such as PEDOT-PSS and electron transport layer (ETL) such as C60 [33]. In

C, Au, Ag, Ti, Sn, SiC, Au, Ag, Ti, Sn, Si

Cl, I, PbCl, I, Pb
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this device, the PVK works as p-type semiconductor. Efficiencies over 10 % have

been reported for both of the structures. Pb PVK has bipolar properties. The

effective mass for the electron (me*) and the hole (mh*) is calculated to be

me*/m0¼ 0.23 and mh*/m0¼ 0.29 [34]. For reference, Si has me*/m0¼ 0.26

and mh*/m0¼ 0.39. The effective mass of Pb PVK is almost the same as that of Si.
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Fig. 3.22 Energy diagrams and working principle for perovskite solar cells. (a) Electron collec-

tion: TiO2 layer, (b) electron collection: perovskite
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The high efficiency is brought about by the following items:

1. Long carrier lifetime in Pb perovskite layer (μsec)
2. Low shallow-trap density

3. Low crystal defect

4. Light-induced ferroelectric effect

5. Low voltage loss

The long carrier lifetime of Pb PVK is associated with items 2,3, 4, and 5. We

have reported that the shallow-trap density at around �4.3 eV from vacuum level

was 1011/cm3 which was extremely lower than 1017/cm3 of the porous titania layer

as shown in Fig. 3.24 [26]. Crystal defect of Pb PVK was estimated from Urbach

tail of absorption coefficient [35]. Crystal defect makes sub-bands between the

conduction band and valence band, which makes the slope of the spectrum edge less

steep, and Urbach energy goes higher. Urbach energy of a-Si, GaAs, c-Si, CIGS,

and PbPVK is reported to be 40–45 meV, 7.5 meV, 11 meV, 24 meV, and 15 meV,

respectively. The crystal defect density of Pb PVK corresponds to that of GaAs and

c-Si [35]. Voltage losses decrease linearly with decrease in the Urbach energy. The

voltage loss for Pb PVK solar cells is about 0.3–0.4 V. For reference, the voltage

loss of CIGS, c-Si, and GaAs has been reported to be 0.5–0.6 V, 0.35 V, and 0.3 V,
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respectively. Therefore, Pb PVK solar cells have a higher potential than CIGS. In

addition, it has been reported that Pb PVK has photoferroics [36]. The photoin-

duced dipole domain separates hole from electrons.

It has been reported that some PVK solar cells show serious hysteresis, which is

more remarkable for B, C, and D structures in Fig. 3.23 where electrons are

collected by PVK itself [37, 38]. The voltage is swept from Voc to Jsc; higher FF

and Voc are observed. The voltage sweeping should be from Jsc to Voc, and

sweeping rate with delay time for taking in data should be described in this paper.

The charge recombination through routes 4 and 5 in Fig. 3.22a, b occurs

seriously. These charge recombination routes are suppressed by surface passivation

of porous titania by thin-film Al2O3 and Y2O3 [26]. Passivation can be also made by

amino acid HI salts such as HOCO-CH2-CH2-CH2-NH3I [39]. In addition, crystal

growth on the passivation is controlled [39]. It was confirmed that the trap density

of titania was decreased by the surface passivation, which was measured by

thermally stimulated current method [26].

The perovskite layer can be prepared by one step in Scheme 3.1:

Onestepprocess

byproducts

3MeNH3
þI� þ PbCl2 ! MeNH3

þPbI3� þ 2MeNH3
þCl

Perovskitematerials

ðScheme 3:1Þ

Another way to prepare the perovskite is called two-step process, where PbI2 is

spin-coated first and then methylammonium iodide (MAI) is introduced to the PbI2
layer to form perovskite layers. MAI was introduced into PbI2 layer by dipping the

PbI2/porous titania/FTO glass substrate in the solution of MAI or by spin-coating

MAI solution on the PbI2/porous titania/FTO glass substrate. The later gives the

better results so far.

Pb PVK covers only visible region up to 800 nm. Assuming that voltage loss is

0.3–0.4 V, maximum efficiency is obtained by harvesting light up to 1100 nm (see

Fig. 3.12). MASnI3, MAPbSnI2, and MASnIxBr(1-x) have been reported for

IR-sensitive perovskite solar cells [19, 40–42]. Figure 3.25 shows the comparison

of IPCE curves for Pb PVK and Sn/Pb cocktail PVK solar cells [19]. The IPCE

curve for the latter covered the wavelength region up to 1,040 nm. Internal quantum

efficiency (IQE) kept high value up to 1000 nm as shown in Fig. 3.26. The

efficiency of these IR-sensitive solar cells is still low, from 4 to 6 %. In order to

increase the efficiency more and decrease in crystal defect, surface state control and

confinement of light in the cell are needed. Sn PVK solar cells are air sensitive, and

those colors disappear within one hour in the air. The Sn/Pb cocktail PVK has

improved stability in the air by introducing Pb in the Sn PVK layer [19]. Light

absorption spectrum edge can be tunable for changing Sn/Pb ratio from 800 nm to

1200 nm as shown in Fig. 3.27. Spectral tuning can be made for changing x ratio of

MASnIxBr(1-x) [40].

Organic ammonium ion-free PVK as well as Pb-free PVK have attracted interest

recently [43–45]. Solar cells consisting of CsSnI3 as the light harvesting layer
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(efficiency 4 %) have been reported. CsSnI3 and Cs2SnI6 [40] have hole-

transporting properties and employed for HTL for all-solid-state dye-sensitized

solar cells.

3.4 Thin-Film Organic Solar Cells (OPV)

OPV is classified into OPV with flat p/n junction (see the experiment in Introduc-

tion) and OPV with bulk hetero p/n junction [46]. Since the two have the same

working principle, OPV with bulk heterojunction is explained in this section. OPV

consists of ITO glass/electron-blocking layer/bulk heterojunction layer of p- and

n-type semiconductor/hole-blocking layer/counter electrode. Figure 3.28 shows

one of representative OPV structures consisting of P3HT as a hole transport layer

and PCBM as an electron transport layer whose structures are described in

Fig. 3.28. P3HT as a light absorber has limited coverage of absorption spectrum

up to around 600 nm. In order to increase the efficiency more, polymers with

extended τ conjugation have been extensively developed. Figure 3.29 shows the

working principle for OPV, where P3HT and PCBM are employed as the example

of the explanation. P3HT works as light absorber as well as HTL. P3HT is excited

and forms excitons in the P3HT layer. Because of low dielectric constant in P3HT,

the exciton does not dissociate as it is. The exciton diffuses to the P3HT/PCBM

interface (route 2 in Fig. 3.29) and is dissociated to electron and hole. The electron

is injected in PCBM layer (3) and diffuses in the PCBM layer. Hole diffuses in the

P3HT layer and reaches the electrode A. hole-blocking layer blocks for the hole to

recombine to the electrons in electrode B, and electron-blocking layer suppresses

for electron to recombine to the holes in electrode A. In addition, electron-blocking
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layer also works as exciton-blocking layer. Exciton diffusion is only on the order of

10 nm in organic semiconductors. Therefore, in order for the exciton to reach the

P3HT/PCBM interface, bulk heterojunction structure is needed, where P3HT and

PCBM have interpenetrated and bi-continuous structures. Charge recombination

occurs through routes 6 and 7 in Fig. 3.29. Maximum Voc is the gap between

LUMO of PCBM and HOMO of P3HT. In bulk heterojunction solar cells, both of

P3HT and PCBM have an opportunity to contact with both electrodes. Fabrication

of electron- and hole-blocking layer without pin holes is necessary for suppressing

Voc and enhancing efficiencies. Figure 3.30 summarizes the representative electron

and hole-blocking materials reported so far.

One of the advantages for OPV is the simple fabrication process. Organic

material with p-type character such as P3HT and that with n-type character such

as PCBM are blended in a solvent and make once a homogeneous solution. After

the solution is spin-coated on the substrate and the solvent is evaporated, p-type

materials are segregated from n-type materials to form bi-continuous structures

with the order of 10–50 nm width, which is appropriate distance for exciton to

dissociate into charge carriers [47]. In order to enhance the efficiency, tandem solar

cells also have been reported [48].
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Fig. 3.28 Structure of thin-film organic solar cells
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3.5 Conclusion

Structures, working principle, and resent research trends for organic solar cells

including DSSC, perovskite solar cells, and OPV were summarized. Since DSSC

consists of layers in which each function is allocated to each layer and it is easy to

explain the working function for organic solar cells, many pages were employed for

the explanation of DSSC. These working principles are applicable to the other

organic solar cells. I hope this chapter is useful for understanding organic solar cells.
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Chapter 4

Flexible Paper Electronics

Hirotaka Koga and Masaya Nogi

Abstract In this chapter, we describe a new type of paper substrate based on

cellulose nanofibers for flexible electronic applications. Cellulose nanofiber

paper, referred to as nanopaper in this study, has high optical transparency like

that of polyethylene terephthalate (PET) films and a low coefficient of thermal

expansion comparable to that of glass. These excellent properties mean that cellu-

lose nanopaper is expected to offer a promising alternative to glass and plastics and

can be used as a transparent flexible substrate for a wide array of electronic devices.

We also discuss transparent flexible electrodes based on cellulose nanopaper. The

uniform coating of conductive materials such as silver nanowires and carbon

nanotubes is accomplished by the simple filtration of their aqueous dispersions

through cellulose nanopaper. The paper is used as a filter and a transparent flexible

substrate. As-prepared conductive networks on nanopaper give superior transparent

conductive performance and flexibility compared with those on PET films prepared

by conventional coating processes. These findings open new doors for future

flexible paper electronics.

Keywords Cellulose nanofiber paper • Paper electronics • Flexible electronics

4.1 Introduction

Flexible electronics have recently become the focus of major research because they

offer new possibilities for next-generation lightweight and portable electronic

devices. Glasses have traditionally been used as substrates for many electronic

devices because they have high optical transparency and a low coefficient of

thermal expansion (CTE). However, glasses are heavy and brittle and, therefore,

they are difficult to use in flexible electronics. Plastics have been widely investi-

gated; however, most plastics have a high CTE of about 50 ppm/K. The high CTE

values of plastics frequently cause critical issues during the fabrication of flexible

electronic devices. In other words, functional materials deposited on plastic sub-

strates are damage prone because of the temperatures involved in the assembly and
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mounting processes. This is because of the mismatch between the CTEs of the

different materials. Therefore, research and development of transparent and flexible

substrates with a low CTE has been carried out recently.

This chapter describes optically transparent and foldable paper substrates that

have been prepared from wood-derived cellulose nanofibers. Cellulose nanofiber

paper, denoted nanopaper in this study, offers a low CTE of less than 8.5 ppm/K.

Traditional paper is made using cellulose pulp fibers of several micrometers in

width and nanopaper is made using cellulose fibers of 15 nm in width. The raw

materials and the preparation processes are similar for each case. The only differ-

ence is the fiber width and the size of the interstitial cavities within the paper

(Fig. 4.1). Foldable, low CTE, and optically transparent nanopaper may be a perfect

substrate for continuous roll-to-roll processing in the future production of electronic

devices such as flexible displays, solar cells, e-paper, and a myriad of new flexible

circuit technologies. A nanopaper process may replace the costly conventional

batch processes based on glass substrates that are currently used [1–5]. We project

that it will also replace conventional paper as an advanced information medium that

can be produced using the traditional papermaking equipment currently used for

production.

First, we introduce optically transparent nanopaper, which is made using densely

packed cellulose nanofibers without any additives [6]. This optically transparent

paper exhibits a high Young’s modulus, a high strength, an ultralow CTE, and a

high foldability.

Second, we discuss the maintenance of high optical transparency by transparent

nanopapers even after high-temperature heating at 150 �C [7]. High-temperature

heating to around 150 �C is inevitable in electronic device processing. If a PET film

is held at 150 �C for tens of minutes, cyclic oligomers migrate to the film surface

causing surface roughness that decreases the film’s transparency. However, because
cellulose nanofibers have high thermal stability, the transparent nanopapers main-

tain their smooth surfaces and high optical transparency, even after heating to

Fig. 4.1 Optical and SEM images of conventional cellulose paper made from pulp fibers with a

width of tens of μm (left) and optically transparent nanofiber paper made from cellulose nanofibers

with a width of ca. 15 nm (right)
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150 �C for tens of minutes. These findings indicate the suitability of cellulose

nanopapers for continuous roll-to-roll processing.

Finally, we show the preparation and performance of transparent flexible elec-

trodes based on nanopaper. Highly transparent and strongly adhesive conductive

networks embedded in the surface of nanopaper can be prepared by a simple

filtration coating process [8]. As-prepared transparent conductive paper has a

sheet resistance of 12 Ω sq.�1 with a specular transmittance of 88 %, which is up

to 75 times lower than the sheet resistance of the conductive networks on a PET film

prepared by conventional coating processes. Additionally, the transparent conduc-

tive paper can be folded with negligible changes in electrical conductivity, which

breaks new ground in future paper electronics.

4.2 Optically Transparent Nanopaper

Cellulose nanofibers are the main component of plant cell walls and they are thus

one of the most common and abundant polymers on the earth. Their tiny elements

with diameters of 15–20 nm are composed of bundles of cellulose microfibrils

smaller than 4 nm in width. These, in turn, are made of long cellulose molecules

laterally stabilized by hydrogen bonds that form highly crystalline domains. There-

fore, cellulose nanofibers have a CTE of 0.1 ppm/K [9], which is as low as that of

quartz glass. They have an estimated strength of 2–3 GPa [10] making then five

times stronger than mild steel. Additionally, the nanofibers have good heat transfer

properties comparable with glass [11]. Another significant property of the

nanofibers is that light scattering can be suppressed [12, 13]. If the cellulose

nanofibers are densely packed and the interstices between the fibers are small

enough to avoid light scattering, the cellulosic material can become transparent

while maintaining the high performance of the material described before.

To extract the nanofibers from plants and wood fibers, it is necessary to disas-

semble the fibers’ original structure. The cell walls of the fibers are composed of

several thin layers where the cellulose nanofibers are oriented in various directions

and embedded in matrix substances. To obtain uniform nanofibers from this

complex structure, wood flour was used as a starting material. Because wood is

composed of cellulose, hemicellulose, and lignin, the wood flour was ground in a

water-swollen condition after lignin and hemicelluloses were removed [14]. Fig-

ure 4.2a shows the SEM image of the resulting fiber that was recovered by freeze-

drying a 0.1 % water suspension. A sheet of nanofiber paper was prepared by first

freeze-drying and then mechanically compressing at 160 MPa under vacuum to

eliminate air and voids. However, this treatment did not result in transparency

(Fig. 4.3a). The nanofibers deformed under load but recovered after unloading and

the spaces that were created resulted in light scattering.

Thin cellulose nanofibers are prone to collapse by capillary action during the

evaporation of water and a deformed condition is obtained by hydrogen bonds that

form between the hydroxyl groups of the cellulose. This produces a high-strength
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material without binders [15]. A 0.1 % water suspension of well-dispersed cellulose

nanofibers was gently filtered so that nanofibers were piled uniformly in a wet sheet

with a moisture content of 560 %. The wet sheet was sandwiched between a

combination of wire mesh (#300 inner layer) and filter papers (outer layers),

followed by hot-press drying at 55 �C for 72 h (ca. 15 kPa). The SEM image of

the sheet obtained is displayed in Fig. 4.2b. The nanofibers were so densely packed

that individual fibers could not be observed. The density, which was measured by a

gas pycnometer, was 1.53 g/cm3. Because the density of the cellulose crystallite is

known to be 1.59 g/cm3 [16], this result implies that the cavities in the sheet were

almost removed.

The dried sheet thus obtained was semitransparent and had a plastic film-like

appearance (Fig. 4.3a), suggesting that light scattering in the bulk sheet was

significantly suppressed. In other words, the lack of transparency seemed to be

caused by surface light scattering. When the sheet was polished using 4000 grit

emery paper followed by 15000 grit emery paper, it became transparent (Fig. 4.3a).

The regular light transmittance levels of the sheet before and after polishing are

compared in Fig. 4.3a. Thicknesses of the sheet were 60 and 55 μm before and after

polishing, respectively. The light transmittance of the cellulose nanofiber sheet

Fig. 4.2 SEM images of (a) freeze-dried nanofiber paper and (b) oven-dried nanofiber paper

Fig. 4.3 (a) Light transmittance of the cellulose nanofiber sheet. (b) The sheet is as foldable as

conventional paper
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upon polishing was 71.6 % including surface reflection (Fresnel’s reflection) at a
wavelength of 600 nm. The sheet has the plastic-like transparency and is as foldable

as conventional paper (Fig. 4.3b). Thus, we have designated this new material

cellulose nanofiber paper. Because the optically transparent sheet consists of high-

strength and low-thermal expansion nanofibers, its Young’s modulus and tensile

strength reach 13 GPa and 223 MPa, respectively. Its CTE is 8.5 ppm/K, which is

comparable to that of glass.

The achievement of optical transparency in the nanofiber paper by smoothing the

surface suggests various approaches are possible for the production of functional

transparent cellulose sheets. Smooth surfaces can be obtained by the lamination of

optically transparent plastics such as polycarbonate films onto the nanofiber paper.

This is done by exploiting the thermal softening temperature of thermoplastics

while avoiding the thermal deterioration of cellulose. This would greatly simplify

the roll-to-roll process as well. Another approach would be to deposit transparent

resins onto the surface or even transparent conductive inorganic materials like

indium tin oxide (ITO). Ink jet printers may allow for the drawing of precise

transparent and functional patterns on the sheet by the addition of functional

nanoelements to the ink. As cellulose is highly hygroscopic, transparent cellulose

nanofiber sheets without chemical modification are liable to dimensional instability

[17, 18]. These surface-smoothing approaches would impart high optical transpar-

ency and also act as moisture barriers to the cellulose nanofiber sheets.

4.3 High Thermal Resistance of Transparent Nanopaper

In previous reports, cellulose nanofibers with diameters of 3–15 nm were extracted

from plant cell walls [14, 19]. As described above, cellulose nanofibers have a low

CTE of 0.1 ppm/K, a high strength of 2–3 GPa, a high Young’s modulus of 130–

150 GPa, and high thermal and chemical durability [12]. Cellulose nanofibers can

thus be used for many applications including high-strength lightweight materials,

device substrates, porous magnetic aerogels, dietary fiber, humidity sensors, food

packaging films, and nanometallic catalysts [20–24]. In particular, device substrates

are promising applications because the cellulose nanofiber sheets have been capable

of conductive patterning and have been used as substrates for the lighting of LED

and OLED lights and for sensitive antennas [5, 25, 26].

Two types of optically transparent material based on cellulose nanofibers have

been fabricated. The first material is a transparent plastic reinforced with cellulose

nanofibers [12–14]. The high optical transparency of these nanofiber composites is

enhanced when the refractive index values of the matrix plastics and the cellulose

nanofibers are roughly matched [13]. The second material is optically transparent

nanofiber paper (transparent nanopaper) consisting only of cellulose nanofibers [6,

27]. When an aqueous dispersion of cellulose nanofibers is dried, the cellulose

nanofibers are densely packed by capillary action during the evaporation of water.

After the drying and surface smoothing of the nanofiber films, the nanopapers
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become highly optically transparent because light scattering does not occur within

the films or at their surfaces. Both optically transparent nanofiber materials are

suitable as device substrates for applications such as solar cells and displays. In this

section, the transparency of the nanopapers and their thermal stability during

150 �C heating are discussed [7].

Sitka spruce (Picea sitchensis) wood chips were used in this study. The wood

samples were subjected to sodium chlorite and potassium hydroxide treatments

[6]. A 0.5 wt% pulp water suspension of 2,000 g was mechanically nanofibrillated

using a high-pressure water-jet system (Star Burst, HJP-25005E, Sugino Machine

Co., Ltd., Uozu, Japan) equipped with a ball-collision chamber. The slurry was

ejected from a small nozzle with a diameter of 0.15 mm under a high pressure

(245 MPa). The suspensions were passed through this nozzle 100 times. After this

mechanical nanofibrillation, cellulose nanofibers with width of 15 nm were

obtained.

Transparent nanopapers have previously been fabricated by a three-step process

[6, 27]. First, purified wet wood flour is mechanically fibrillated into cellulose

nanofibers using a single-pass grinder treatment. Second, cellulose nanofiber sus-

pensions are vacuum filtered to make wet nanofiber sheets, followed by drying

using wire meshes. The resulting sheets are not optically transparent but translu-

cent. Finally, the translucent nanofiber sheets are made transparent by surface-

smoothing processes such as polishing or coating.

Herein, we show the fabrication of transparent nanopapers by the following two

processes. First, purified wet wood chips were nanofibrillated by a water-jet system

(pass number, 100). Second, the nanofiber suspensions were poured onto an acrylic

plate and then dried at 50 �C for 24 h. After drying, the dried sheet was found to be

highly optically transparent without any additional surface-smoothing processes.

Because the transparent nanopaper maintained the high foldability same as con-

ventional paper, an optically transparent origami leaf was fabricated by folding the

nanopaper (Fig. 4.4). The nanopaper also had an extremely low CTE of 5–8 ppm/K,

comparable with that of glass. Thus, the transparent nanopaper is a perfect material

as a substrate in continuous roll-to-roll processing.

We discuss the transparency of nanopapers (thickness of 20 μm and density of

1.5 g/cm3) and compare them with PET films in terms of their total transmittance

and haze. We first introduce the transparency of nanopapers before the heating

process. When light reaches a transparent medium, reflection generally occurs at

the surface. The surface reflection (Fresnel reflection) depends on the difference of

refractive index between air and the medium. Even ideal transparent materials

without any internal light losses have a total transmittance of less than 100 % due

to surface reflection. In the transparent nanopaper with a refractive index of 1.58 at

a wavelength of 590 nm [27], the surface reflection at the nanopaper was 5.1 % (see

Eq. 4.1). Considering multiple surface reflections (see Eq.4.2), the theoretical total

transmittance of the nanopaper was estimated as 90.1 %.
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R ¼ nm � nað Þ2
nm þ nað Þ2 ð4:1Þ

T %ð Þ ¼ 1� R½ �2 � 100 ð4:2Þ

where R is the surface reflection, nm is the refractive index of the transparent

material, na is the refractive index of air (1.00), and T (%) is the theoretical total

transmittance when considering multiple surface reflections.

Before heating, the total transmittance of the nanopaper was measured in a 200–

800 nm wavelength range (solid line in Fig. 4.5a) by using a UV-vis spectrometer

with an integrating sphere. The total transmittance at visible wavelengths of 450–

800 nm was constant at 90.1 %. This value matched the theoretical value of 90.1 %.

For the transparent nanopaper, the transmittance losses in the visible wavelength

range were not caused by light absorption within the nanopaper but only by surface

reflection. Even transparent materials without any light absorption suffer reduced

transparency, which is caused by light scattering. This light scattering is referred to

as “haze” and is measured as the proportion of scattered transmittance to total

transmittance. Cloudy translucent materials show more haze, while clear transpar-

ent materials have low haze. The haze was evaluated by a haze meter. The haze of

the transparent nanopaper was 4.1 % (Fig. 4.5d). This low haze was due to light

scattering from cellulose nanofibers with width of 15 nm and the cavities between

the nanofibers. The total transmittance and haze in the PET films (T-100, Mitsubishi

Plastics, Inc., Tokyo, Japan) were 89.0 % and 4.5 %, respectively (solid lines in

Fig. 4.5b, d, respectively). This result suggests that transparent nanopaper with a

thickness of 20 μm demonstrates high total transmittance and low haze comparable

to that of 100 μm-thick PET films.

When transparent films are used as electronic device substrates, conductive

patterns are deposited onto them under high-temperature conditions. In conven-

tional device manufacturing processes, high-temperature heating to over 300 �C is

needed. These high-temperature processes are obstacles to the fabrication of flex-

ible or bendable devices on polymer substrates. Recent progress in printing with

Fig. 4.4 Transparent

nanopaper origami leaf

(center), a colored leaf, and

a green leaf (left and right,
respectively)
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conductive nanomaterials has allowed the deposition of conductive patterns at

lower temperatures of around 150 �C. Hence, the minimum requirement for trans-

parent substrates is that their high transparency is maintained even after heating to

150 �C. We thus investigated the change in optical transparency of the nanopaper

after heating at 150 �C and compared it with that of PET films.

When PET films are heated at 150 �C for 120 min, their visual appearances

become cloudy; however, their total transmittance spectra are exactly the same as

those before the heating process (Fig. 4.5b). Their total transmittance and haze

during the heating process were evaluated as shown in Fig. 4.5c, d. After the 150 �C
heating, the total transmittance was constant at 87.4–88.1 % (Fig. 4.5c), while the

haze increased from 4.5 to 24.0 % (Fig. 4.5d). These results indicate that the

increase in haze was derived from light scattering within or at the surface of the

heated PET films. The PET films used in this study were plane and did not receive

any heat stabilization treatment. When plane PET films are heated at 150 �C, cyclic
oligomers migrate to the film’s surface and the surface becomes rough, as reported

Fig. 4.5 Transparency of nanopaper and PET films. (a) Total light transmittance of nanopaper

(solid line: before heating; dotted line: after heating at 150 �C for 120 min). (b) Total light

transmittance of PET films (solid line: before heating; dotted line: after heating at 150 �C for

120 min). (c) Total light transmittance during heating at 150 �C for 120 min (circles: nanopaper;
triangles: PET). (d) Haze values during heating at 150 �C for 120 min (circles: nanopaper;
triangles: PET)
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by MacDonald et al. [28]. When the surfaces of the PET films were observed by

field emission scanning electron microscopy (FE-SEM), their surfaces were quite

smooth before heating. Cyclic oligomers were found on the surfaces of the PET

films after heating for 30 min (Fig. 4.6). The cyclic oligomers had a diameter of

around 10 μm and a height of less than 1 μm and this was almost constant during

heating, while the amount of cyclic oligomers increased with heating time. The

growth of cyclic oligomers corresponds with the increasing haze of the PET films.

However, migrated cyclic oligomers can be removed by washing with

Fig. 4.6 Optical images of the surfaces of nanopaper and PET films during heating at 150 �C for

up to 120 min
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methylethylketone solvent. When the heated hazy PET films were washed with the

solvent, their appearance and haze returned to the levels of the non-heated films.

Therefore, high-temperature heating at 150 �C increased the surface roughness of

the PET films, resulting in the loss of their high optical transparency. The loss of

their transparency was not due to crystallization. To protect them from this loss in

transparency during heating, the PET films thus should be coated with

planarizers [28].

Transparent nanopaper was fabricated by the casting of nanofiber suspensions on

an acrylic plate. Their surface smoothness was thus nearly the same as that of the

PET films (Fig. 4.6). Cellulose has no glass transition and does not undergo thermal

decomposition at temperatures under 250 �C. Because the transparent nanopaper

consists only of cellulose nanofibers, the nanopaper surface remains very smooth

even after heating at 150 �C for 120 min (Fig. 4.6). Hence, the haze value of the

nanopaper was also constant at 4.1–4.5 % (Fig. 4.5d) and the high optical trans-

parency of the nanopaper was almost unchanged. The total transmittance of the

heated nanopaper also remained constant at around 90.1 % (Fig. 4.5c) and the total

transmittance spectrum of the heated nanopaper was almost the same as that before

heating (Fig. 4.5a). Due to the high thermal stability of cellulose, the transparent

nanopaper maintained high optical transparency without additional stabilization

treatment.

4.4 Transparent Conductive Paper

Transparent conductive films are important materials in a wide range of electronic

applications such as displays and solar cells. For flexible electronics, transparent

conductive films have been fabricated by the coating of conductive materials

including silver nanowires (AgNW) [29–31], carbon nanotubes (CNT) [32–34],

and graphene on transparent and flexible plastic films such as PET. Wet coating

processes have been widely used for the deposition of these conductive materials

onto plastic films because of their large-area and low-temperature production

advantages. For example, these transparent conductive films have been prepared

by drop coating, bar coating, and spin coating AgNW or CNT dispersions onto

plastic films.

One of the current challenges in the fabrication of high-performance transparent

conductive films is the enhancement of their optical transparency and their electri-

cal conductivity. The transparent conductive performance depends on the disper-

sion state of the conductive materials over the substrate surface. Uniformly

interconnected conductive networks without significant loss of optical transparency

provide better performance [35, 36]. Although uniform coating is essential for

excellent transparent conductive performance, conventional wet coating processes

such as drop coating and bar coating inevitably cause self-aggregation and the

uneven distribution of the suspended materials after solvent drying, as shown by the

coffee-ring effect [37, 38]. An alternative coating approach that provides high
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spatial uniformity for the conductive networks over the substrates is urgently

required. Additionally, strong adhesion between the conductive material and the

substrate surface is also important to ensure mechanical robustness against friction

and bending. However, AgNWs show poor adhesion to plastic films [39], while

CNTs show relatively strong adhesion [33]. Therefore, various techniques includ-

ing substrate surface modification, encapsulation with a thin Teflon layer, and

irradiation with high-density pulsed light [40] have been investigated. Despite

these efforts there is still a requirement for further progress in coating processes

and substrate materials to achieve both high transparent conductivity performance

and strong adhesive properties.

Herein, we show the successful fabrication of cellulose nanopaper-based trans-

parent conductive films [8]. The uniform coating of AgNWs or CNTs onto the

nanopaper was achieved by a simple filtration process. The as-prepared transparent

conductive paper demonstrated both high transparent conductivity performance and

strong adhesive properties.

Paper materials have been traditionally prepared by a papermaking process in

which a cellulose fiber aqueous suspension is dewatered through a mesh filter to

form uniformly distributed and randomly oriented fiber networks. This simple

filtration technique is expected to be used as an effective coating process to prepare

uniformly connected networks of fiber-like conductive nanomaterials including

AgNWs and CNTs. In this study, the uniform coating of these conductive

nanomaterials was accomplished by a simple filtration of their aqueous dispersions

through the cellulose nanopaper. The paper was used as both a filter and a trans-

parent flexible substrate (Fig. 4.7a). The as-prepared AgNW or CNT networks on

the nanopaper were denoted AgNW@nanopaper and CNT@nanopaper, respec-

tively, and they had high optical transparency (Fig. 4.7b). The AgNW networks

on the nanopaper exhibited a sheet resistance of 12 Ω sq�1 with an optical

transparency of 88 %. This is up to 75 times lower than that of the PET films

prepared by conventional coating processes such as drop coating (sheet resistance

of 900 Ω sq�1 with an optical transparency of 87 %), bar coating, and spin coating.

These results were confirmed, even for CNT [8]. These results indicate that the

“filtration coating” process offers uniformly connected conductive networks

because of drainage in the perpendicular direction through the paper-specific

nanopores derived from the cellulose nanofiber networks. Conventional coating

processes for plastic films inevitably lead to self-aggregation and the uneven

distribution of conductive materials during the drying processes, as shown by the

well-known coffee-ring phenomenon. This filtration process, which was made

feasible by the use of a nanopaper substrate, is an effective coating approach to

achieve high transparent conductive performance.

Figure 4.8 shows side-view FE-SEM images of AgNW networks on the surfaces

of nanopaper and a PET film prepared by filtration coating and drop coating,

respectively. It should be noted that the AgNW networks were embedded in the

nanopaper surface. The embedded AgNW networks allow strong adhesion to the

nanopaper surface. The AgNW networks on the PET film were easily peeled off

with adhesive tape (Fig. 4.9a) leading to a drastic increase in sheet resistance

4 Flexible Paper Electronics 111



Fig. 4.7 (a) Schematic of the filtration coating of AgNW or CNT on cellulose nanopaper,

(b) optical images of the as-prepared original nanopaper and transparent conductive papers

Fig. 4.8 Side-view FE-SEM images of (a) the AgNW@nanopaper and (b) the AgNW@PET film
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(Fig. 4.9c). In contrast, the AgNW networks made by filtration coating adhered

strongly to the surface of the nanopaper (Fig. 4.9b). Low sheet resistance was

maintained even after ten peeling test cycles (Fig. 4.9c). The CNT networks also

adhered more strongly to the nanopaper than to the PET film [8], suggesting that a

CH-π interaction between the axial plane of the cellulose and the graphene

π-conjugated system [41] enhances the adhesion of CNT networks to the surface

of the nanopaper. The strong adhesion of AgNW and CNT onto the nanopaper

surface was also achieved using a simple filtration coating process.

As shown in Fig. 4.10a–c, these transparent conductive papers were foldable to

beyond flexible. In other words, the resistance value of the AgNW@nanopaper

remained almost unchanged even after mountain folding and the multiple-folded

papers could light a LED. Additionally, the papers enabled versatile shape design

upon cutting with scissors and provided transparent conductive paper craft

(Fig. 4.10d). The high flexibility of the transparent conductive paper will open

new doors for future foldable electronics.

To conclude, we have demonstrated the successful formation of highly trans-

parent conductive networks on cellulose nanopaper by a simple filtration coating

process. The cellulose nanopaper, which was made from the most ubiquitous and

renewable bioresources, served as both a filter and a transparent flexible substrate

Fig. 4.9 Optical images of (a) the AgNW@PET film and (b) the AgNW@nanopaper prepared by

drop coating and filtration coating, respectively, after the peeling test. (c) Relative resistance

values of the AgNW@nanopaper and the AgNW@PET film as a function of peeling test cycles

Fig. 4.10 Flexibility of the transparent conductive papers. Resistance values of the

AgNW@nanopaper (a) before (182 Ω) and (b) after (191 Ω) mountain folding. (c) Lighting a

light-emitting diode (LED) placed between mountain- and valley-folded AgNW@nanopapers. (d)
Paper craft using transparent conductive papers
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for AgNWs and CNTs. This filtration coating technique can be applied to a wide

range of conductive materials and extended to large-area production such as the

well-established papermaking process. This work breaks new ground in the creation

of next-generation paper electronics.

4.5 Conclusions

This chapter describes the successful fabrication of optically transparent and

foldable cellulose nanopaper with high thermal resistance and low CTE. These

excellent properties of the nanopaper offer a promising alternative to glasses and

plastics. We developed flexible electronics based on nanopaper including transpar-

ent conductive films [8], organic transistors [42], nonvolatile paper memory [43],

and antennas [44, 45]. These paper electronic devices demonstrated excellent

flexibility as well as excellent device performance and they open new doors for

next-generation flexible electronics.
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Chapter 5

Highly Conductive Ink-Jet-Printed Lines

Masaya Nogi, Hirotaka Koga, and Katsuaki Suganuma

Abstract Printing techniques, such as ink-jet printing, screen printing, and flex-

ography, are promising alternatives to conventional photolithography for the pro-

duction of electronic devices. The advantages of these techniques include low

manufacturing costs, environmental sustainability, manufacturing simplicity, and

high material usage. Among these techniques, ink-jet printing is particularly advan-

tageous because it is a noncontact, maskless process with drop-on-demand and

scale-up feasibilities. Therefore, ink-jet printing is currently used to fully or par-

tially fabricate advanced electronic devices. In this chapter, we introduce some

ink-jet printing technologies to improve the electrical conductivity of printed lines.

Keywords Printed electronics • Ink-jet printing • Acceptance layer • Flexible

substrate

5.1 Introduction

Printed electronics is a promising technology that has received much interest for the

mass production of low-cost electronic devices because it increases manufacturing

flexibility and decreases manufacturing costs. Of the numerous printing technolo-

gies, such as offset printing, gravure printing, screen printing, and ink-jet printing,

the latter is particularly advantageous as a noncontact, maskless, drop-on-demand

process with scale-up feasibility. Therefore, ink-jet printing is currently used to

fully or partially fabricate advanced electronic devices, including organic light-

emitting diodes [1–3], organic solar cells [4, 5], organic thin-film transistors [6–11],

flat-panel displays [12], and radio-frequency identification devices [17]. In this

chapter, we introduce recent studies on the production of highly electrically con-

ductive lines with straight and sharp edges using ink-jet printers.

In the first section, the fabrication of conductive silver lines of various widths

(0.04–40 mm) using dilute silver-nanoparticle (AgP) inks on polyimide films and

an ink-jet printer [13] is described. The electrical properties of the lines were found
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to vary with the width. In particular, wider lines (>0.4 mm) exhibited low resis-

tivities (3.6–5.4 μΩcm), approaching that of bulk silver (1.6 μΩcm). On the other

hand, narrower lines (<0.3 mm) exhibited much higher resistivities (14.6–

16.5 μΩcm), presumably because of the so-called coffee-ring effect. This effect,

known to strongly influence nanoparticle deposition, is caused by convection flow,

during which nanoparticles segregate at the line edge. However, when the narrower

lines were heated slowly from 20 to 200 �C at a heating rate of 3 �C/min in order to

reduce convection flow, they redistributed uniformly, after which the lines

exhibited low resistivities (3.9–4.2 μΩcm). Therefore, gradual heating appears to

be an excellent method for enabling ink-jet printing technology to yield narrow,

highly conductive lines.

Polyimide films are the most promising substrates for use in printed electronics

because of their high thermal stability. However, the high wettability of polyimide

films by conductive inks often produces thin ink-jet-printed lines with splashed and

wavy boundaries, resulting in high electrical resistance of the lines. In the second

section, to overcome these disadvantages, repellent pore structures composed of

polyamide-imide with high thermal stability were fabricated on a polyimide film

[14]. Using this film, the ink-jet-printed line thickness was increased without the

penetration of the silver nanoparticles into the pore structures, thus resulting in very

sharp edges without any splashing. Notably, the repellent treatment restricted the

spreading of the silver nanoparticles into the pore structures, and the pore structures

prevented ink splashing upon impact with the film. As a result, the electrical

resistance of these lines decreased to one-fifth that of comparable lines on a pristine

polyimide film. The ink-jet printing of conductive inks onto repellent pore struc-

tures should thus contribute to the future of printed electronics because this

technique enables the printing of closely packed line patterns while maintaining

high conductivity within a limited space.

As mentioned above, low concentrations of metallic nanoparticle inks often

produce the coffee-ring effect, thereby resulting in high electrical resistance for

ink-jet-printed lines. The coffee-ring effect is due to the convection flow of the ink

droplets and can be overcome by reducing the flow. In the third section, we report

the formation of absorption layers for ink vehicles on pristine polyimide films and

the fabrication of convex-shaped lines without the coffee-ring effect, even using

low concentrations of commercially available inks [15]. The coated layers

increased the ink concentration and prevented the convection flow of the ink

droplets. Subsequently, the electrical resistance of the ink-jet-printed lines on the

polymer-coated polyimide films (8 Ω) was improved threefold over that of lines

printed on pristine polyimide films (24 Ω). This improvement was similar to that

obtained when ink-jet-printed lines were gradually heated (7 Ω), which is another

method for reducing convection flow. Durability tests and electrical resistance

measurements for the ink-jet-printed lines on the polymer-coated polyimide films

were also performed. Even under harsh environments, the lines showed excellent

electrical performance. Importantly, these lines should be easily integrated into

practical applications.
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5.2 Sintering Method for Highly Conductive, Narrow
Printed Lines

To expand ink-jet printing technologies for electronic devices, the capability to

produce a high-quality printed pattern of narrow width and high electrical conduc-

tivity is crucial. Narrow width is already achievable. Because a commercial ink-jet

printer does not require printing masks, it can easily print narrow conductive lines

(<1 mm) with proper control of the parameters, such as the linewidth (via the

ink-jet nozzle), printing waveform, droplet volume, drop spacing, and the number

of overprints [9, 16–20]. However, high electrical conductivity can be difficult to

achieve. The electrical conductivity of a printed line depends on the composition of

the conductive metallic ink and the heating conditions of sintering. Theoretically,

printed patterns should be capable of exhibiting conductivity approaching that of

the corresponding bulk metal, independent of the linewidth, provided that they have

been heated under sufficient sintering conditions (temperature and time). However,

in reality, nanoparticle segregation near the pattern edge—the so-called coffee-ring

effect—is frequently observed in ink-jet-printed tracks [20, 21]. These concave

ridged patterns exhibit low conductivity, even after sufficient heating [22].

Since the first report of coffee-ring stains by Deggan, line edges with distinct

ridges have been widely studied. The numerous driving forces that generate coffee-

ring stains in dried droplets include the substrate and ink wettabilities, ink viscosity,

solvent type, particle size, droplet volume, and droplet-drying conditions [23–

32]. However, the relationship between the printed linewidth, conductivity, and

the coffee-ring effect has not been clarified. Recently, we reported the properties of

silver lines of various widths that were ink-jet-printed on a polyimide substrate; the

examined properties included the electrical resistivity, cross-sectional morphology,

and silver-nanoparticle distribution within the lines [13].

Silver nanoparticles (diameters 30–50 nm) were dispersed in a mixed ethylene

glycol/alcohol solvent system and then printed on the polyimide films. Printing was

performed via two different methods: ink-jet printing and bar coating. Ink-jet

printing produced linewidths in the range of 0.04–3 mm, whereas bar coating

produced a linewidth of 40 mm. After printing, the films were heated at 200 �C
for 90 min, and then their electrical resistivities were measured.

For the lines printed with the ink-jet printer, the electrical resistivity varied with

the linewidth (Fig. 5.1a). Narrower lines exhibited higher resistivities, whereas

wider lines exhibited lower resistivities, with the widest line (40 mm) exhibiting

a low resistivity of 5.0 μΩcm. The resistivity of the narrowest line (0.3 mm) was

approximately fourfold higher than that of the widest line. In theory, electrical

resistance (Ω) should vary with the linewidth and thickness. However, the electrical
resistivity (μΩcm) is independent of both of these factors because it is derived from

the resistance and the cross-sectional area. Therefore, the substantially higher

resistivity of the narrowest lines suggested that the electrical contact between the

silver nanoparticles in these lines was lower.
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Fig. 5.1 Ink-jet-printed lines fabricated using a low-viscosity silver-nanoparticle ink after con-

stant heating at 200 �C. (a) Electrical resistivity (linewidth range 0.04–40 mm), (b) cross-sectional
morphology (linewidth range 0.04–0.4 mm), (c) FE-SEM images of a concave narrow line (width

0.04 mm), and (d) FE-SEM images of a convex line (width 0.4 mm) ([13] © IOP Publishing.

Reproduced by permission of IOP Publishing. All rights reserved. http://iopscience.iop.org/0960-

1317/22/3/035016)
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To better understand the influence of the linewidth on the electrical resistivity,

cross-sectional profiles of lines of various widths were observed. Surprisingly, the

profiles showed clear differences. The profiles of the narrow ink-jet-printed lines

(<0.3 mm) were concave, while those of the wide ink-jet-printed lines (>0.4 mm)

were convex (Fig. 5.1b). These profile differences correspond exactly with the

observed differences in the electrical resistivity. In contrast, the profiles of all of

the mask-printed lines, regardless of the width in the entire studied range (0.03–

40 mm), were convex and exhibit a constant resistivity of 3.9–4.2 μΩcm (Fig. 5.2a,

b). For dilute inks, during drying, the solvent is known to inhomogeneously

evaporate and the solute is known to self-aggregate [23–32], resulting in the well-

known coffee-ring effect. Moreover, smaller droplets exhibit accelerated solvent

evaporation rates, resulting in preferential evaporation of the solvent near the edges

[25]. Ink-jet-printable inks possess low silver-nanoparticle loading levels, and thus,

ink-jet-printed lines can become concave after sintering. In particular, narrow ink-

jet-printed lines are particularly prone to inhomogeneous evaporation.

Fig. 5.2 Mask-printed lines fabricated using a high-viscosity silver-nanoparticle ink after heating

at 230 �C. (a) Electrical resistivity (linewidth range 0.03–0.4 mm) and (b) cross-sectional

morphology (linewidth range 0.03–0.4 mm) ([13] © IOP Publishing. Reproduced by permission

of IOP Publishing. All rights reserved. http://iopscience.iop.org/0960-1317/22/3/035016)
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Field-emission scanning electron microscopy (FE-SEM) images of the centers

and edges of the printed lines revealed why the concave lines with distinct ridges

exhibited such high resistivity. The silver-nanoparticle distribution in the concave

lines was clearly different from that in the convex lines (Fig. 5.1c, d, respectively).

In the convex lines (0.4 mm), the nanoparticles were homogeneously aggregated,

and intervening voids were nearly nonexistent at both the center and the edge

(Fig. 5.1d). In the concave lines (0.04 mm), the edge morphology was similar to

that for the convex lines, but the center morphology showed numerous large voids

(Fig. 5.1c). The large cavities at the centers of the concave lines were produced as

the result of convection flow, which transported the nanoparticles from the centers

to the edges during ink solvent evaporation. This transport decreased the electrical

contact between the nanoparticles remaining at the centers, causing an increase in

the resistivity, even under the same heating conditions.

When the ink parameters such as concentration, solvent type, nanoparticle size,

and viscosity are controlled carefully before printing, narrow lines without ridges

can be obtained [26–30, 32]. However, devising precise parameters for each desired

linewidth is laborious and unproductive. As described above, inhomogeneous

evaporation during heating is the most significant cause of the coffee-ring effect.

Therefore, we proposed a simple approach involving control of the heating condi-

tions rather than the ink, substrate, or printing conditions for the fabrication of fine

printed lines with low electrical resistivity.

Printed lines with a width of 0.3 mm are convex before heating. According to

previous reports, such narrow lines maintain their convex shape after

low-temperature heating (<50 �C) [33, 34]. However, such low-temperature

heating generally did not decrease the electrical resistivity to the level of that of

bulk silver. The silver-nanoparticle inks used in this study required heating to a high

temperature (>200 �C) in order to achieve low electrical resistivity (<10 μΩcm).

Therefore, the maximum heating temperature was fixed at 200 �C, and the rate at

which the temperature was increased to 200 �C was adjusted in order to achieve

maximal conductivity.

As mentioned above, after heating at 200 �C for 90 min, narrow ink-jet-printed

lines (<0.3 mm) exhibited high resistivity (15 μΩcm) and concave cross-sectional

profiles (Fig. 5.1b). For such lines, a two-step heating process was adopted; first, the

lines were heated gradually from 20 to 200 �C over 60 min at a heating rate of 3 �C/
min and then maintained at 200 �C for an additional 30 min. The total heating time

was 90 min, as was the case for the constant heating conditions applied to obtain

line profiles shown in Fig. 5.1. The gradual heating clearly changed the profiles of

the narrow lines (<0.3 mm) from concave to convex (Fig. 5.3b). The nanoparticles

were very densely packed, and the large voids that decreased the electrical contact

were no longer evident at either the center or the edge, even in the narrowest line

(0.04 mm) (Fig. 5.3c). Gradual heating therefore restricted the convection flow in

the lines during evaporation, causing the lines to become convex with homoge-

neously distributed nanoparticles. As a result, even the narrowest ink-jet-printed

lines (0.04–0.3 mm) exhibited low resistivities (3.9–4.2 μΩcm) (Fig. 5.3a).
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In summary, numerous researchers have investigated the ink-jet printing fabri-

cation of narrow high-conductivity lines by optimizing parameters such as the ink

components, the nature of the substrate surface, and the printing conditions [9, 16–

18, 22, 33, 35]. We have found that these approaches are unnecessary and

Fig. 5.3 Ink-jet-printed lines fabricated using a low-viscosity silver-nanoparticle ink after gradual

heating in two phases: from 20 to 200 �C over 60 min followed by constant heating at 200 �C for an

additional 30 min. (a) Electrical resistivity (linewidth range 0.04–40 mm), (b) cross-sectional
morphology (linewidth range 0.04–0.4 mm), and (c) FE-SEM images of a concave line (width

0.04 mm) ([13] © IOP Publishing. Reproduced by permission of IOP Publishing. All rights

reserved. http://iopscience.iop.org/0960-1317/22/3/035016)
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insufficient. Instead, moderate heating can yield narrow lines with high conductiv-

ity. These findings should open the door to more facile fabrication of high-

performance printed electronics, such as organic light-emitting diodes, organic

solar cells, organic thin-film transistors, flat-panel displays, and radio-frequency

identification devices.

5.3 Repellent Pore-Structured Acceptance Layers

Silver has a resistivity of 1.59 μΩcm and is a material with one of the lowest

electrical resistances. Thus, silver-nanoparticle-based conductive inks have been

developed that can be used to create highly conductive patterns with resistivities

approximately equal to that of bulk silver [36–38]. In most of these inks, the silver

nanoparticles are capped by dispersants in order to extend their storage life. To

remove these nonconductive dispersants, the printed line patterns are heated to

extremely high temperatures (>200 �C) [39]. As a consequence, thermally sensitive

plastic films, such as polyethylene terephthalate, polypropylene, and polycarbonate,

cannot be used as substrates for printed electronic devices. On the other hand,

polyimide films are the most suitable candidate substrates because of their high

thermal stability.

When a silver-nanoparticle ink is ink-jet-printed onto a polyimide film, however,

the characteristics of the substrate and the ink often hinder the ability to obtain

highly conductive line patterns with fine intervals. The low viscosity of silver-

nanoparticle inks results in inhomogeneous evaporation, thus inducing the “coffee-

ring effect” within the printed lines. Consequently, the inhomogeneous distribution

of silver nanoparticles increases the resistance of the lines [13, 22]. In addition, the

low concentration of silver nanoparticles in the ink decreases the printed line

thickness after drying [40]. The high wettability of polyimide films also decreases

the printed line thickness because silver-nanoparticle ink droplets spread laterally

on polyimide films [16, 41, 42]. Such thin lines induce high resistance because of

their small cross sections, even for printed lines with low resistivity. Therefore,

ink-jet printing technologies using silver-nanoparticle inks on polyimide films must

print thick lines with low electrical resistance.

In this study, the aim was to fabricate well-defined, low electrical resistance lines

comprised of silver-nanoparticle inks on polyimide films via ink-jet printing. To

maintain the high thermal stability of the polyimide films, fine pore structures were

fabricated on their surfaces using a polyamide-imide. Decreasing the pore diameter

prevented the lateral spreading of the silver-nanoparticle ink on the substrate

surface. Moreover, fluorine treatment of the pore structures increased the thickness

of the printed lines. Using these repellent, pore-structured polyimide films

decreased the electrical resistance to one-fifth that of the lines on the pristine

polyimide film for the same silver-nanoparticle ink-heating conditions and line

dimensions (widths and lengths).
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Polyimide films have been widely used as substrates for printed electronics

because of their high-dimensional stability against high sintering temperatures

above 200 �C. However, when conductive inks are ink-jet-printed on these films,

their high surface energy of 40 mN/m often results in widespread thin lines [16]. In

this study, a silver-nanoparticle ink with tetradecane as the solvent was used. At

impact, the 4-μl droplets of the silver-nanoparticle ink spread laterally on the

polyimide film. The contact angle of the ink was only 11� (Fig. 5.4a). Thus,

ink-jet printing on the polyimide film yielded splashed lines with wavy boundaries

(Fig. 5.4b). The lateral spreading of the ink droplets also resulted in thinner lines of

less than 0.3 μm with widths varying from 70 to 140 μm and a length of 40 mm

(Fig. 5.4c). Given the high thermal stability of the polyimide films, the printed lines

were subjected to heat sintering at 220 �C for 60 min. Consequently, the ink-jet-

printed lines exhibited a low electrical resistance of 5 Ω. However, this value was
2.6 times higher than that of bulk silver, considering the line volume and resistivity

of silver (1.59 μΩcm). Because these printed lines were subjected to sufficient

sintering conditions, prolonged heating or heating at higher temperatures did not

decrease their resistance. However, it is known that an increase in the line thickness

decreases the resistance for the same ink, line width, and sintering conditions.

While an increase in the ink viscosity is effective for increasing the line thickness,

high-viscosity inks are difficult to inject through an ink-jet printer. Thus, surface

modification of the substrate is a practical method for increasing the line thickness.

Fig. 5.4 Pristine polyimide

film: (a) Contact angle of
the ink droplets containing

4-μl silver nanoparticle and
(b) top view and (c) 3D
view of the ink-jet-printed

line morphology (Reprinted

with permission from Ref.

[14]. Copyright 2012

American Chemical

Society. http://pubs.acs.org/

doi/abs/10.1021/

am300160s)
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Therefore, in order to increase the line thickness, pore structures were fabricated

on the polyimide film. Pore structures have been used in screen printing to obtain

thicker lines with sharp edges [43, 44]. In this study, the pore structures were

composed of a polyamide-imide in order to maintain the high thermal durability

of the printed substrates. Similar to polyimides, polyamide-imides have high

thermal stability and glass transition temperatures near 300 �C. The contact angle
of the silver-nanoparticle ink droplets on the polyamide-imide was 9.5�. Thus, their
wettability was similar to that on polyimide films. According to Wenzel’s equation,
such a spreadable surface becomes more spreadable with pore structures [45]. Thus,

when the 4-μl ink droplets were impacted on pore-structured films with average

pore sizes of 0.5, 3, and 5 μm, the droplets were absorbed into the pore structures,

and it was not possible to measure the contact angles (contact angle 0�).
As described above, the ink-jet-printed silver-nanoparticle lines on a polyimide

film resulted in splashed and wavy boundaries (Fig. 5.4b, c). In contrast, when the

silver-nanoparticle ink droplets were ink-jet-printed on the polyamide-imide pore-

structured film, the ink wetted the surface and then was absorbed into the capillary

network. Therefore, the printed lines on the pore structures exhibited reduced

splashing, and the edges were sharply defined (Fig. 5.5a). Notably, on the film

with the largest pore structures (5 μm), the printed lines spread laterally, and their

width of 300 μm was twice that of lines printed on the pristine polyimide film.

Shrinking the pore size, however, reduced the spreading of the printed lines.

Decreasing the pore size to 3 μm resulted in a narrower line width of 150 μm,

which was equivalent to the width of the lines on the pristine polyimide film. The

smallest pore size of 0.5 μm produced a 50-μm-wide line because it was difficult for

the silver-nanoparticle ink droplets to spread laterally into the fine pore structures

across the large surface area (Fig. 5.5a). Therefore, such fine pore structures

prevented the splashing and spreading of the silver-nanoparticle ink, resulting in

narrow lines with sharp edges. However, the silver-nanoparticle ink was completely

absorbed into the substrates, resulting in a flat surface (Fig. 5.5b). This result is in

agreement with the contact angle results. FE-SEM examination of the printed lines

revealed many cavities due to ink penetration into the pore structures (Fig. 5.5c). As

a result, the electrical resistance of the lines was 25Ω, even after sufficient sintering
at 220 �C for 60 min. This electrical resistance was five times larger than that of the

lines on the pristine polyimide films.

Therefore, while the fine pore structures produced narrow lines with sharp edges,

they resulted in a reduction of the electrical conductivity because of the absorption

of the silver-nanoparticle ink droplets. To avoid this penetration of the silver-

nanoparticle ink droplets into the pore structures, the polyimide films with 0.5-μ
m pore structures were chemically modified using a fluorine treatment. Then, no

difference in the surface morphologies of the pore structures with and without the

fluorine treatment was observed. Most importantly, the pore structures were not

filled with the fluorine treatment substances. As shown in Fig. 5.6a, the contact

angles on fluorine-treated polyimide films with and without pores were 95� and 98�,
respectively; both fluorine-treated substrates exhibited nearly the same degree of
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repulsion of the 4-μl ink droplets. Surprisingly, however, significantly different line
patterns were obtained on these substrates using ink-jet printing.

The silver-nanoparticle ink droplets were ink-jet-printed on fluorine-treated

films with pore structures. Then, the pore structures did not absorb the ink droplets,

and the silver nanoparticles remained on the surfaces of the fluorine-treated pore

structures because of their repellent properties (Fig. 5.6d). In the example shown in

Fig. 5.6, the printed line thickness increased to 1.0 μm (Fig. 5.6c), resulting in a

narrower width of 30 μm and sharp edges (Fig. 5.6b). Thus, the fluorine-treated pore

structures yielded well-defined lines that were more than three times thicker than

those on the pristine polyimide films. Moreover, the printed lines on the fluorine-

treated pore structure films exhibited a resistance of 8 Ω because the silver

nanoparticles remained on the pore structures. This resistance is nearly equal to

that for the lines printed on the pristine polyimide film. In contrast, when the silver-

nanoparticle ink droplets were printed on the fluorine-treated polyimide films

without pores, the droplets were effectively repelled and remained on the surface,

Fig. 5.5 Ink-jet-printed

lines on a polyamide-imide

pore-structured film with

0.5-μm pores: (a) top view,

(b) 3D view, and (c)
FE-SEM images of the

silver nanoparticles after

sintering (Reprinted with

permission from Ref.

[14]. Copyright 2012

American Chemical

Society. http://pubs.acs.org/

doi/abs/10.1021/

am300160s)
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eventually forming dotted lines with a diameter of 40 μm and a thickness of 1.6 μm,

which had no conductivity.

At the same line width and length, increasing the line thickness decreases the

electrical resistance of the printed lines. Therefore, the silver-nanoparticle ink

droplets were ink-jet-printed on the repellent pore-structured polyimide films in

order to obtain lines with the same dimensions as those on the pristine polyimide

films, i.e., a width of 140 μm and a length of 40 mm. Rectangular lines with a

thickness of 1.0 μm were obtained because of the repellent pore structures. This

thickness was three times larger than that on the pristine polyimide films (0.3 μm).

Thus, the electrical resistance of the thicker lines was decreased to only 1 Ω, while
that of the thinner lines on the pristine polyimide film was 5 Ω. Moreover, the lines

showed sharp edges without any splashing, indicating that fine interval lines with

close gaps could be printed on the repellent pore-structured polyimide films.

Therefore, it should be possible to use ink-jet printing on repellent pore-structured

Fig. 5.6 Fluorine-treated

polyamide-imide pore-

structured film with 0.5-μm
pores: (a) Contact angle of
ink droplets containing 4-μl
silver nanoparticles, (b) top
view and (c) 3D view of the

ink-jet-printed line

morphology, and (d)
FE-SEM image of the silver

nanoparticles after sintering

(Reprinted with permission

from Ref. [14]. Copyright

2012 American Chemical

Society. http://pubs.acs.org/

doi/abs/10.1021/

am300160s)
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films to fabricate closely packed line patterns with high conductivity within a

limited space. In the future, printed electronics, such as tiny sensor tags, high-

power conversion solar cells, high-speed computers, and flexible displays will be

made possible with this technique.

5.4 Absorption Acceptance Layers

Producing highly conductive lines with narrow and sharp edges are major chal-

lenges in printed electronics. Of the various printing technologies, screen printing

can produce such lines because highly concentrated, metallic nanoparticle inks are

printed via a roller or squeegee onto the printing surface using a pre-patterned mask

that has narrow, sharp edges [46–48]. Organic electronic devices, which are some

of the most anticipated future devices, also require the deposition of other thin

layers on various substrates for use as organic semiconductors and insulators.

Screen printing, with its firm-contact printing technique, would damage these

deposited components. Therefore, to decrease such damage, the fabrication of

conductive lines or electrodes using a maskless, noncontact method, such as

ink-jet printing, is preferred [3, 16, 22, 49, 50].

However, with ink-jet printing, it is difficult to produce highly conductive lines

with narrow, sharp edges using the current technology. When conductive lines are

formed via ink-jet printing, the conductive inks, which contain metallic

nanoparticles, are ejected through a nozzle with a very small diameter of approx-

imately 50 μm. Therefore, low-concentration and low-viscosity inks are required

for ink-jet printing [38, 40, 51–54]. When such a low-viscosity ink is ejected from

the nozzles, the printed lines often spread, splash, and take on a wave form.

Increasing the ink viscosity is effective; however, high-viscosity inks are difficult

to inject through an ink-jet printer because they clog the nozzles. Thus, the surface-

energy adjustment of the polymer substrates is an inevitable approach to obtain

sharp, straight lines using ink-jet printing [16, 41, 42, 55–58].

Even though sharp, straight lines can be printed on optimized substrates, the

coffee-ring effect that results when using low-viscosity metallic nanoparticle inks

remains an issue [23, 29]. Metallic nanoparticles are segregated at the line edge due

to solvent convection flow during drying of ink vehicles. As a result, an inhomo-

geneous distribution of the silver nanoparticles (AgNPs) leads to an increase in the

resistivity of the printed lines and consequently a decrease in their conductivity

when the line width is decreased [13, 22]. Therefore, although ink-jet printing has

the advantages of noncontact, maskless printing, creating highly conductive lines

with narrow, sharp edges is difficult because of the use of low-concentration inks.

To address this problem, absorption layers for ink vehicles were formed on

polyimide films. As a result, highly conductive lines with narrow, sharp edges were

ink-jet-printed using a low-viscosity, commercially available silver-nanoparticle

ink with a low concentration. When the ink was ink-jet-printed on a polyimide

substrate modified with an absorption layer, the concentration of the silver
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nanoparticles in the printed lines increased. In addition, the absorption of the ink

vehicle deposited via ink-jet printing caused the formation of narrow, convex lines

with high conductivity. Furthermore, this technique enabled the sintering time to be

shortened because the pre-sintering process, which is essential for solvent evapo-

ration, does not require either flash or microwave sintering methods. These achieve-

ments can be applied to the high-speed, mass production of electronic devices using

ink-jet printing.

When the low-concentration, silver-nanoparticle ink was ink-jet-printed on a

pristine polyimide film, straight, sharp-edged lines with a width of 80 μm were

obtained (Fig. 5.7a). Owing to the low concentration of the AgNPs, the as-printed

lines were thick (3.7 μm). After heating at 200 �C for 30 min, the line cross-

sectional profiles became concave while maintaining their width (Fig. 5.7b). During

heating, the ink vehicles evaporated with convection flow, and the AgNPs aggre-

gated at the line edges [23, 29]. This inhomogeneous distribution of the

nanoparticles produced large voids at the centers of the lines, leading to a loss of

electrical contact between the AgNPs [13]. As a result, the heated lines on the

pristine polyimide film exhibited a high electrical resistance of 24Ω, which was ten
times greater than that of bulk silver with the same line dimensions.

In Sect. 5.2, we reported that a high concentration of AgNP ink achieved a low

electrical resistance, even when it was heated at a constant temperature [13]. This

result was obtained because such high-concentration inks do not undergo convec-

tion flow during evaporation of the ink vehicle. Thus, we proposed the gradual

heating of low-concentration AgNP inks in order to increase their concentrations

Fig. 5.7 (a) As-printed line
on a pristine polyimide film

before heating. (b)
Concave-shaped line with a

high resistance of 24 Ω
obtained after constant

heating at 200 �C for

30 min. (c) Convex-shaped
line with a low resistance of

7 Ω obtained after gradual

heating from 20 to 200 �C at

a rate of 3 �C min�1 and

then holding for 30 min at

200 �C ([15] Reproduced by

permission of The Royal

Society of Chemistry. http://

pubs.rsc.org/en/content/

articlelanding/2012/RA/

C2RA21442C#!

divAbstract)
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gradually without causing an inhomogeneous distribution of the AgNPs [13]. When

a printed line was subjected to gradual temperature elevation to 200 �C over 60 min,

and then subsequently heated at 200 �C for 30 min, the heated lines exhibited a

convex shape (Fig. 5.7c) and a low electrical resistance of 7 Ω, which is equivalent

to that of bulk silver. However, this prolonged heating is impractical because

printed electronic devices must be fabricated using high-volume, high-speed

methods, such as roll-to-roll processes. Therefore, we proposed the use of

surface-coating treatments for the creation of ink-jet-printed lines with low electri-

cal resistance without prolonged heating. The basic concept involves the deposition

of a coating layer on the substrate that leads to an increase in the concentration of

the AgNP ink before heating, leading to the formation of convex printed lines with

low resistance after heating.

The pore-structured coating layer was formed on the pristine polyimide film by

mixing a thermoplastic polymer with 10–20-nm-diameter silica nanoparticles.

When an AgNP ink was ink-jet-printed on the pore-structured coating layer and

heated at 200 �C for 30 min, the obtained lines were convex in shape (Fig. 5.8a).

Notably, the width and height (60 and 0.5 μm, respectively) of these lines were

much smaller than those of the lines printed on a pristine polyimide film (Figs. 5.7c

and 5.8a). The diameter of the AgNPs in the ink was 30–50 nm, whereas the

diameter of the pores in the coating layer was approximately 100 nm (Fig. 5.8b).

Therefore, immediately after ink-jet printing and before heat sintering, most of the

AgNPs flowed into the pore structures. Consequently, the inflow of AgNPs into the

pore structures created a loss of the electrical connection between the adjacent

Fig. 5.8 (a) Convex-
shaped line with a large

resistance of 16 Ω after

heating at 200 �C for

30 min, (b) FE-SEM image

of the surface of a porous-

structured polyimide

substrate (upper), and ink-

jet-printed line of a silver-

nanoparticle ink (lower)
(Reprinted with permission

from Ref. [14]. Copyright

2012 American Chemical

Society. http://pubs.acs.org/

doi/abs/10.1021/

am300160s)
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AgNPs [14]. However, the heated lines on the pore structures exhibited a high

electrical resistance of 16 Ω despite their convex shape. In general, AgNPs of less

than 100 nm in diameter are used in conductive inks for ink-jet printing. The

diameter of the pore structures was approximately 100 nm, even though they

were fabricated with tiny silica nanoparticles with diameters ranging from 10 to

20 nm. It would be ideal if mechanical sieving of the AgNPs through the fine pores

would increase the concentration of the AgNPs and, consequently, the electrical

conductivity of ink-jet-printed lines.

Therefore, a coating layer was deposited on the pristine polyimide film that only

absorbed the ink vehicle. The polymer-coated polyimide films (DMI-70, DIC

Corp., Japan) were prepared by coating thermoplastic polymer onto the pristine

polyimide films. As a result, the concentration of the AgNPs in low-concentration

inks printed on these substrates was increased. Initially, it was observed that the

polymer-coated polyimide films effectively absorbed ethanol, which was the main

component of the nanoparticle ink used in the study. Because there were no pores in

the coating layer that could be penetrated by AgNPs, it was expected that when the

AgNP ink was printed on the polymer-coated polyimide film, the concentration of

the AgNPs would be increased following the absorption of the ink vehicle. Conse-

quently, it was anticipated that the highly concentrated inks would produce convex

lines with low resistance and without the need for heating.

When the AgNP ink was ink-jet-printed on the polymer-coated polyimide and

then heated at a constant temperature of 200 �C for 30 min, convex lines that were

70 μm wide and 1.3 μm thick were obtained (Fig. 5.9a). This width was less than

that obtained for lines printed on a pristine polyimide because the highly concen-

trated inks produced narrower lines. In addition, their thickness of 1.3 μm was

significantly greater than that of the lines printed on a pristine polyimide film

(0.6 μm). An FE-SEM image of the edge of an ink-jet-printed line on the coated

substrate revealed that the thickness of coated polymer layer was increased from

ca. 3 μm to ca. 4 μm possibly due to swelling by absorption of ink vehicles

(Fig. 5.9b). Furthermore, the cross-sectional FE-SEM image showed that the

AgNPs and the coated polymer layer were not clearly merged (Fig. 5.9c). As

expected, the coated polymer absorbed only the ink vehicle and not the AgNPs.

After heating, all of the AgNPs remained on the surface of the coated layer and were

densely packed together. As a result, the heated lines on the polymer-coated

polyimide exhibited a small resistance of only 8 Ω, even after constant heating at

200 �C for 30 min. These results suggest that the coating of polyimide substrates

with an appropriate polymer for the absorption of ink vehicles can enable the

fabrication of printed lines with enhanced electrical conductivity, even when the

ink-jet-printed lines are heated at a constant temperature. Recently, researchers

have focused on photonic- and microwave-exposure techniques for roll-to-roll-

compatible sintering because of the significantly short sintering times that are

possible with these techniques [59]. However, these exposure processes require

pre-sintering of the printed wet lines for dozens of minutes in order to prevent ink

explosion during exposure [59, 60]. It is possible that the coating layer system for
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absorption of ink vehicles may be effective as a pre-sintering process for photonic

and microwave exposure.

Finally, adhesion and thermal-reliability tests for the ink-jet-printed lines fabri-

cated using an AgNP ink on the polymer-coated polyimide film were performed.

The adhesion strength was estimated according to the international ASTM D3359-

B standard. As shown in Fig. 5.9c, the heated AgNPs were clearly separated from

the coating layer without any merging. However, the heated AgNPs did not peel

from the coating layer after the adhesion test. This result corresponds to a 5B level

of adhesion strength and indicates that the coated polymer layer adhered well not

only to the polyimide substrate but also to the AgNP lines after sintering. Moreover,

the ink-jet-printed lines on the polymer-coated polyimide film were subjected to

three different thermal-reliability tests. After each test, the electrical resistance of

the ink-jet-printed lines was measured. When the printed lines were subjected to a

Fig. 5.9 (a) Convex-
shaped line with a low

resistance of 8 Ω after

heating at 200 �C for

30 min. (b) Cross-sectional
FE-SEM image of heated

lines on a polymer-coated

polyimide film. (c) Cross-
sectional FE-SEM image of

the silver-nanoparticle ink

and coated polymer layer

underneath the heated lines

(Reprinted with permission

from Ref. [14]. Copyright

2012 American Chemical

Society. http://pubs.acs.org/

doi/abs/10.1021/

am300160s)
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high-temperature storage test at 80 �C, the electrical resistance of the lines

decreased to 87 % of the original value after 100 h and then was maintained at

82–88 % to 1,000 h. The drastic decrease within 100 h implies that the electrical

contacts between the AgNPs were increased at 80 �C. After thermal shock (�40 �C
and 80 �C) and high-temperature/humidity-exposure (85 �C and RH 85%) tests, the

electrical resistance increased slightly (by less than 20 %) at 1,000 h. These results

revealed that the ink-jet-printed lines on the polymer-coated substrates could be

used for common applications.

5.5 Conclusions

In this chapter, ink-jet printing technologies for improving the electrical conduc-

tivity of printed lines were introduced. High-conductivity, narrow conductive

patterns are essential for electronic devices. To realize such patterns, the use of

appropriate sintering conditions is important for ink-jet-printed lines. In

Chapter 5.2, conductive lines of various widths (0.03–40 mm) were deposited on

polyimide films using two different AgNP inks, and the electrical properties of the

lines were evaluated as a function of the linewidth. When a high-viscosity silver ink

(120,000–180,000 mPa · s) was mask-printed and heated at a constant temperature

of 230 �C, all of the printed lines were convex in shape and essentially constant in

electrical resistivity (3.9–4.2 μΩcm). When a low-viscosity silver ink (11–

15 mPa · s) was ink-jet-printed and heated at a constant temperature of 200 �C,
the wider (>0.4 mm), convex lines had a constant resistivity of 3.6–5.4 μΩcm,

while the narrower printed lines (<0.3 mm) were concave due to the coffee-ring

effect. In the narrow concave lines, the electrical contact between the AgNPs at the

center of the line was diminished, and thus their resistivity was significantly higher

(14.6–16.5 μΩcm). To prevent this loss of electrical contact, we gradually heated

the narrow lines from 20 to 200 �C at a heating rate of 3 �C/min, causing the

nanoparticles to become densely packed, the line shape to become convex, and the

resistivity to decrease to 3.9–4.2 μΩcm, approaching that of bulk silver (1.6 μΩcm).

In Sects. 5.3 and 5.4, we introduced acceptance layers on the plastic substrate in

order to improve the properties of ink-jet-printed lines. In Sect. 5.3, AgNP ink

droplets with a tetradecane-based solvent were ink-jet-printed onto polyimide films.

Because of the high wettability of polyimide films, the ink-jet-printed lines had

rough shapes with lateral spreading, splashing, wavy boundaries, and low thick-

nesses. When pore structures were fabricated on the polyimide film using

polyamide-imide, they prevented the splashing of the AgNP ink droplets at impact.

Using fine pore structures of 0.5 μm yielded narrow lines with sharp edges.

However, their electrical resistance was five times to that of same length lines on

pristine polyimide films because the AgNPs were absorbed into the fine pore

structures. However, chemical modification of the pore structures with a fluorine

treatment provided repellent pore structures that restricted the spreading of the

AgNPs into the pores, resulting in thicker lines while still maintaining their
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sharpness and decreasing their width. When the AgNP ink droplets were ink-jet-

printed onto the pristine polyimide film, the printed line width was approximately

140 μm. When lines of this width were ink-jet-printed onto the repellent pore-

structured polyimide film, the electrical resistance of the 140-μm-wide printed lines

was decreased to one-fifth that of those on the pristine polyimide film because of the

increase in thickness from 0.3 to 1.0 μm.

In Sect. 5.4, the issue of convection flow associated with low-concentration

AgNP inks for ink-jet printing was considered. During the heating of ink-jet-printed

lines for sintering, the ink droplets undergo convection flow, resulting in an

inhomogeneous distribution of the AgNPs within the lines and, consequently,

high electrical resistance. Two different absorption layers were coated on

polyimide films in order to fabricate ink-jet-printed lines without the coffee-ring

effect. First, a pore-structured polyimide film was prepared in which AgNPs with

diameters of 30–50 nm were mechanically sieved through fine pores. Although the

fine pores were fabricated with silica nanoparticles having a diameter of 10–20 nm,

the pore size was much larger than the AgNPs. Therefore, the AgNPs flowed into

the pore structures, resulting in a significant increase in the electrical resistance of

the printed lines compared to that of lines on the pristine polyimide film. Therefore,

when pore structures are fabricated on plastic films in order to obtain low-resistance

printed lines, a chemical repellent treatment should be applied. In the second

approach, a polymer was deposited on the polyimide film in order to absorb the

ink vehicle (ethanol). The absorption of the ink vehicle increased the ink concen-

tration and prevented the convection flow of the AgNPs during the heating of the

ink-jet-printed lines. As a result, most of the AgNPs remained on the surface, and

convex-shaped lines with low electrical resistance were obtained. Moreover, the

ink-jet-printed lines on the coating layer adhered well to the polyimide film and

exhibited high thermal reliability as determined using the cross-hatch adhesion and

temperature storage, thermal shock, and high-temperature and high-humidity-expo-

sure tests, respectively.
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Chapter 6

Printed Organic Thin-Film Transistors

Kenjiro Fukuda and Shizuo Tokito

Abstract This chapter focuses on the printed organic thin-film transistors (TFT)

and integrated circuits and introduces requirements for high-performance printed

circuits, improvement of the electrical performances of printed TFT devices and

circuits, and mechanical robustness of the printed circuits fabricated on ultrathin

flexible substrates.

Keywords Organic thin-film transistor • Printed electronics • Flexible electronics •

Integrated circuits • Ink-jet

6.1 Introduction

Printed electronics has garnered significant attention from research and industry

because the pairing of conductive, insulating, and semiconducting materials with

printing technologies enables one to make large-area electronic devices and sys-

tems [1, 2]. Organic semiconductors are particularly suitable for printed electronics

because they can be processed in solution [3–5]. Furthermore, organic materials

possess intrinsic mechanical flexibility based on relatively weak van der Waals

bonding between organic molecules, and they make durable flexible organic

devices feasible [6–8]. Several novel applications using organic thin-film transistor

(TFT) devices or circuits have been developed for purposes such as flexible

displays [9], RFID tags [10], and sensors [11, 12]. These devices have generally

been fabricated using vacuum evaporation and photolithography; these mature

processes are high resolution, repeatable, and uniform. Yet there are only a few

reports on fully printed organic circuits or devices [4, 13, 14], and wide disparities

exist between such printing technologies and conventional photolithography pro-

cesses in resolution, electrical performance, and device yield. There is also a wide

variability in these device parameters in comparison with devices made using

photolithographic processes.
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In this chapter, we review recent progress of fully printed organic TFTs and

integrated circuits. The requirements for high-performance printed circuits are

summarized in Sect. 6.2. A unique technique which controls cross-sectional profiles

of printed materials is introduced in Sect. 6.3. How to improve the transistor

performances is reviewed in Sect. 6.4, and the integrated circuits techniques are

reviewed in Sect. 6.6. Section 6.6 introduces fully printed organic TFTs and circuits

fabricated on ultrathin, which enables high mechanical robustness.

6.2 Requirements for Printed Integrated Circuits

6.2.1 Flat and Thin Electrodes

The most fundamental electronic element in integrated circuits is transistor. Thin-

film transistors (TFTs) are the most common for the printed electronic circuits. A

TFT consists of three kinds of electrodes (viz., gate, source, and drain), insulator,

and semiconductor. As shown in Fig. 6.1, a TFT has stacked layers; therefore each

layer requires thin thickness and uniform profiles. Especially, the thickness of

bottom electrodes and insulators affects both the operation voltage and yield of

TFT devices.

When printed ink dries on the surface of a substrate, the solute is generally

transported from the center to the edge, and the resulting solute film forms a

nonuniform ringlike profile. Deegan et al. studied this phenomenon, known as the

“coffee ring effect,” for colloidal suspension systems [15]. The nonuniform profile

in the cross section for printed electrodes originating from this effect is the major

issue to be solved for the devices with stacked layers such as capacitors and TFTs.

The thicker edges of bottom electrodes interfere with the flatness and uniformity of

overlying dielectric layers. As a result, fully solution-processed TFTs have diffi-

culty operating at high voltages due to the potential for electrical shorts between the

lower and upper electrodes [16, 17]. In order to achieve low operation voltage less

than 10 V, the thickness of gate insulators should be less than 500 nm because the

relative permittivity of printable gate-insulating materials is usually ranging from

Fig. 6.1 Schematic illustration of an organic thin-film transistor. L means channel length and LC
means contact length
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1 to 5. For this demand, thin (less than 100 nm) and uniform electrodes are required

for electronic devices which have stacked layers.

6.2.2 Fast Operation

A cut-off frequency in saturation mode can be described by Eq. (6.1) [18]:

f
Te

μeff VGS � VTHð Þ
2πL Lþ 2LCð Þ

2

ð6:1Þ

with the effective charge-carrier mobility μeff, the gate–source voltage VGS, the

threshold voltage VTH, the channel length L, and the contact length LC. Equation
(6.1) clearly shows that the downscaling of channel length is the most important for

improving the operation speed of the circuits.

We should also make consideration of the effect of contact resistance (RC)

as shown in Fig. 6.2. The total resistance (Rtotal) between a source electrode to a

drain electrode through semiconducting layer is divided into channel resistance

(Rch) and RC:

Rtotal ¼ Rch þ RC ð6:2Þ

The existence of RC causes the decrease of μeff from intrinsic mobility. μeff is
calculated using Eq. (6.3):

μeff � μ0 1� μ0CiRCW VGS � VTHj j
Lþ μ0CiRCW VGS � VTHj j

� �2
" #

ð6:3Þ

with the intrinsic mobility μ0, the gate-dielectric capacitance per unit area Ci, the

channel width W, and threshold voltage VTH. Limitations by contact resistance are

becoming increasingly crucial when the channel length is reduced to about less than

10 μm [19], and finding ways to reduce these limitations has become a key issue for

high-speed operation of printed organic TFTs and circuits as indicated by Eq. (6.1).

Fig. 6.2 Total resistance of the TFT. The total resistance (Rtotal) is divided into channel resistance

(Rch) and RC. The RC is divided into the resistance between source and semiconducting layer (RC1)

and drain and semiconducting layer (RC2)
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6.3 Profile Control of Ink-Jet-Printed Silver Electrodes

To achieve thin (less than 1 μm) electrodes, low viscosity inks are favorable. Ink-jet

print requires low viscosity (about 10 mN/m); therefore the ink-jet-printed elec-

trodes are suitable for the use of TFTs. However, the low viscosity inks tend to

cause the coffee ring effect. Okuzono et al. have proposed a simple model that

predicts a final shape of a dried thin film [20]. According to the model, solvent

evaporation rate (Js) and diffusion coefficient (D) affect the final shape of the film.

The smaller value Js or the larger value D more readily induces a convex shape.

This is because diffusion tends to homogenize the concentration field contrary to

the outward flow. In order to control the final shape of printed silver electrodes, we

focused on how to suppress the Js of the silver nanoparticle ink. We used silver

nanoparticles dispersed in a water-based solvent (DIC Corp., Japan, JAGLT). Both

environmental temperature and humidity decide the Js of water; therefore we

controlled the drying conditions and assessed the dependencies of the ambient

humidity and drying time on the profiles [21]. The silver nanoparticle ink was

patterned with an ink-jet printer (Fujifilm Dimatix, DMP-2800) onto the cross-

linked poly-4-vinylphenol (PVP) layers using a print head with 10-pl nozzles. After

the printing, the substrates were stored in an environmental test chamber following

the printing process (espec, SH-221) in order to evaporate the solvents from printed

ink. Temperature in the chamber was held at 30 �C, and relative humidity was

changed from 30 %RH to 90 %RH, while the storage time was fixed to 30 min.

After the drying process, the substrates were heated at 140 �C for 1 h to sinter the

silver nanoparticles.

Figures 6.3b shows line profiles (cross-sectional view) of printed silver elec-

trodes dried at various humidity levels. The electrode profiles varied widely with

the ambient humidity in the chamber. The cross-sectional profile for a line with

ambient humidity of 30 %RH was concave. These nonuniformities in silver elec-

trode thickness are a result of the “coffee ring” effect. The ratio of thickness

between the edge and center of the profile (te/tc) is 3.0. This concave shape was

suppressed by increasing the ambient humidity from 30 %RH to 80 %RH (te/
tc¼ 2.1), such that a nearly trapezoidal shape was observed at an ambient humidity

level of 85 %RH (te/tc¼ 1.3). Furthermore, for ambient humidity levels of 90 %RH,

the silver electrodes formed a convex shape (te/tc< 1). These results clearly show

that the silver electrode profiles were very sensitive to the ambient humidity levels

during the drying process.

We also investigated how the flatness of the electrodes affected the functionality

and performance of electronic devices with stacked layer constructions. Thin-film

capacitors were fabricated. Two types of silver layers with different drying condi-

tions were prepared as bottom electrodes: (1) 30 �C, 30 %RH for 30 min (concave)

and (2) 30 �C, 85 %RH for 30 min (almost flat). After forming these electrodes, a

solution of cross-linked PVP was spin coated and baked to form 210-nm-thick
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dielectric layers. Silver nanoparticle ink was then applied using ink-jet printing to

form the upper source/drain electrodes. Figure 6.4a, b show histograms for the

electrical breakdown voltage results of the fabricated capacitors with two different

lower silver electrodes prepared at drying conditions of 30 �C, 30 %RH for 30 min

(a) and 30 �C, 85 %RH for 30 min (b). The capacitors with concave-shaped

electrodes did not have sufficient insulating properties; 37 % of the capacitors

exhibited the breakdown voltages of less than 5 V, as shown in Fig. 6.4a, which

indicates that the upper and lower electrodes had shorted. The peaks of the lower

electrodes pose nonuniformity of the dielectric layers and/or the increase of the

electric field at the edge of the lower electrodes, which causes the shorted capac-

itors. On the other hand, no capacitor electrodes shorted when the shaped electrodes

were used for the lower electrodes. Additionally, the average breakdown voltage

improved from 33 to 52 V by using trapezoidal-shaped electrodes. A breakdown

voltage of 52 V corresponds to 2.54 MV/cm in electric field strength, which was

comparable to that for cross-linked PVP used as dielectric layers and evaporated

metal used as lower gate electrodes [22].

The methods for controlling the shape of printed electrodes can increase freedom

in printing conditions and could help in the practical realization of printed

electronics.

a b

Fig. 6.3 Profile control of printed electrodes. (a) The correlation between the evaporation speed

of the solvent and the final shape of the printed electrodes. When solvent evaporation rate (JS)
dominates, the final shape of the solute tends to be concave. On the other hand, when diffusion (D)
dominates, convex shape can be obtained. (b) Controlling the shape of ink-jet-printed silver

electrodes by changing the ambient humidity. Profiles of the electrodes with different drying

humidity between 30 and 90 % RH. The profiles were obtained from laser microscopic images.

The temperature of the chamber and drying time were 30 �C and 30 min (Adapted from Ref.

[21]. Copyright 2013, American Chemical Society)
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6.4 Improvement of Field-Effect Mobility for Printed
Organic TFTs

As shown in Eq. (6.1), not the intrinsic mobility but the effective mobility of

semiconducting layer decides the operation speed of the integrated circuits. This

requires that both Rch and RC should be decreased for the printed organic TFTs. As

several previous reports show, the RC is decreased when the energy barrier between

the work function of source/drain electrodes and highest occupied molecular orbital

(HOMO) level of p-type organic semiconducting layer is suppressed by the carrier

injection layer. For printed electrodes, self-assembled monolayer (SAM) can

change the work function of the electrodes, which causes the reduction of energy

barrier between source/drain electrodes and semiconducting layer. Figure 6.5a

shows how the work function of printed silver electrodes is changed by the SAM

layer. The SAM layer changed the work function of the printed silver electrodes

from 4.7 eV to 5.3 eV. We also revealed how the SAM treatment affected the

transistor characteristics [23]. A mesitylene-based formulation of a soluble small-

molecule material with a deep ionization potential of 5.4 eV was used as organic

semiconducting layer (Merck, lisicon® S1200) [24]. Figure 6.5b shows the transfer

characteristics of the fabricated TFTs, having the same W/L ratio of 50, with and

without applying a SAM treatment to the source–drain electrodes. The SAM

modification process improved the transistor electrical characteristics dramatically,

whereby on-current increased from 1.6 to 27 μA, and the estimated mobility in

saturation regime increased from 0.02 to 0.9 cm2 V�1 s�1. We also observed the

crystallinity of semiconducting layer between source/drain electrodes with a polar-

ization microscope, as shown in Fig. 6.5c. Both devices had nearly same crystalline

domains, even though there were large differences in mobility between the devices

with the SAM treatment and those without it. These results indicate that the SAM

a b

Fig. 6.4 Breakdown voltage histograms for the fabricated capacitors with different drying

conditions, at 30 �C, 30 % RH for 30 min (a) and at 30 �C, 85 % RH for 30 min (b). The total

number of counts was 75 for each condition (Adapted from Ref. [21]. Copyright 2013, American

Chemical Society)
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modification layer reduces only the RC of the printed TFTs, which cause dramatic

improvement of the transistor characteristics.

We estimated the RC of the fabricated TFT devices using a transfer-line method.

Figure 6.6a plots the channel width-normalized total on-resistance (RTotal) as a

function of channel length. RC was obtained by extrapolating the linear fit to a

channel length of zero and plotted as a function of gate–source voltage (VGS)

(Fig. 6.6b). RC decreases with increasing gate–source voltage, likely due to an

increase in carrier density in the channel and near the contacts. RC decreased to a

value as low as 1.83 kΩcm, a remarkably low contact resistance value for fully

solution-processed organic TFT devices, which is attributed to there being a low

energy barrier between the printed organic semiconducting layer and source/drain

electrodes.

a

c

b

Fig. 6.5 Effect of source–drain electrode modification by SAM treatment on transistor charac-

teristics. (a) Square root of the yield as a function of incident photon energy from photoemission

spectroscopy. The black dots represent the untreated electrodes, and the red dots represent the

treated electrodes. (b) Transfer characteristics of fabricated TFTs. The black lines represent the
transfer curve for the device without the SAM treatment, and the red lines those with the SAM

treatment. The SAM modification process improved the transistor electrical characteristics dra-

matically, whereby on-current increased from 1.6 mA to 27 mA and the estimated mobility in

saturation regime increased from 0.02 to 0.9 cm2 V�1 s�1. (c) Polarization microscope images of

channel region of fabricated TFTs with untreated and with treated electrodes. A mesitylene-based

formulation of a soluble small-molecule organic semiconducting layer (Merck, lisicon® S1200)

with a deep ionization potential of 5.4 eV was used as organic semiconducting layer (Adapted

from Ref. [23]. Copyright 2014, Nature Publishing Group)
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6.5 Application for Fully Printed Organic Integrated
Circuits

Conventional organic CMOS circuits consist of both p- and n-type organic transis-

tors. Although soluble n-type semiconductor materials have been developed in

recent years [25], their performance in OTFT devices remains lower than those of

p-type semiconductor materials. As a result, operation speed of the conventional

CMOS circuits is determined by response of n-type organic transistors. In order to

solve the problem, pseudo-CMOS logic design was suggested by Huang et al. [26]. -

Pseudo-CMOS inverters comprise four p-channel organic TFTs as shown in

Fig. 6.7. Excellent input–output characteristics with high gain and fast speed

were reported using pseudo-CMOS logic design [27, 28]. We fabricated fully

printed pseudo-CMOS integrated circuits and demonstrated good static and

dynamic characteristics.

Figure 6.8 shows input–output characteristics of a fabricated fully printed diode

load inverter (Fig. 6.8a) and pseudo-CMOS inverter (Fig. 6.8b) [23, 29]. The diode-

load inverter exhibited low gain and small static-noise margin. On the other hand,

the pseudo-CMOS inverter exhibited much better characteristics. The inverter was

a

b

Fig. 6.6 Estimation of

contact resistance. The

contact resistance of the

TFT devices with treated

source–drain electrodes was

estimated by using the

transfer-line method. (a)
Channel width-normalized

total on-resistance (RTotal)

as a function of channel

length measured at

VGS¼�5 V (open square),
�10 V (open reverse
triangle), �15 V (solid
triangle), and �20 V (solid
circle). (b) Width-

normalized contact

resistance as a function of

gate–source voltage (VGS)

(Adapted from Ref.

[23]. Copyright 2014,

Nature Publishing Group)
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operated successfully at small operation voltage (5 V). Table 6.1 summarizes signal

gains of fully printed inverter circuits at each operating voltage VDD. The gain was
24 at an operation voltage of 20 V, which was 14 times larger than that of diode-

load inverter. These static results clearly show that the fully printed pseudo-CMOS

circuits can be comparable with conventional CMOS integrated circuits.

In order to demonstrate the applicability of our fully printed pseudo-CMOS

circuits to a logic circuit, we fabricated RS flip-flop (FF) [30]. The fabricated RS-FF

comprises two pseudo-NAND circuits (Fig. 6.9a). A block diagram and a truth table

a b c

Fig. 6.7 Circuit diagrams of inverter. (a) Complementary, (b) p-type (diode-load), (c) pseudo-
CMOS

a b

Fig. 6.8 (a) Static characteristics of fully printed diode-load inverter. Output voltage and signal

gain as functions of driving voltage, (b) static characteristics of fully printed pseudo-CMOS

inverter. Output voltage and signal gain as functions of driving voltage (VDD) with VSS¼�VDD.
The pseudo-CMOS inverter functioned well with relatively high signal gain, even at small

operating voltages of 5 V (Adapted from Ref. [23]. Copyright 2014, Nature Publishing Group)
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of the RS-FF is shown in Fig. 6.9b. Figure 6.9c shows a photograph of a fabricated

RS-FF. The RS-FF comprises 12 transistors. Figure 6.9d shows input–output

characteristics of the NAND circuits when input-voltage VinA was changed from

0 to 15 V at supply voltages of 15 V and tuning voltage VSS¼�VDD. The NAND

was operated successfully as the truth table; when the VinB was fixed at 15 V, the

fabricated NAND device exhibited good switching characteristics with a signal

gain 23 at a trip point of VinA¼ 7.24 V, while the VinA remained high voltage when

the VinB was fixed at 0 V. As shown in Fig. 6.9e, the RS flip-flop circuit exhibited

switching characteristics in accordance with truth table at operating voltage of

10 V. The output (Q) of the fabricated RS flip-flop changed its state at the fall

edge of the input signal (–set or –reset), and the rise of both –set and –reset signals

did not affect Q value. We also evaluated the delay time of the RS-FF circuit. The

delay time is the sum of rise and fall times, which are defined as the time difference

between 10 and 90 % of the output signal for transient changes in the circuit input

from a logically low to high level (rise time) and high to low level (fall time). A

measured total delay time of the RS flip-flop was 6.4 ms at 10 V, which was quite

fast speed among the fully printed integrated circuits.

6.6 Ultra-Flexible, Large-Area Circuits

Thin, ultra-flexible devices that can be manufactured in a process that covers a large

area will be essential to realizing low-cost, wearable electronic applications includ-

ing foldable displays and medical sensors. The evolution from rigid, heavy, and

thick electronics to new flexible electronics has reached the point whereby elec-

tronics can be attached to curved and moving surfaces such as the skin of the human

body without any concern to the wearer [31, 32]. Achieving flexible organic

electronics based on organic TFT devices fabricated with fully printed processes

will be essential for realizing wearable electronic applications that are low in cost

and environmentally friendly. For this demand, we fabricated organic TFT devices

with excellent electrical characteristics and mechanical stability that were fully

printed on ultra-flexible polymer films [33].

Our devices were fabricated entirely by printing, enabling them to be easily

fabricated on a large scale (Fig. 6.10a). The polychloro-p-xylylene (parylene-C)

films with thickness of only 1 μm were used as base substrates. The parylene-C

Table 6.1 Summary of signal gain for the fully printed inverter circuits at each operating voltage

VDD

Operation voltage (V ) Gain of diode-load inverter Gain of pseudo-CMOS inverter

20 �2.9 �24

15 �1.9 �23

10 �1.1 �16

5 – �6.1
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films were formed by chemical vapor deposition onto the supporting glass plates

with release layer (fluoropolymer layer). The parylene-C films are attached to a

release layer with weak adhesive strength (13 mN) so that the fabricated devices

can be safely peeled off the supporting plates. The fabricated organic devices are

extremely thin and ultra-flexible; their total thickness is less than 2 μm and total

weight is only 2 g m�2. Figure 6.10b illustrates their potential in health care and

monitoring applications; they can be gently attached to the skin or wrapped around

limbs without the wearer perceiving any discomfort. They can be bent or even

a

c

d e

b

Fig. 6.9 Fully printed RS flip-flop circuit. (a) Circuit diagram of a pseudo-CMOS NAND circuit.

(b) Block diagram and the truth table of the RS flip-flop circuit. (c) An optical image of the

fabricated pseudo-CMOS NAND-based RS flip-flop circuit. (d) Input–output characteristics of the
pseudo-NAND circuit. (e) The input–output characteristics of fabricated RS flip-flop circuit at a

supply voltage (VDD) of 10 V. (Adapted from Ref. [30]. Copyright 2014, The Japan Society of

Applied Physics)

6 Printed Organic Thin-Film Transistors 149



wrinkled so that they conform to the movements of the human body, which has

uneven surfaces and a large range of motion.

The fabricated devices exhibited remarkable mechanical stability. Figure 6.11

shows a photograph of a fabricated TFT device tightly wrapped around a copper

wire with bending radius of 140 μm. The transfer characteristics were measured in

ambient air with and without strain due to bending, as shown in Fig. 6.11, such that

there was no discernible change in the electrical characteristics during the bending.

The change in the on-current was 3.9 %, and the change in the mobility was 1.6 %

with bending and the on/off ratio remained more than 105. The ultrathin film

a b c

Fig. 6.10 Fully printed organic circuits fabricated on ultrathin substrate. (a) A photograph of

organic TFT devices on 1-mm-thick parylene-C films. (b) Organic device films conforming to a

human knee. Our devices were fabricated entirely by printing, enabling them to be easily

fabricated on a large scale, which can cover whole area of a human skin as shown in (b). (c)
The chemical structure of parylene-C (Adapted from Ref. [33]. Copyright 2014, Nature Publishing

Group)

a b

Fig. 6.11 (a) Photograph of a fully printed organic TFT devices on 1-mm-thick parylene-C films

wrapped around a copper wire with a radius of 140 mm. Scale bar, 5 mm. (b) The transfer

characteristics of the TFT devices were measured in the bent and unbent states, with no discernible

changes in the characteristics due to bending (Adapted from Ref. [33]. Copyright 2014, Nature

Publishing Group)
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substrates help reduce the applied strain in the TFT devices, whereby the calculated

strain was roughly 0.5 % or less, even when the devices were bent to a radius of

140 μm [34, 35]. As several research groups have already reported, such a small

degree of strain does not significantly change the electrical performance of organic

TFT devices [36].

We also evaluated the mechanical stability of unipolar diode-load inverters

fabricated on thin parylene-C films. Figure 6.12a shows a photograph of the inverter

circuit, and Fig. 6.12b shows a circuit diagram for the inverter. The ratio between

the drive and load transistors is 2.6:1. Both transistors had channel lengths of

20 μm. Figure 6.12c plots static transfer characteristics measured in ambient air

of a diode-load inverter under no compressive strain and under 50 % compressive

strain. The output voltage (VOUT) and small-signal gain were plotted as a function

of input voltage (VIN). There was no significant change in the electrical character-

istics during bending, and the inverter functioned properly even at a driving voltage

(VDD) of 2 V. The trip point when the inverter was not under compression was

5.92 V at VDD¼ 10 V and 0.95 V at VDD¼ 2 V. The small-signal gain of the inverter

without compression was 1.57 at VDD¼ 10 V and 0.97 at VDD¼ 2 V. The trip point

a

d

b c

Fig. 6.12 Fast operating of printed organic circuits. (a) Photograph of fabricated unipolar organic
diode-load inverter circuits. Scale bar, 1 mm. (b) Circuit diagram of the inverter device. (c) Static
transfer characteristics of the inverter and small-signal gain as a function of input voltage (VIN).

The black solid line indicates the characteristics without strain, and the red solid lines indicate
those of circuits under 50 % compressive strain. (c) Dynamic operation of the inverter circuit. A

continuous driving voltage (VDD) of 10 V and an AC input voltage with a 100-Hz rectangular

waveform from 0 to 10 V (gray) were applied to the inverter, and the output voltage was monitored

using a digital oscilloscope. The blue line indicates the output voltage without strain, and the red
line indicates the output voltage under 50% compressive strain (Adapted fromRef. [33]. Copyright

2014, Nature Publishing Group)
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of the inverter under 50 % compressive strain was 5.84 V at VDD¼ 10 V and 0.92 V

at VDD¼ 2 V. The small-signal gain of the inverter under 50 % compression was

1.61 at VDD¼ 10 V and 1.00 at VDD¼ 2 V. The changes in the trip point and gain in

the case of 50 % compressive strain were only less than 5 % of their values in the

case of no compressive strain. Figure 6.12d shows the dynamic response of the

inverter circuit. We applied a continuous VDD of 10 V and an AC input voltage with

100-Hz rectangular waveform ranging from 0 to 10 V to the inverter and monitored

the output voltage using a digital oscilloscope. The measured rise and fall time in

the case of no compression was 427 and 691 μs, which corresponds to a total delay

time of 1.12 ms. This delay is quite short for fully printed organic circuits [37,

38]. The operating speeds remained stable even when compressive strain was

applied to the films and the circuits crumpled. The measured rise and fall time of

the inverter under 50 % compressive strain was 495 and 705 μs, which corresponds
to a total delay of 1.20 ms and only a 7 % change from the initial total delay. These

results exemplify the outstanding mechanical stability of fast-operating printed

organic circuits fabricated on thin films.

6.7 Conclusion

The chapter mainly focuses on the ink-jet-printed organic TFTs and circuits. In

order to achieve fast operating speed for fully printed circuits, novel printing

technologies which enable high-resolution patterning beyond the ability of ink-jet

printing are required. Such new technologies will improve both integration and

operating speed of the printed circuits. Developments of printable semiconducting

layer are also important for the high-performance circuits. Development of print-

able n-type semiconducting materials enables conventional CMOS circuits. The

large-area fabrication of the fully printed circuits demonstrated in this chapter will

enable thin, lightweight, and low-cost electronic devices and systems which further

illustrates the potential to these devices in novel electronic applications, such as

large-area sensors.
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Chapter 7

Functional Nanomaterial Devices

Jiang Pu and Taishi Takenobu

Abstract Nanomaterials, such as single-walled carbon nanotubes (SWCNTs) and

transition metal dichalcogenide (TMDC) monolayers, are intrinsically flexible and

stretchable because of their nanoscale thicknesses. Therefore, nanomaterials can be

used as high-performance thin-film transistors and are possible candidates for next-

generation flexible/stretchable electronics. Here, we focus on the recent develop-

ment in fabricating nanomaterial-based transistors. The reported virtues and nov-

elties of SWCNTs and TMDCs provide significant advantages for developing

printed electronics that are flexible and stretchable.

Keywords Carbon nanotubes • Two-dimensional materials • Transition metal

dichalcogenide monolayers • Thin-film transistors

7.1 Overview

Printed flexible and stretchable electronics have attracted considerable attention as

next-generation functional electronics, as rigid substrates for electronic assemblies

will ultimately be replaced by mechanically flexible or even stretchable alterna-

tives. This trend is a consequence of the “ambient intelligence vision” in which

electronic systems can be carried on or within the body. These systems must be

lightweight, assume the shape of the object in which they are integrated, and follow

all complex movements of these objects, resulting in the need for stretchability.

These requirements necessitate the identification of suitable materials for printed,

flexible, and/or stretchable electronics.

As shown in Fig. 7.1, induced strain under bending is a function of the thickness

of a material, t, and the curvature of deformation radius, R. Therefore, if material

flexibility is necessary to allow deformation to a given R, the induced strain is

simply proportional to t. Hence, thinner materials are potentially better for printed

flexible and stretchable electronics. Based on this idea, nanomaterials, such as
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single-walled carbon nanotubes (SWCNTs) and transition metal dichalcogenide

(TMDC) monolayers, are possible candidates for next-generation electronics.

7.2 Single-Walled Carbon Nanotubes (SWCNTs)

Research on SWCNTs initially focused on the use of individual or parallel arrays of

nanotubes as a channel material for ultra-scaled nanoelectronic devices. However,

in recent years, large-area deposition of SWCNT networks has been actively

explored for high-performance thin-film transistors (TFTs). In this section, the

progress of SWCNT TFTs, including material preparation, device fabrication

techniques, and transistor performance control, is reviewed. State-of-the-art fabri-

cation techniques for SWCNT TFTs are divided into two categories, chemical

vapor deposition and solution-based techniques, and possible scale-up approaches

for achieving the realistic production of flexible transistors are discussed.

7.2.1 Introduction

SWCNTs are graphene sheets that are rolled into seamless, hollow cylinders.

Because of their nm-scale diameter (approximately 1–10 nm) and unique electronic

properties, SWCNT holds big possibilities for a wide range of applications in

electronic devices, and SWCNT is a promising candidate for next-generation

beyond-silicon electronics. SWCNTs are categorized using their chiral vectors.

The chiral vector is defined on the hexagonal crystal lattice by two integers

(m and n), and it corresponds to the direction along which a monolayer graphene

sheet is rolled. SWCNT’s electronic properties strongly depend on their chiral

vectors, and they are metallic when m–n is a multiple of 3 or m¼ n. In all other

cases, they are semiconducting [1–4]. Thus, from the possible (n, m) values,

two-thirds of nanotubes are semiconducting, and the other one-third are metallic.

Fig. 7.1 A schematic representation of induced strain in flexible electronics
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Semiconducting nanotubes are commonly used as the active channel material of

electronic devices. The advantages of semiconducting nanotubes over other con-

ventional semiconducting materials are multifold. (1) In carbon nanotubes, the

charge carriers possess long, mean free paths, on the order of a few 100 nm for

the acoustic phonon-scattering mechanism. Therefore, in low electric fields, scatter-

free ballistic transport of carriers can be realized in carbon nanotubes with moderate

active channel lengths (e.g., sub-100 nm) [5]. (2) The carrier mobility of semicon-

ducting SWCNTs has been experimentally investigated to be >10,000 cm2/(V · s)

[1, 6, 7] at room temperature, which is much higher than the carrier mobility of

recent silicon FETs. (3) The nm-scale diameters of semiconducting SWCNTs

enable great electrostatics with excellent gate control of the transistor channel for

extremely miniaturized devices. Therefore, nanotubes have stimulated enormous

interest in both fundamental and practical researches in nano- and

macroelectronics.

7.2.2 Individual Carbon Nanotubes and Nanotube Thin
Films

Researchers have demonstrated excellent FETs [5, 8–12] and integrated logic

circuits [13–17] using individual nanotubes. Despite the tremendous progress

made with individual SWCNT FETs and logic circuits, major technological chal-

lenges remain, including the requirement for the deterministic assembly of

SWCNTs on a handling substrate with nm-scale accuracy, minimal device-to-

device performance variation, and the development of a fabrication procedure

that is scalable and compatible with industry standards. The use of SWCNTs for

nanoelectronic applications is, therefore, far from being realized. In contrast,

nanotube network use, especially those based on semiconducting-nanotube-

enriched samples, presents a highly promising path for the generation of thin-film

transistors for macro-, flexible, stretchable electronics. The most important advan-

tages obtained by the use of nanotube random networks for thin-film transistors lie

in the fact that nanotube thin films are mechanically flexible and optically trans-

parent and can be prepared using solution-based process at room temperature; none

of these features can be provided by amorphous or poly-Si technologies [18–

20]. Compared with organic semiconductor devices [21–25], a competing platform

for flexible and stretchable thin-film transistors, nanotube random networks offer

extremely higher carrier mobility (~2 orders of magnitude higher than that of

organic semiconductors). Large-area TFT applications, as the results, may offer

an ideal niche for SWCNT-based electronics due to their superb physical and

chemical properties and their freedom from the precise assembly limitations

down to the nm scale.
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7.2.3 Chemical Vapor Deposition Growth of Nanotube TFTs

Numerous research efforts have been devoted to the successful realization of large-

scale chemical vapor deposition (CVD) growth of high-density, horizontally

aligned carbon nanotubes on single crystal quartz or sapphire substrates [26–

34]. In CVD growth, a substrate with catalyst particles is placed in a furnace

(generally at temperatures more than 800 �C) with a supply of carbon feedstock

gas and hydrogen gas, and the nanotubes are then grown directly on the substrates.

The main advantage of CVD-grown nanotubes is that they show superior electrical

properties compared to nanotubes grown by other methods. Reports have suggested

that some of the highest carrier mobilities for single-nanotube FETs (>10,000 cm2/

(V · s) [1, 6, 7]) have been obtained using CVD-grown nanotubes. The high

performance of CVD-produced nanotubes arises from their long length (from tens

to hundreds micrometers) and their lack of bundles. These properties are advanta-

geous for obtaining high-performance thin-film transistors, as inter-tube junctions

and bundles have been indicated to significantly increase the resistance of nanotube

films.

Transferring techniques have been developed to enable the demonstration of

high-performance FETs and integrated circuits using aligned SWCNTs on various

types of rigid and flexible substrates [35–42]. However, as roughly one-third of the

as-grown nanotubes are metallic, techniques such as electrical breakdown [43] are

necessary to remove leakage-causing metallic paths, a treatment that adds com-

plexity, is not scalable, and significantly degrades device performance due to the

high fields applied during the treatment. Recently, preferential growth of aligned

semiconductor nanotubes was reported [32, 44, 45], which is an important step

forward; however, the purity is not yet high enough to achieve TFTs with a high

on/off current ratio (Ion/Ioff) for digital applications. To obtain devices with a better
on/off current ratio, having networks of nanotubes with a higher percentage of

semiconductor SWCNTs and/or with a random orientation in which individual

SWCNTs do not directly bridge the source/drain electrodes is preferred, thereby

minimizing the metallic path [46–50].

CVD-grown, random SWCNT networks have also been widely investigated for

thin-film transistors, and medium-scale flexible integrated circuits were demon-

strated by Rogers et al. [51, 52]. For this method, metal catalysts are typically

deposited over the entire substrate using either evaporation or spin-coating

methods, followed by CVD growth with hydrocarbon precursors, such as methane,

ethylene, ethanol, or methanol. Despite the tremendous success achieved in pro-

ducing flexible SWCNT thin-film transistors and circuits with promising electrical

performance, the existence of metallic SWCNTs is still a drawback because of

device on/off current ratio degradation. Although stripe patterning has been pro-

posed to improve a device’s on/off current ratio by limiting percolative transport

through metallic paths in the TFTs [51], the channel length must be relatively large,

which limits the degree of integration for future applications. The dry filtration

method has been used by Ohno and coworkers to achieve high-performance flexible
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SWCNT thin-film transistors and circuits [53]. In this method, nanotubes grown by

plasma-enhanced CVD are captured using a filter membrane, and the density of the

SWCNTs can be easily regulated by controlling the collection time. The collected

nanotube networks can be subsequently transferred to fabricate substrates, by

dissolving the filter using acetone. Although the devices fabricated via this method

show excellent performance, throughput and scalability issues remain.

7.2.4 Solution-Based Methods for Nanotube Thin-Film
Transistors

The most common methods for assembling SWCNT networks from solution are

evaporation assembly [54], spin coating [55–57], drop coating [58–63], and print-

ing [64–68]. The IBM group has used a novel evaporation assembly method to

obtain aligned SWCNT strips with high-purity semiconductor SWCNTs (Fig. 7.2)

[54]. Although submicron devices with good properties have been achieved, the

scalability of this assembly method may be a problem. Carbon nanotube networks

can also be obtained by dropping a SWCNT solution onto a spinning substrate

[55]. This method is also limited in its scalability because the deposited nanotubes

often align along different orientations depending on their location on the substrate,

preventing wafer-scale fabrication with high uniformity. The other two solution-

based nanotube assembly methods, drop coating and printing, are considered more

promising for large-scale applications of nanotube thin-film transistors. In the drop-

coating method, substrates are first functionalized with amine-containing mole-

cules, which are effective adhesives for nanotubes. By simply immersing substrates

into a SWCNT solution, highly uniform nanotube networks can be obtained

throughout the wafer, enabling the fabrication of SWCNT thin-film transistors

with high yields and small device-to-device variations [59, 60, 62, 63]. Printing

represents another low-cost approach for fabricating large-scale SWCNT thin-film

transistors and circuits; in this technique, the nanotube channel, electrodes, and gate

dielectric can all be printed using ink-jet [64, 65] or gravure printing [66–68]

processes. This approach is useful for producing cost-effective, large-area

SWCNT circuits requiring only moderate performance, as the resolution that can

be achieved using printing processes is generally lower than that of conventional

photolithography. Each of the methods discussed above presents unique opportu-

nities and challenges. In this chapter, we primarily focus on nanotube thin-film

transistors produced by ink-jet printing. We will first discuss ink-jet techniques for

nanotube networks and fabrication schemes for high-performance thin-film tran-

sistors on mechanically rigid and flexible substrates.
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7.2.5 Ink-Jet Printing of Flexible Nanotube Thin-Film
Transistors

Printable technology has the potential to drastically reduce ecological impact,

energy consumption during manufacturing, and wasted materials by controlling

the quantity and location of ink deposition. Ink-jet technology is exceptionally

promising method because patterns can be easily generated without any material

waste, leading to drastic reductions in production costs and environmental impact.

Materials for printable electronics must satisfy several requirements, including high

electrical properties, chemical stability, and low-temperature processability. High

Fig. 7.2 A nanotube film

grown by the evaporation

assembly method.

(a) Optical micrographic

image. (b) and (c) Scanning
Electron Microscope (SEM)

image (Reprinted with

permission from M. Engel

et al. [54]. Copyright ©
2008 American Chemical

Society)
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carrier mobilities (>1 cm2/(V · s)) have been reported for spaghetti-like, solution-

processed, random-network carbon nanotubes, which can be obtained from an

ink-jet method [69–75]. Moreover, the fabrication temperature is generally

<100 �C, enabling its application to flexible plastic substrates. Therefore,

nanotubes are one of the most promising materials for ink-jet printable electronics.

The first ink-jet-printed flexible thin-film transistors were reported in 2009

[75]. An ink-jet printable water-based nanotube dispersion was prepared from

100 mg of HiPco nanotubes (Carbon Nanotechnologies, Inc.) and 1 g of sodium

deoxycholate (Wako Pure Chemical Industries, Ltd.) with five hours of ultrasonic

agitation and gentle stirring (270 rpm). Subsequently, the nanotube dispersion was

centrifuged at 10,000� g for 5 h and then decanted, leaving behind a sediment

formed by centrifugation. The solution was then printed from a piezo-driven

dispenser head. For simpler solution application, the authors added 0.15 % glycerin

by weight to adjust the nanotube dispersion viscosity.

Figure 7.3a shows a cross-sectional representation of the fabricated devices.

Firstly, gold gate electrodes were thermally fabricated through a shadow mask on

flexible polyethylene naphthalate (PEN) films (Teijin Dupont). A high-purity

polyimide precursor (KEMITITE CT4112, Kyocera Chemical) was then spin

coated to obtain plastic gate dielectric layers. Before the nanotube thin films were

fabricated, the gold source and drain electrodes were fabricated on the polyimide

dielectric layer. Finally, the nanotube dispersion was ink-jet-printed between two

gold electrodes, and the substrate was then washed with deionized water. Fig-

ure 7.3b shows an optical image of the flexible nanotube thin-film transistors, and

Fig. 7.3c presents the transistor transfer characteristics of a typical flexible nano-

tube thin-films transistor. The observed on/off current ratio was approximately 104,

without any additional processing steps to remove the effect of metallic nanotubes.

However, the typical carrier mobility was 10�3 ~ 10�4 cm2/(V · s), which is three or

four orders of magnitude smaller than that obtained from other solution-based

fabrication methods.

Fig. 7.3 The first reported ink-jet-printed nanotube transistors. (a) Schematic representation.

(b) Optical micrographic image. (c) Transfer characteristics (Reproduced with permission from

Takenobu et al. [75]. Copyright © 2009 The Japan Society of Applied Physics)
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7.2.6 Fabrication Schemes for High-Performance,
Ink-Jet-Printed Nanotube Thin-Film Transistors

In high-density nanotube networks, especially in the form of small bundles, metal-

lic nanotubes (normally coexisting with semiconductor nanotubes at a 1:2 volume

ratio) form a percolating network that behaves like a conducting film. With

moderate nanotube density, only the semiconductor nanotubes create a percolating

network, and the film displays semiconductor conducting properties. In the past,

carbon nanotube thin-film transistors have been ink-jet-printed without precise

nanotube density control, resulting in low carrier mobility (10�3 ~ 10�4 cm2/

(V · s)). To solve this problem, very dilute carbon nanotube dispersions have been

adapted to control nanotube network density and electrical transport properties by

optimizing the ink-jet printing process (Fig. 7.4) [76]. Figure 7.4c shows a sche-

matic representation of the materials, device layout, and fabrication processes. The

authors ink-jet-printed nanotube networks on a SiO2 (500 nm)/Si wafer, creating

source/drain metallic electrodes and semiconductor active channels. In the elec-

trode regions, the carbon nanotube dispersion was deposited 100 times at each

position. For the active semiconductor regions, the authors printed four-type net-

works by printing 40, 20, 10, or 2 droplets per position. Figure 7.4c shows an optical

image of printed carbon nanotube transistors with a clear contrast between net-

works, strongly suggesting successful nanotube density control.

Figure 7.5 depicts atomic force microscopy (AFM) images of ink-jet-printed

carbon nanotube films. The film density was well controlled and uniform. Networks

with high density (4.20 %, Fig. 7.5a) and moderate density (0.61 %, Fig. 7.5d) acted

as metallic and semiconducting nanotube films, respectively. Importantly, the

authors observed clear boundaries between the metallic (0.85 % surface coverage)

and semiconducting (0.61 % surface coverage) percolating networks. These results

indicate that the electrical transport properties of nanotube networks can be tailored

via the ink-jet process. The authors controlled the Ion/Ioff from 1.5 to 104 and the

field-effect carrier mobility from 4.2 to 49 cm2/(V · s) (1.6–4.2 cm2/(V · s) with an

Ion/Ioff of 10
4 to 105).

Ink-jet-printed carbon nanotube thin-film transistors can potentially be used in

flexible electronics due to their high carrier mobility and low-temperature process-

ability. However, various properties must be improved before application to realize

less hysteresis, low-operation voltage, and fully printability with printable dielec-

tric layers. To this end, the authors changed the dielectric material from solid-state

SiO2 to an ionic liquid (Fig. 7.6a) as a high-capacitance gate dielectric material

compatible with thin-film transistors and solution process [76, 77]. Figure 7.6b

shows a schematic representation of the device layout and fabrication process for

exclusively ink-jet-printed carbon nanotube thin-film transistors. The authors fab-

ricated high-performance nanotube thin-film transistors using the ink-jet method

and then printed a nanotube gate electrode. The surface nanotube coverage of this

film was 0.93 %. In the final fabrication step, the authors ink-jet-printed an ionic

liquid as a gate dielectric layer. Figure 7.6d compares the transistor characteristics
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of the back-gate-operated solid-state SiO2 and ionic liquid gating. With ionic liquid

gating, the transistor operating voltage was significantly decreased, and the hyster-

etic response against gate voltages was improved, possibly due to the efficient

screening of charged impurities by the ionic liquid.

Fig. 7.4 Fabrication of ink-jet-printed nanotube transistors. (a) An optical micrograph image of

DMF-based nanotube dispersion. (b) Time-dependent snapshots of a DMF-based nanotube droplet

during ink-jet printing. The top gray stripe corresponds to the ink-jet head nozzle. The black
sphere corresponds to the droplet of the nanotube dispersion. (c) A schematic representation of the

fabrication processes for ink-jet-printed nanotube transistors. The black lines indicate nanotube

bundles. An optical micrograph image of ink-jet-printed nanotube transistors on a SiO2 base

substrate is also illustrated (Reproduced with permission Okimoto et al. [76]. Copyright © 2010

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim)
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7.2.7 Ink-Jet Printing of Nanotube Complementary
Metal–Oxide–Semiconductor (CMOS) Inverters

Currently, doping carriers for most materials via ink-jet printing remain difficult;

although organic materials can provide high-performance complementary logic

circuits, p- and n-type semiconducting materials must be combined for their

preparation because the doping method is poorly defined. Furthermore, doping

processes for inorganic materials generally require high-temperature and/or vac-

uum processes, which are incompatible with simple printing method. Among these

materials, it may be possible for SWCNTs to control the transistor polarity using a

printing technique.

The carrier doping method for SWCNTs differs from conventional semicon-

ducting material because incorporating foreign atoms, such as nitrogen or boron,

into the substitutional or interstitial sites of carbon nanotubes is difficult. As a

result, adsorbates (atoms [78, 79], molecules [79–82], and polymers [83–85] with

appropriate functional groups) have been adapted to the SWCNT surface. The

charge transferring between adsorbates and carbon nanotubes leads to a shift of

Fig. 7.5 Atomic force microscopic images and printing-time dependence of substrate surface

coverage in ink-jet-printed nanotube films. Atomic force microscopic images of the four types of

nanotube networks grown by deposition of (a) 40, (b) 20, (c) 10, or (d) 2 prints per position

(Reproduced with permission from Okimoto et al. [76]. Copyright © 2010 WILEY-VCH Verlag

GmbH & Co. KGaA, Weinheim)
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nanotube Fermi level. For low-temperature, ink-jet carrier doping to SWCNTs, the

authors selected polyethyleneimine (PEI, average molecular weight of ~2000;

Sigma Aldrich, Japan) as their electron dopant, as PEI is a well-known soluble

electron donor for SWCNTs [83–85]. Importantly, the charge transferring between

PEI and SWCNTs occurs at room temperature.

Fig. 7.6 Fabrication of exclusively ink-jet-printed nanotube transistors. (a) A schematic illustra-

tion of N,N-diethyl-N-methyl-N-(2-methoxyethyl) ammonium bis(trifluoromethanesulfonyl)

imide (DEME-TFSI). (b) A schematic illustration of the fabrication processes for exclusively

ink-jet-printed nanotube transistors and a corresponding atomic force microscopic image. (c)
Time-dependent snapshots of an ionic liquid droplet during ink-jet printing. Owing to the higher

viscosity of the ionic liquid, the authors heated up the head of ink-jet printer to 65 �C. (d)
Transistor transfer characteristics of (blue) SiO2 back-gated and (red) ionic liquid-gated nanotube

transistors (Reproduced with permission from H. Okimoto et al. [76]. Copyright © 2010 WILEY-

VCH Verlag GmbH & Co. KGaA, Weinheim)
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SWCNT TFTs and an ethanol/PEI solution were ink-jet-printed using a method

described by Okimoto et al. [76, 77]. Firstly, as shown in Fig. 7.7a, Matsuzaki

et al. printed 7 droplets per dot with a 10-μm dot-to-dot distance [86]. Si substrates

were used as back gate electrodes, and as shown in Fig. 7.7b, gold source and drain

electrodes were evaporated. Finally, the authors ink-jet-printed PEI inks onto the

SWCNT films, and as shown in Fig. 7.7c, d, samples were baked at 45 �C for 5 min

to remove the solvent. Figure 7.7e demonstrates the transistor transfer characteris-

tics before and after PEI ink-jet printing on a nanotube thin-film transistor. After

ink-jet carrier doping of PEI, these devices clearly displayed n-type transistor

characteristics.

The authors ink-jet-printed nanotube CMOS inverters by combining n- and

p-type nanotube thin-film transistors (Fig. 7.7c). PEI ink was ink-jet-dropped onto

the nanotube thin-film transistor to fabricate CMOS inverters using ink-jet method.

Because threshold voltages of p-type nanotube transistors are not controllable, we

Fig. 7.7 A schematic illustration of the ink-jet-doped nanotube transistor fabrication process. (a)
Ink-jet printing of nanotube transistors. (b) Gold electrode evaporation. (c) Ink-jet printing of

polyethylene imine (PEI) for electron doping to nanotube transistors. (d) A photograph of a

PEI-printed nanotube transistor. (e) Transistor transfer characteristics of nanotube transistors

before and after PEI printing (Reproduced with permission from Matsuzaki et al. [86]. Copyright
© 2011 The Japan Society of Applied Physics)

166 J. Pu and T. Takenobu



prepared several p-type nanotube transistors with different threshold voltages and

selected one transistor for CMOS inverter fabrication. The characteristics of the

fabricated nanotube CMOS inverter are shown in Fig. 7.8a, b. As shown in

Fig. 7.8b, clear on and off states were observed for a supply voltage (VDD) ranging

from 4 to 10 V, suggesting the correct switching action of the ink-jet-printed

nanotube CMOS inverter. Inverter performance can be determined by a signal

gain (ΔVout/ΔVin). As shown in Fig. 7.8b, the transfer curves exhibit gains ~1.4

in a given voltage range. Very importantly, although the collected gain of 1.4 is

smaller than that of other nanotube CMOS inverters, this work is the first fabrica-

tion of ink-jet-printed nanotube CMOS logic circuits printed at moderate

temperatures.

7.2.8 Ink-Jet Printing of Aligned Nanotube Films

Individual carbon nanotubes have excellent charge carrier mobility, but a random

nanotube network exhibits electrostatic screening at nanotube/nanotube junctions.

Therefore, the nanotube network geometry strongly influences transistor perfor-

mance, and reducing or eliminating the number of junctions can improve charge

carrier transport [12–16]. Consequently, the alignment of SWCNTs is significantly

important for high-performance thin-film transistors, and the efficient nanotube

alignment using printing method is highly required. Recently, Takagi

et al. successfully aligned carbon nanotubes by ink-jet printing method [87].

Single-walled carbon nanotube films were ink-jet-printed by the method of

Okimoto et al. [76, 77]. The authors used self-assembled monolayers (SAMs) to

control the substrate wettability [88, 89]. Highly doped silicon wafers with 500-nm

thick oxide dielectric layers were used as base substrates. The authors immersed

Fig. 7.8 (a) Transistor transfer characteristics of p- and n-type nanotube transistors. (b) Transistor
transfer characteristics of a nanotube complementary inverter at different supply voltages (VDD).

The inset shows a schematic circuit of nanotube complementary inverters (Reproduced with

permission from Matsuzaki et al. [86]. Copyright © 2011 The Japan Society of Applied Physics)

7 Functional Nanomaterial Devices 167



these Si base substrates in a solution of 1,1,1,3,3,3-hexamethyldisilazane (HMDS)

and then rinsed them with chloroform. The HMDS SAMs lead to uniform hydro-

phobicity over the entire Si base substrate surface, and they can be removed by

irradiation of UV light (wavelength ranging from 184.9 to 253.7 nm) to change the

hydrophobic substrate surface to a hydrophilic substrate surface. To control the

drying behavior of the carbon nanotube ink, the authors adopted the method

described by Nobusa et al. (SAM-based patterning) [88, 89], and this method is

schematically illustrated in Fig. 7.9. The authors changed specific areas of

SAM-coated substrate by applying UV irradiation through a photomask with

3-μm gap, tuning both the movement of the nanotube dispersion and the drying

behavior.

The nanotube film topography was characterized by AFM (MultiMode

8, Bruker), and the nanotubes of these films were mainly concentrated along the

boundary of the wettability contrast; this tendency was observed more frequently

for the longer laser nanotubes (Fig. 7.10b) than for the shorter semiconducting-

enriched nanotubes (Fig. 7.10a). This difference arises from the differences in the

Fig. 7.9 A schematic representation of ink-jet-printed droplet movement on a SiO2 substrate with

HMDS-SAM coating, which is partially converted to hydrophilic surface by irradiation of UV

through a 3-μm gap handmade photomask (Reproduced with permission from Takagi et al.
[87]. Copyright © 2013 AIP Publishing LLC)

Fig. 7.10 Atomic force microscopic images of ink-jet-printed nanotube films. (a) s-SWCNT and

(b) laser-SWCNT thin films ink-jet-printed onto SiO2 substrates with HMDS-SAM coating, which

are partially converted to hydrophilic surface by irradiation of UV through a 3-μm gap handmade

photomask. These prepared substrates were sonicated in deionized water before ink-jet printing the

nanotube dispersions. (c) A high-resolution atomic force microscopic image of laser-SWCNTs

(Reproduced with permission from Takagi et al. [87]. Copyright © 2013 AIP Publishing LLC)
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interactions between SWCNTs, which are proportional to length of nanotubes.

These results strongly suggest that we can obtain well-oriented nanotube films

from longer nanotubes using the ink-jet printing technique.

7.2.9 Summary of Carbon Nanotube Thin Films

Although fabrication of nanotube thin-film transistors using ink-jet printing method

was very difficult prior to 2009, recent rapid progress of this field has enabled a

wide variety of ink-jet-printed nanotube films, such as density-tuned nanotube film

transistors, fully printed electrolyte-gated TFTs, ink-jet-printed nanotube CMOS

inverters, and ink-jet-printed, aligned nanotube thin films. Flexible nanotube

devices open routes for realizing high-mobility and environmentally friendly

nanotube-printed electronics. Future targets may be fully ink-jet-printed, stretch-

able nanotube devices.

7.3 TransitionMetal Dichalcogenides (TMDCs) Thin Films

The outstanding materials properties of two-dimensional (2D) materials, including

graphene and transition metal dichalcogenides (TMDCs) thin films, have allowed

important applications in next-generation electronics. In particular, atomically thin

molybdenum disulfide (MoS2) has attracted widespread attention because MoS2
monolayers possess large bandgap, high carrier mobility, and mechanical flexibil-

ity. In addition, recent developments in preparation methods of chemical vapor

deposition (CVD)-grown, large-area, high-quality sample have enabled the use of

molybdenum disulfide in novel functional devices, such as flexible and stretchable

thin-film transistors. In this section, we focus on the recent progress in generating

MoS2-based flexible and stretchable thin-film transistors. The reported virtues and

novelties of molybdenum disulfide provide great advantages for developing flexible

and stretchable two-dimensional material-based electronics.

7.3.1 Introduction

Recently, two-dimensional materials such as graphene and TMDCs have attracted

significant interest because they possess the unique electronic, optical, and mechan-

ical properties [90–94]. One of the most promising two-dimensional materials for

electronic applications is molybdenum disulfide due to its large intrinsic bandgap

[94–101]. MoS2 has an indirect bandgap (~1.2 eV) in the layered bulk structure and

can be scaled down to atomically thin two-dimensional monolayer films and

changed to a direct bandgap semiconductor (~1.8 eV) [99, 100]. Because of this
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large bandgap, thin-film transistors of MoS2 monolayers fabricated on SiO2 base

substrates exhibit excellent Ion/Ioff (~10
8) [95]. In addition to the excellent charge

carrier transport, the flexible and stretchable mechanical properties are superior in

nm-scale thick MoS2 films. Within its two-dimensional forms, the strong bonding

between the chalcogen (S) and transition metal (Mo) atoms results in in-plane

mechanical strength which is comparable to that of steel, realizing unique device

fabrications, such as flexible and/or stretchable thin-film transistors [102–

104]. Although many researches have been performed on mechanically exfoliated

thin-layer molybdenum disulfide, such molybdenum disulfide can only produce

approximately 10-μm-size films, which hampers the practical applications of

molybdenum disulfide in large-area, flexible, and stretchable devices. Accordingly,

recent developments in scalable CVD growth can be transferred onto any other

substrates, which leads to the flexible and stretchable electronics of molybdenum

disulfide films [105]. CVD growth can yield large-area molybdenum disulfide thin

films and is applicable to flexible and stretchable device fabrications on bendable

polymer and elastic rubber functional substrates [106, 107].

This section focuses on the recent developments of generating molybdenum

disulfide thin-film transistors for flexible and stretchable applications. Firstly, film

preparation researches and the thin-film transistor fabrication of these

two-dimensional films are introduced. Secondly, the fabrication of flexible molyb-

denum disulfide transistors and their unique advantages are highlighted. As the final

topics, we discuss device and material strategies for the molybdenum disulfide-

based flexible and stretchable applications, providing perspective on future research

directions.

7.3.2 Material Synthesis and Transistor Fabrications

7.3.2.1 Synthesis of Molybdenum Disulfide Films

To establish reliable methods for synthesizing high-quality, atomically thin molyb-

denum disulfide films to investigate the fundamental electronic, optical, and

mechanical properties, as well as their possible applications is a most important

research topic. Recent approaches for fabricating MoS2 thin films have been

demonstrated by two methods. One of the methods is the top-down exfoliation

(e.g., by mechanical or liquid exfoliation) of bulk crystalline samples, which can

generate μm-scale high-quality, single-crystalline MoS2 thin films. Another

approach is the bottom-up CVD growth for producing cm-scale, large-area, uni-

form polycrystalline MoS2 films. Here, we review the current understandings from

reports using each method and describe their respective applications to field-effect

transistor fabrication.
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7.3.2.2 Mechanical Exfoliation of Molybdenum Disulfide Films

The most widely adopted fabrication method for preparing atomically thin molyb-

denum disulfide films is mechanical exfoliation by scotch tape, which was origi-

nally developed for obtaining graphene films and can be applied to bulk single

crystals of molybdenum disulfide [92, 94–100]. In this fabrication method, the

layered structure of the bulk material, which is composed of vertically stacked

monolayers held together by weak van der Waals interactions, can be easily peeled

from the bulk single crystal, resulting in two-dimensional films of molybdenum

disulfide (Fig. 7.11a) [96]. The layer dependence of optical and vibrational prop-

erties of molybdenum disulfide two-dimensional films has currently attracted

attention because significant changes from the bulk samples have been reported

in the electronic structure of two-dimensional samples [99–101, 108–112]. One

important optical change, layer thickness decrease, appeared in the associated

Raman spectra. Analytical and experimental researches have demonstrated the

shift in the main two Raman peaks of molybdenum disulfide, the in-plane vibration

of E1
2g and the out-of-plane A1g phonon mode, which showed a frequency decrease

in E1
2g mode and a frequency increase in A1g mode [108–110]. These peak shifts in

E1
2g mode and A1g mode originate from interactions within the layered structure

and an associated increase in the dielectric screening of long-range Coulombic

interlayer interactions [109]. Therefore, the Raman peak positions of molybdenum

disulfide can be used to identify the thickness of MoS2 thin films. Another signif-

icant layer-dependent effect is the variations observed in electronic band structure.

The indirect bandgap of bulk MoS2 sample transitions into a direct bandgap with

two-dimensional thin films as a result of quantum confinement [99, 100]. Particu-

larly in molybdenum disulfide monolayer (thickness of approximately 0.8 nm), an

intrinsic direct bandgap (~1.8 eV) emerges at the K point and can be detected by

strong photoluminescence (PL) and absorption spectra [99, 100]. Due to this large

direct bandgap, atomically thin molybdenum disulfide is a promising

two-dimensional material for electronic and optoelectronic devices. The strong

spin–orbital interaction that originates from the transition metal (Mo) attribute of

this material leads to energy splitting of the valence band [113–119]. The combi-

nation of a symmetric band structure and strong spin–orbital interaction also

enables “valley polarization,” logic operations controlled with spin–valley cou-

pling, and the possibility of “valleytronics” [117–119].

One of the most promising electronic devices of atomically thin molybdenum

disulfide films is a thin-film transistor fabricated for logic electronics due to its

intrinsic direct bandgap [95–98, 120–130]. As shown in Fig. 7.11b, Radisavljevic

et al. firstly reported monolayer molybdenum disulfide thin-film transistors using

HfO2 as a high-κ top-gate dielectric on SiO2-base substrates and achieved an

extremely high Ion/Ioff (~1� 108) [95]. Back-gate-based, multilayer molybdenum

disulfide thin-film transistors exhibited high carrier mobility >100 cm2/(V · s) and

sufficient Ion/Ioff (~1� 106) [120]. The great switching properties of these field-

effect transistors immediately led to the fabrication of logic circuits [121,
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122]. Currently, integrated circuits based on bilayer molybdenum disulfide, includ-

ing inverters, NAND gates, and ring oscillators, were successfully fabricated

[122]. The oscillation frequency of a demonstrated five-stage ring oscillator is up

to 1.6 MHz, which is a significant step toward high-performance two-dimensional

nanoscale electronics. Further advances in logic circuits require CMOS inverters

composed of p-type and n-type field-effect transistors. Although molybdenum

disulfide TFTs typically show only n-type transport, ambipolar molybdenum disul-

fide TFTs have been demonstrated by ionic liquids as gate dielectric materials

[131–133]. Figure 7.11c represents a simple schematic illustration of ionic liquid-

gated molybdenum disulfide TFTs. When a gate voltage (Vg) is applied, a transistor

active channel is formed by a single carrier type (Fig. 7.11c, top). However, when

Vg is much smaller than the applied drain voltage (Fig. 7.11c, bottom), the effective

Vg at the drain electrode is inverted, resulting in the accumulation of opposite

Fig. 7.11 (a) A three-dimensional schematic illustration of the monolayer MoS2 crystal structure.

(b) A schematic representation of HfO2 top-gated monolayer MoS2 FETs. (c) A schematic

illustration of unipolar and ambipolar carrier accumulation in an ionic liquid-gated MoS2 FET.

Top: unipolar accumulation mode. The drain voltage (VDS) is relatively smaller than the gate

voltage (VGS). Bottom: ambipolar accumulation mode. The drain voltage is relatively larger than

the gate voltage. (d) Transistor transfer curve of an ambipolar MoS2 thin-flake FET. The figures

are reprinted with permission from Refs. [96] and [133] (Copyright © 2013 American Chemical

Society)
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carrier and inducing hole carrier transport (Fig. 7.11d). Furthermore, the extremely

large capacitance of the electric double layer (~10 μF/cm2) is able to accumulate a

magnitude higher density of carriers than that of typical SiO2 dielectric layers,

resulting in a strong depletion of donor carriers and efficient electrostatic carrier

doping [134, 135]. Very interestingly, electric-field-induced superconductivity in

molybdenum disulfide thin films has also been demonstrated [136, 137]. Realization

of ambipolar carrier transport will enable the construction of CMOS-like applica-

tions and the formation of p–n junctions for optoelectronic devices [133, 138].

Another important application of molybdenum disulfide TFTs is in optoelec-

tronic devices as photodetectors and photovoltaic cells [139–143]. The direct

bandgap of molybdenum disulfide thin films offers effective light absorption of

visible light and luminescence capabilities, allowing molybdenum disulfide films to

be used as an active material for phototransistors. Lee and coworkers demonstrated

the thickness dependence of the photo-response in various layers of molybdenum

disulfide films, suggesting that different wavelengths of light can be detected as a

result of thickness-dependent bandgap [141]. For example, mono- and bilayer

molybdenum disulfide films, which possess respective optical absorption peaks of

1.8 and 1.6 eV, are useful for green-light detection; trilayer molybdenum disulfide

film exhibits an optical absorption peak of 1.4 eV and is suitable for red-light

detection. More currently, ultrasensitive, monolayer molybdenum disulfide

phototransistors with a broad spectral range were reported [143]. The maximum

external photo-responsivity reached 880 AW�1, and the noise under dark current

was lower than that of commercial state-of-the-art Si avalanche photodiodes,

suggesting ultrahigh sensitivity due to the direct bandgap and efficient carrier

excitation. These results support the understanding that monolayer molybdenum

disulfide film is a promising semiconductor film for use in imaging circuits, light-

sensing devices, and photovoltaic cells. Furthermore, electroluminescence (EL) has

also been demonstrated with monolayer molybdenum disulfide film in a TFT

configuration, opening up the possibility of applications in light-emitting devices

(LEDs), such as diode lasers [144].

The high surface-to-volume ratio of molybdenum disulfide two-dimensional thin

films provides natural opportunities for sensor devices [145–147]. The first report of

a gas sensor based on mono- and few-layered molybdenum disulfide TFTs was

reported by Li et al., who developed a sensing device that can detect the NO gas

adsorption [145]. Because molybdenum disulfide TFTs show n-type transport,

certain changes occur in carrier transfer, doping level, and conductivity as a result

of the exposure of TFTs to NO gas, which is most likely a p-donor. These sensing

behaviors extend to chemical-sensing devices with a wide range of analytes,

exhibiting a critical response upon exposure to nerve gas [146]. Moreover, humidity

sensors have been demonstrated, showing a clear response to water vapor at room

temperature and atmospheric pressure [147]. Followed by the rapid developments

in electronic and optoelectronic applications, molybdenum disulfide monolayer

TFTs will enable novel functionalities, such as thermopower generation and energy

harvesting. A large Seebeck coefficient for molybdenum disulfide films was cur-

rently observed, and this Seebeck coefficient can be controlled by an electric field
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application (ranging from �4� 102 to �1� 105 μVK�1) [148]. The obtained

Seebeck coefficient is 70–25,000 times larger than that of graphene, suggesting

further potential for thermoelectric applications.

7.3.2.3 Liquid Exfoliation of Molybdenum Disulfide Films

Although the mechanical exfoliation method yields highly single-crystalline films

that can be used to prepare high-performance devices from which intrinsic physical

phenomena can be demonstrated, growth techniques able to yield enough quantities

are strongly required for future applications, such as energy storage, composites,

and hybrids. In liquid exfoliation method, layered materials are dispersed in

common organic solvents, such as N-methyl-2-pyrrolidone (NMP). These methods

can produce gram-scale quantities of various flakes or few-layered samples from

their dispersions, such as molybdenum disulfide, tungsten disulfide, or boron nitride

(BN) [149–153]. Another effective method for the gram-scale mass production of

layered samples is electrochemical lithium (Li) intercalation [154–156]. Lithium-

intercalated samples can be easily exfoliated by ultrasonication, producing few- or

monolayer thin films. However, lithium intercalation generally results in a signif-

icant loss of semiconductor properties due to an emerging metallic phase. In

response to this drawback, Eda et al. reported the recovery of the semiconductor

properties of pristine samples by adopting mild annealing to the preparation

procedure [156]. The chemically exfoliated molybdenum disulfide thin films that

were obtained exhibited specific direct bandgap PL, indicating a low defect density.

Moreover, these solution-based procedures can be applied to the transfer of

two-dimensional films to arbitrary substrates, including flexible plastic substrates

(Fig. 7.12a, b) [156]. In addition to these reports, Zeng and coworkers realized high-

yielding, monolayer semiconductor nanosheets of molybdenum disulfide and tung-

sten disulfide based on a controllable lithiation procedure [154, 155]. Particularly,

the prepared monolayer molybdenum disulfide is in excess of 90 %, suggesting the

effectiveness of large-scale material production [154]. The solution processability

of molybdenum disulfide thin films has enabled various devices, such as photo-

electrochemical applications and flexible arrays [157, 158]. For example, as

represented in Fig. 7.12c, flexible gas-sensing devices prepared by molybdenum

disulfide thin-film transistors have been demonstrated and have performed high

sensitivity and excellent reproducibility [158]. Reduced graphene oxides (rGOs)

were patterned on plastic substrates (PET) as electrodes, and suspended monolayer

molybdenum disulfide thin films were used as the active material. Thin-film

transistor-sensing arrays can detect the common toxic gas NO2 and can survive

5,000 cycles of bending without any degradation of sensing performance. The use

of solution-processed film formation through spin coating enables simple, low-cost,

and environmentally friendly methods to the high-yielding production of molyb-

denum disulfide films, as well as a wide range of potential devices [159]. In

contrast, in liquid exfoliation method, it is relatively difficult to control the thick-

ness of samples, resulting in a low concentration of monolayer molybdenum
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disulfide films. This technique easily yields few-layer or monolayer molybdenum

disulfide films; however, the size of the samples tends to be very small (< a few

μm); this method cannot deliver layer-controlled, highly uniform, and large-area

molybdenum disulfide films. Large-area, monolayer molybdenum disulfide films

are strongly required for electronic or optoelectronic devices; thus, novel synthesis

methods are critically desired for sorting the thickness, obtaining scalability, and

maintaining reproducibility as key steps toward the practical applications.

Fig. 7.12 (a) A photo of as-deposited MoS2 thin films on a PET substrate. (b) An atomic force

microscopic image of a deposited ultrathin film with an average thickness of 1.3 nm. The white
line indicates a height profile obtained at the red line position. (c) A schematic illustration of the

fabrication process of MoS2 thin-film transistor arrays on PET substrates and an optical image of

flexible thin-film transistor sensor arrays. The figures are reprinted with permission from Refs.

[156] (Copyright © 2011 American Chemical Society) and [158] (Copyright © 2012 Wiley)
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7.3.2.4 Chemical Vapor Deposition (CVD) of Molybdenum Disulfide

Films

Following the breakthrough of the CVD method for graphene thin films, the

synthesis of large-area, uniform, atomically thin molybdenum disulfide films is

recently feasible [160, 161]. Some CVD approaches have been developed to grow

monolayer or few-layer molybdenum disulfide films on rigid insulator substrates

[162–168]. Lee and coworkers reported the growth of large-area, monolayer

molybdenum disulfide film on rigid Si/SiO2 substrates through the co-deposition

of sulfur films and MoO3 films, as represented in Fig. 7.13a [163]. Growth condi-

tions of this method are very sensitive to the surface treatment of substrates, where

aromatic molecules, such as rGO, perylene-3,4,9,10-tetracarboxylic acid

tetrapotassium salt (PTAS), and perylene-3,4,9,10-tetracarboxylic dianhydride

(PTCDA), promote layer growth (Fig. 7.13a). As-grown molybdenum disulfide

thin films remain typical n-type semiconducting materials, and bottom gate tran-

sistors exhibit semiconductor properties with an excellent Ion/Ioff (>108) and

excellent charge carrier mobility (>10 cm2/(V · s)) [169–172]. Using the same

CVD method, highly crystalline domains that can scale up to the size of 120 μm
were demonstrated, and the resultant sample revealed optical and electronic prop-

erties comparable or superior to that of exfoliated single-crystalline molybdenum

disulfide films [164]. Although the co-deposition of different precursors can prepare

high-quality, single-domain molybdenum disulfide films, full coverage of the whole

substrate surface is extremely difficult. The lateral size of the obtained molybde-

num disulfide layer is typically less than a millimeter, which is not suitable for

future wafer-scale applications intended for large-area or flexible devices.

An alternative scalable growth strategy is represented in Fig. 7.13b and was

demonstrated by Liu and coworkers for the deposition of trilayer molybdenum

disulfide films [173]. Highly crystalline and large-area molybdenum disulfide films

were prepared through a two-step, high-temperature annealing procedure of a

thermally decomposed ammonium thiomolybdate layer that was dip coated on

substrates (sapphire or SiO2/Si). The addition of sulfur during the second annealing

procedure improved the crystallinity of molybdenum disulfide films such that

various spectroscopic and microscopic properties could be investigated [173]. In

addition, we fabricated thin-film transistors with CVD-grown polycrystalline

molybdenum disulfide flakes and ion gels, i.e., gelated ionic liquids [174], as gate

dielectric materials [106]. Due to the extremely huge specific capacitance of ion

gels (~10 μF/cm2) [175–177], the transistor exhibits a low operational voltage

(<1 V), good electron carrier mobility (>12 cm2/(V · s)), and good Ion/Ioff (10
5)

on rigid SiO2/Si substrates, as shown in Fig. 7.13c, d [106]. Moreover, the temper-

ature dependence of transport properties is shown in Fig. 7.13e. At the on state of

the transistor, the drain current is inversely proportional to the temperature, indi-

cating band-like transport in polycrystalline molybdenum disulfide films. The

strong interaction of molybdenum disulfide domains may assist in charge carrier

transport across domain boundaries, meaning the capability of stable carrier
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Fig. 7.13 (a) Left: a schematic illustration of the experimental setup used for co-deposition of

MoO3 and sulfa powders through a vapor phase reaction. The red circles indicate the chamber for

heating reaction. Right: a photo of MoS2 layers grown on a substrate treated with solution of

reduced graphene oxide. (b) A schematic representation of the two-step annealing procedure for

the growth of MoS2 thin layers on insulating base substrates. Precursor (NH4)2MoS4 is dip coated

on base sapphire substrates and base SiO2/Si substrates, followed by annealing under sulfur gas.

Synthesized MoS2 thin films can be transferred onto arbitrary base substrates. (c) A schematic

illustration of a CVD-synthesized MoS2 thin-film transistor, constructed with an ion gel as gate

dielectric materials on a SiO2/Si base substrate. (d) The transistor transfer characteristics of the

MoS2 thin-film transistors. VD corresponds to the drain voltage, and VG corresponds to the gate

voltage. (e) Temperature dependence of VD at the gate voltages of 2.0 V (red), 1.2 V (blue), and
0.1 V (green). A metal/insulator transition was observed in a MoS2 thin-film transistor. The figures

are reprinted with permission from Refs. [163] (Copyright © 2012 Wiley) [173] and [106]

(Copyright © 2012 American Chemical Society)



transport under deformation. Although ion gel dielectric layers are very suitable to

molybdenum disulfide films, several disadvantages of electrochemical gating TFTs

remain. In these molybdenum disulfide thin-film transistors, when we increase the

gate voltage to >4 V, which is higher than the electrochemical window of ionic

liquids, a significant gate leakage current (>100 nA) is measured. This gate current

suggests an electrochemical reaction between the ionic liquid and molybdenum

disulfide film, which is a critical disadvantage for future devices. To avoid or reduce

these redox reactions, ionic liquids with a wide electrochemical window are

strongly required.

In addition to excellent conducting properties, CVD-grown molybdenum disul-

fide films can be easily transferred onto other arbitrary substrates, enabling TFT

fabrications on unconventional substrates, such as flexible plastic and stretchable

rubber substrates [106, 107]. A simple and scalable sulfurization method was

currently developed for the large-area wafer-scale fabrication of molybdenum

disulfide two-dimensional films [178–180]. Highly uniform films were prepared

through the direct sulfurization of MoO3 films evaporated on cm-scale sapphire

substrates and were transferable to SiO2/Si substrates after conducting a PMMA-

assisted solution process [178]. In addition to the direct bottom-up approaches on

bare surfaces, molybdenum disulfide films can be grown on graphene surfaces

[181]. Demonstration of molybdenum disulfide/graphene hetero-structures indi-

cates that other hexagonally structured samples are also able to serve as growth

substrates. The vertical hetero-structured surface of the atomically thin

two-dimensional films could potentially support hybrid electronics and novel

optical properties, such as charge transfer, exciton generation, and high-

performance TFTs, due to the absence of dangling bonds. As a result of this

scalability, CVD-grown polycrystalline molybdenum disulfide films are suitable

for practical applications in large-area, integrated circuits, flexible electronics, and

optoelectronic devices [106, 107, 182, 183].

7.3.3 Flexible Molybdenum Disulfide Thin-Film Transistors

Two of the most desirable properties for flexible applications are flexibility and

transparency. From this point of view, two-dimensional layered semiconductors are

one of the promising candidates. Particularly, graphene is a widely explored

atomically thin material, and many demonstrations have been performed regarding

the usage of graphene for flexible and transparent TFTs [184–186]. Although the

extremely huge carrier mobility of graphene (~105 cm2/(V · s) at room temperature)

allows its usage in high-frequency applications, its metallic gapless electronic

structure limits its application in logic devices [187]. As the result, researchers

have currently renewed their interest in the discovery of new two-dimensional

analogue samples with excellent mechanical, electronic, and optical properties.

Atomically thin molybdenum disulfide film is a particularly intriguing post-

graphene material for flexible applications. The mechanical strength of
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molybdenum disulfide monolayer film is 30 times higher than the strength of steel

[102–104]. Furthermore, the robustness of molybdenum disulfide allows it to

endure deformation up to 11 % before breaking because of the stiff Mo–S chemical

bonds [103]. The tunable bandgaps of molybdenum disulfide thin film can also

manage higher current amplification, and currently, tremendous effort has been

devoted to the fabrication of flexible TFTs [106, 158, 188–191]. A sub-nm thick-

ness of two-dimensional molybdenum disulfide films affords flexibility and trans-

parency. The rigidity of the bulk materials causes the sample to be fundamentally

difficult to bend and results in cracking of crystal structure; however, pliable

atomically thin two-dimensional samples can be mechanically flexed. Due to the

advantages of these electronic and flexible properties, we have performed highly

flexible molybdenum disulfide thin-film transistors on flexible plastic substrates

(Fig. 7.14a) [106]. Again, ion gels are adopted as gate dielectric materials, and as a

result, the prepared material combines both flexibility and a huge specific capaci-

tance [175–177]. Thin-film transistors were demonstrated on flexible polyimide

substrates (thickness ~12.5 μm) and were placed on a home-built bending apparatus

to test their carrier transport properties under mechanical bending (Fig. 7.14b).

Figure 7.14c shows the transistor transfer characteristics of a flexible molybdenum

disulfide film transistor under a curvature radius of 75 μm; the device also

performed obvious recovery of conducting characteristics. The curvature radius-

dependence of source–drain current and electron carrier mobility (Fig. 7.14d)

suggests that the transport properties reveal no degradation under a curvature radius

of 0.75 μm. Hence, this thin-film transistor is one of the most bendable TFTs

available today in two-dimensional atomically thin films. Moreover, the excellent

flexibility is understood by the flexibility of the ion gel films and the thin polyimide

substrates, decreasing the effective strains on the molybdenum disulfide films

(<1 %).

Yoon and coworkers soon demonstrated flexible and transparent molybdenum

disulfide TFTs that can withstand tension and compression [188]. Figure 7.15a

represents the process used for the preparation of flexible and transparent TFTs

based on molybdenum disulfide films and graphene. Because patterned graphene

was used as the electrode, the prepared TFTs revealed high transparency (an optical

transmittance ~74 %) and an excellent stability against tension and compression

(Fig. 7.15b). Although the samples in these demonstrations realized excellent

flexibility, the reported FET mobility on the flexible plastic substrates was less

than 5 cm2/(V · s); thus, further improvements and optimization are strongly

required. To improve the TFT performance, Chang et al. reported high-

performance, flexible molybdenum disulfide TFTs with high-κ dielectric layers

[189]. The effective local screening effect and suppression of Coulomb scattering

enhanced the charge carrier mobility up to 30 cm2/(V · s); the Ion/Ioff was an excess

of 107, and the subthreshold swing was decreased to 82 mV/dec. A strategy to

transfer the molybdenum disulfide TFTs has already been established. This method

can fabricate atomic layer-deposited (ALD) dielectric-based thin-film transistors on

any arbitrary substrate, enabling device preparation that is both easy and reliable

[190]. More currently, Lee and coworkers performed new hetero-structured,
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flexible molybdenum disulfide TFTs [191]. The flexible and transparent molybde-

num disulfide TFTs were stacked on hexagonal BN (hBN)–graphene hetero-

structures, as revealed in Fig. 7.15c. Compared to typical dielectric materials,

such as SiO2, hBN is beneficial for charge carrier transport in association with

atomically flat surfaces that are free of charge traps and dangling bonds. When hBN

was used as gate dielectric materials and graphene was utilized for the electrodes,

these hetero-structured molybdenum disulfide TFTs performed the highest carrier

mobility (~45 cm2/(V · s) on flexible plastic substrates. These results suggest that

two-dimensional atomically thin-film-based hetero-structure TFTs are promising

for high-performance flexible and transparent applications. Furthermore, these

hetero-structured TFTs allow for new functional devices. For example, vertically

stacked graphene–molybdenum disulfide hybrid structures currently enabled verti-

cally integrated CMOS inverters [192], memory devices [193, 194], and photode-

tectors [195, 196]. The development of multi-hetero-structures of two-dimensional

Fig. 7.14 (a) A schematic illustration of a MoS2 thin-film transistor fabricated on a flexible

substrate. (b) Left: a photo of a MoS2 thin-film transistor on a 12.5-μm-thick flexible polyimide

base substrate. Right: a schematic representation of measurements under bending. (c) Transistor
transfer characteristics of a MoS2 thin-film transistor. The red, black-dotted, and blue-dotted lines
indicate the transistor transfer curve for a curvature radius¼ 0.75 mm and the transistor transfer

curves before and after the bending experiments, respectively. The inset shows a photo of the

measurement under bending when the device is set to a curvature radius¼ 750 μm. (d) Drain
current dependence at VG of 1.5 V (red) and the carrier mobility on the curvature radius. The

carrier mobility is normalized by the results without bending ( flat, blue). The inset shows photos
of the MoS2 thin-film transistor rolled to a curvature radius¼ 750 μm. The figures are reprinted

with permission from Ref. [106] (Copyright © 2012 American Chemical Society)
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atomically thin films will lead to significant roles for these samples in new func-

tional applications involving flexible and transparent applications.

7.3.4 Stretchable Molybdenum Disulfide Thin-Film
Transistors

Beyond flexible applications, the subsequent generation of electronics will involve

ubiquitous ambient electronic systems, such as wearable devices and electronic

sensing skins. The development of deformable devices, such as transistors, logic

circuits, and sensors, is one of the key steps toward the realization of these goals

[25, 197–204]. Particularly, mechanically flexible and stretchable transistors are the

Fig. 7.15 (a) A schematic illustration of the fabrication and transfer process used for multilayered

MoS2 thin-film transistors on a flexible plastic substrate. (b) An optical image of highly flexible

and transparent MoS2 thin-film transistors on a plastic PET substrate. The inset shows a represen-
tation of the device structure. (c) A photograph of a flexible hetero-structured MoS2–hBN–

graphene (MBG) device. (d) A photograph of a MBG device on the plastic PEN substrate, showing

its flexibility and transparency. The figures are reprinted with permission from Refs. [188]

(Copyright © 2013 Wiley) and [191] (Copyright © 2013 American Chemical Society)
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most essential components of flexible and stretchable applications. The major

challenge in this research field is the significant requirement for semiconductors

that can remain robust despite mechanical strain. Typical semiconducting mate-

rials, including inorganic and organic semiconductors, lack robustness and stretch-

ability; as a result, the strains experienced by these semiconductors must remain at

<1 % to avoid fracturing and cracking. Therefore, current researches toward the

demonstration of stretchable electronics have explored very unique methods. These

researches have focused on the design of devices that can release the substantial

strain on semiconducting materials [25, 204]. One commonly used approach in the

preparation of stretchable devices is the fabrication of isolated rigid areas on a

stretchable elastic substrate [197–199]. These rigid areas are undeformable, such

that the TFTs prepared on these protected areas can avoid deformation when the

whole substrate is stretched. Another effective method is the engineering of wavy

structures in device components [200–202]. Accordion-like structural configura-

tions can relax against applied tensile strain, allowing induced strains to be applied

to semiconducting materials within the limit of 1 % strain. Following these unique

strategies, graphene has been involved in highly simple and desirable geometries

for stretchable applications [160, 205, 206]. Due to its atomically thin thickness and

very large Young’s modulus [207], graphene can be intentionally formed into

ripples or accordion-like wavy structures on a sample surface during the transfer-

ring process [160, 205, 206]. Ripple relaxation allows the graphene thin films to

stretch to values in excess of 20 % [160, 205], while graphene TFTs prepared on

stretchable rubber substrates can perform at a mechanical strain of 5 % [206]. The

beneficial properties of atomically thin two-dimensional materials indicate that

these samples represent advantageous candidates for usage in stretchable applica-

tions. Simply, the same strategy can be applied to molybdenum disulfide atomically

thin films, which are more suitable for TFTs because of their large bandgap. The

development of CVD growth and the transferring method for molybdenum disulfide

films has enabled the demonstration of molybdenum disulfide TFTs on stretchable

elastic substrates [173, 178]. Although atomically thin molybdenum disulfide film

is a likely material for usage in stretchable applications, further investigation of the

intrinsic effect of strain within the molybdenum disulfide crystal structure on

electronic properties is essential for device fabrication. Currently, some groups

have demonstrated variations in the electronic properties of monolayer and bilayer

molybdenum disulfide based on first-principle calculations [208–212]. These

researches predicted that the bandgap of molybdenum disulfide films decreases

with increasing applied strain and that a semiconductor–metal transition can be

induced at a strain of 10 %. To investigate these theoretical predictions, He et al.
and Conley et al. collected the photoluminescence and absorption spectrum under

strain in the molybdenum disulfide monolayer [213, 214]. These two researches

clarified the influence of uniaxial tensile strain in the range from 0 to 2 %.

Consequently, a strain-induced bandgap closing was observed, in agreement with

first-principle simulations. Moreover, from Raman spectra under induced strains,

phonon softening of the doubly degenerate E1
2g mode, followed by energy splitting

into two modes with strain in excess of 1 %, breaks the original lattice symmetry
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[214–216]. These observations of electronic structure modulation indicate the

possible strain engineering and the tuning of optical and electronic properties,

with the potential of resulting in novel physical phenomena, pressure-sensing

devices, and controllable photonic devices. Stable operation without the degrada-

tion or transformation of the electronic properties under strain is a critical require-

ment for stretchable applications. Therefore, we demonstrated wavy structures of

CVD-grown molybdenum disulfide films directly on stretchable PDMS substrates,

analogous to graphene [107]. Figure 7.16 reveals an AFM image of the molybde-

num disulfide films created with ripples through a transferring procedure from

as-grown rigid sapphire substrates to swellable PDMS substrates. These wavy

structures of ripples likely assist the molybdenum disulfide films in increasing

their expandability because of the strain relaxation allowed against mechanical

stretching.

Based on these material and device strategies employed for stretchable applica-

tions, as revealed in Fig. 7.17a, we fabricated molybdenum disulfide thin-film

transistors on stretchable PDMS substrates using elastic ion gel gate dielectric

materials. Figure 7.17b shows the transistor transfer curves under four different

tensile strains, performing that the variation in the drain current was very small

during stretching to values of �4 %. Moreover, the charge carrier mobility and

Fig. 7.16 (a) A photograph of the transistor channel region of a MoS2 thin-film transistor

mounted on stretchable PDMS substrates. (b) A differential atomic force microscopic image,

recorded on the surface of MoS2 films and transferred onto stretchable PDMS. (c) Topography
(left) and height profile (right) of the ripple structure on MoS2 film surfaces, recorded by AFM

observations. The figures are reprinted with permission from Ref. [107] (Copyright © 2013 AIP

Publishing LLC)
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on/off current ratio of these TFTs were approximately constant, even at �5 %

strain, indicating the stretchability of CVD-grown molybdenum disulfide transis-

tors (Fig. 7.17c, d). Although a significant carrier mobility reduction was observed

at strain values in excess of 5 % (Fig. 7.17d), the strain relaxation in the domain

boundaries may originate this degradation, as suggested in the case of graphene

films [206]. These results provide the potential for stretchable applications based on

molybdenum disulfide films. We anticipate that further improvements can be

Fig. 7.17 (a) A schematic representation and photographs of MoS2 thin-film transistors under

uniaxial stretching. (b) Transistor transfer characteristics of MoS2 thin-film transistors. The red,
orange, blue, and green lines indicate the transistor transfer curves for strains of 0, 3, and 4 % and

after stretching, respectively. (c) Top: strain dependence of the drain current as a function of

reference voltages (VR) of 1.6 V (red) and 0.3 V (blue). Bottom: strain dependence of the on/off

current ratio (black). (d) Top: electron mobility at various strains (red). Bottom: specific capaci-

tance of an ion-gel/MoS2 interface at 15 Hz (bottom, black) at various strains. The mobility is

normalized by the results obtained in the absence of an applied tension. The blue square in the top
panel indicates the normalized mobility after stretching at 5 % strain. The figures are reprinted

with permission from Ref. [107] (Copyright © 2013 AIP Publishing LLC)
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demonstrated to obtain superb stretchability, such as the application of pre-strain

procedure to stretchable PDMS substrates before the film transferring process,

which would result in larger elastic ripples. Furthermore, the identical strategy

and procedure can also be applied to other two-dimensional TMDC films, such as

MoSe2 [217], WS2 [218], and WSe2 [219]. The material variety of TMDCs pro-

vides various transistor polarities, including n- and p-type and ambipolar transport,

enabling new electronic and optical applications as a result of combining these

films. The outstanding properties of two-dimensional TMDCs provide significant

potential for next-generation flexible and stretchable applications.

7.3.5 Summary of TMDC Films and Future Outlook

We have highlighted current studies on the fabrication of thin-film transistors using

new two-dimensional molybdenum disulfide thin films for use in flexible and

stretchable electronics. The rapid developments of sample preparation techniques,

ranging from mechanical exfoliation to scalable CVD, have allowed the demon-

stration of high-performance molybdenum disulfide TFTs and have expanded the

device applications on unconventional substrates. Although molybdenum disulfide

TFTs built on flexible plastic and stretchable rubber substrates have superior

flexibility and stretchability, further improvements in terms of large-area integra-

tion, device performance (such as mobility and switching speed), and operational

durability are strongly required. Improving the air stability of the device is also

crucial for future practical application. Printing and patterning methods for highly

crystalline uniform films will provide the low-temperature, low-cost, and environ-

mentally friendly device fabrication. A variety of two-dimensional atomically thin

TMDC films have inspired growing interest in this sample with respect to the

exploration of novel complementary functional devices. The application potential

of 2 two-dimensional atomically thin TMDC films for flexible and stretchable

electronics is vast, ranging from electronics to optoelectronics.

7.4 Conclusions

As described in the overview, nanomaterials are a potentially suitable material for

printed flexible and stretchable electronics because the induced strain under R is

simply proportional to t. Therefore, SWCNT and TMDC monolayer nanomaterials

are possible candidates for next-generation electronics. Importantly, as we

explained in this chapter, these materials are excellent active materials for high-

performance transistors, and their printing technique is also applicable.
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Chapter 8

Solution-Processed Organic Light-Emitting
Devices

Takayuki Chiba, Yong-Jin Pu, and Junji Kido

Abstract Recent progresses on materials and device structures for solution-

processed organic light-emitting devices (OLEDs) are discussed. Several

solution-processable materials such as fluorescent oligomer, phosphorescent

dendrimer, lithium complex, zinc oxide, and polyvinylpyridine are designed and

synthesized for achieving multilayer structure. The successful fabrication of

solution-processed white phosphorescent OLEDs and tandem OLEDs will pave

the way toward printable, low-cost, and large-area solid-state lighting application.

Keywords Solution-processed OLED • Solution-processable material • Multilayer

structure • Tandem OLED

8.1 Introduction

Solution processes such as spin coating, inkjet printing, slot-die coating, or spray

coating for organic light-emitting devices (OLEDs) are fascinating due to their

potential advantages for a production of large-area devices at low cost, although

vacuum evaporation (dry) processes are much ahead of the solution processes from

the mass production point of view. One of the key solutions to improve the

performance of the devices is stacking of a number of successive layers of different

functional materials. This multilayer structure allows for the separation of the

charge-injecting, charge-transporting, and light-emitting functions to different

layers, which leads to a dramatic increase in efficiency and lifetime. In the second

section, we discuss our recent studies on fluorescent oligomers [1], phosphorescent

dendrimers [2, 3], electron injection materials [4], and polymer binders [5] for

solution-processed OLEDs. In the third section, we focus on solution-processed

multilayer phosphorescent OLEDs using small molecules. On the basis of estimates

from a solvent resistance test of small host molecules, we demonstrate that covalent

dimerization or trimerization instead of polymer material can afford conventional
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small host molecules sufficient resistance to alcohols used for processing upper

layers. This allows us to construct multilayer OLEDs through subsequent solution-

processing steps, achieving record-high power efficiencies of 34 lm W�1 at

100 cd m�2 for solution-processed white phosphorescent OLEDs [6]. In the fourth

section, we discuss the fabrication of a tandem OLED comprising two light-

emitting units (LEUs) and a charge generation layer (CGL) between the indium

tin oxide (ITO) anode and aluminum (Al) cathode using solution-based processes to

simultaneously improve the luminance and device stability. A hybrid process of

spin coating and thermal evaporation was utilized for the fabrication [7]. Each LEU

with the configuration of first LEUs was fabricated using the spin coating method.

Ultrathin (1 nm) Al is deposited as the electron injection layer (EIL) in the first unit,

and molybdenum oxide is subsequently deposited as the CGL by thermal evapora-

tion. Tandem OLEDs using hybrid processes showed almost twice the current

efficiency of each light-emitting unit (LEU). Additionally, fully solution-processed

tandem OLEDs consisting of two LEUs and a CGL between the anode and cathode

is fabricated. A zinc oxide (ZnO) and polyethyleneimine-ethoxylated (PEIE) nano-

particle bilayer is used as the EIL in the first LEU and phosphomolybdic acid

hydrate (PMA) as the electron acceptor of the CGL. Appropriate choice of solvents

during spin coating of each layer ensures that a nine-layered structure is readily

fabricated using only solution-based processes [8]. The determined driving voltage

and efficiency of the fabricated tandem OLED are the sums of values of the

individual LEUs.

8.2 Solution-Processable Materials

8.2.1 Fluorescent Oligomer

The π-conjugated polymers have been extensively studied as solution-processable

emitting materials for the field of OLEDs since 1990 [9]. Precise control of

molecular weight, end-group structure, and regioregular structure of the conjugated

polymers for OLED has been established, but it is not possible to purify structural

defects in a polymer chain itself thoroughly. However, monodisperse conjugated

oligomers are able to have no structural defects and a better purity from conven-

tional purification methods such as column chromatography, recrystallization, and

sublimation. Four novel fluorescent dyes, bis(difluorenyl)amino-substituted carba-

zole 1, pyrene 2, perylene 3, and benzothiadiazole 4 as solution-processable light-

emitting oligomer (Fig. 8.1a), are synthesized by palladium-catalyzed cross-cou-

pling reaction. They are soluble in common organic solvents and can show a high

glass transition temperature (Tg) and a good film-forming ability. The energy levels

are related to the electronic properties of the central core; the electron-donating

carbazole compound showed the lowest ionization potential, and the electron-

withdrawing benzothiadiazole compound showed the largest electron affinity.
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Emitting color can be easily controlled by a kind of central dyes, and outer fluorene

oligomers can sterically prevent excimer formation between the emitting cores in a

neat film. All compounds were purified from column chromatography and then

thoroughly purified with a train sublimation for OLED application. These sublim-

able properties are one of the advantages compared with the π-conjugated polymers

from the purity point of view, because it is difficult to separate low molecular

impurities having similar polarity to the target compounds by column chromatog-

raphy. In practice, such impurities are regarded as detrimental for device stability.

OLEDs with the configuration as ITO/ poly(3,4-ethylenedioxythiophene):poly

(styrenesulfonate) (PEDOT: PSS) (40 nm)/1-4 (50 nm)/ bis(2-methyl-8-

quinolinolato) (biphenyl-4-olato)aluminum (BAlq) (50 nm)/LiF (0.5 nm)/Al

(100 nm) were fabricated. PEDOT: PSS and the emitting layer were deposited by

spin coating. BAlq and LiF/Al layers were deposited by evaporation under vacuum

successively. Electroluminescence (EL) spectra of the compounds are well congru-

ous with their photoluminescence (PL) spectrum of the film as shown in Fig. 8.1b,

which showed the emission color derived from the central dye (1: sky blue, 2: blue

green, 3: yellow, and 4: deep red) The outer oligofluorene groups did not affect the

emission color because they have a wider energy gap than that of the central dye.

The π-conjugations of the fluorene groups and the central dye do not seem to be

fully delocalized. Photoluminescence quantum efficiency (PLQE) of the films is

determined by using an integrating sphere system under nitrogen atmosphere.

PLED of the compounds 1-3 exhibited higher than that of tris(8-quinolinolato)

aluminum (Alq3) film (22 %), which was determined under the same conditions.

Multicolor emissions from conjugated oligomer dyes having well-defined struc-

tures were achieved in their OLED fabricated from solution processes.
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Fig. 8.1 (a) Solution-processable fluorescent compounds: bis(difluorenyl)amino-substituted car-

bazole 1, pyrene 2, perylene 3, and benzothiadiazole 4. (b) EL spectra of the devices with dye 1-4
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8.2.2 Phosphorescence Dendrimer

The combination of the solution process and the phosphorescent compounds can be

an ideal choice to achieve low fabrication cost and high efficiency in OLEDs. For

the solution process, substitution of functional dendrons on the complex is one of

the approaches to solubilize it, and P. L. Burn group has done a lot of pioneering

work on the dendrimer OLEDs [10, 11]. The dendron is bulky in volume, so that it

can prevent intermolecular interaction between the emitting complexes, resulting in

reduction of concentration quenching and high PLQE [12, 13]. From the OLED

application point of view, those dendrons have to have enough high charge-

transporting ability for low driving voltage[14] and have a larger triplet energy

(T1) level than that of the core complex not to quench the triplet exciton of the

complex [15, 16]. In phosphorescent OLEDs, m-carbazolylbenzene (mCP) is one of

the well-known and widely used host materials, because its T1 level is high enough

(3.0 eV) to confine the phosphorescent emission of the iridium complex, and has

bipolar charge-transporting ability [17, 18]. 3,5-(N,N-di(4-(n-butyl)phenyl)amine)

(DPA) is also used as hole transport substituent group. We designed and synthe-

sized (mCP)6Ir and (DAP)6Ir (Fig. 8.2). The phosphorescent iridium complex,

(mCP)3Ir, attached three mCP dendrons having alkyl groups and high efficiencies

of the OLEDs using that complex. In (mCP)3Ir, mCP dendrons are attached on

each phenyl ring of tris(2-phenylpyridinato)iridium(III) (Ir(ppy)3), and (mCP)3Ir is

a facial isomer, so that the three mCP dendrons are attached spacially on the same

side in the complex and surround only half a side of Ir(ppy)3 as shown in Fig. 8.3a.

The fully surrounded Ir(ppy)3 by six host dendrons, (mCP)6Ir is shown in Fig. 8.3b.

Both of the complexes showed higher PLQE in a neat film than that of half-

surrounded (mCP)3Ir and (AP)3Ir, supporting well the results reported in the

literature. PLQEs of the complexes in the neat film are important parameters to

estimate the shielding effect of the surrounding dendrons to Ir(ppy)3. PLQEs of the

toluene solution and the films were measured by using an integrating sphere system

under 331 nm excitation. In a diluted solution, all complexes showed higher PLQE

than 70 %, which are comparable to 85 % of unsubstituted Ir(ppy)3.

This result demonstrated that these surrounding dendrons are optically inert and

do not affect the emission efficiency of Ir(ppy)3 core. The fully surrounded com-

plexes, (mCP)6Ir and (DAP)6Ir, showed high PLQE even in a neat film, which is

Fig. 8.2 Chemical structures of the dendronized iridium complex (Reprinted from Ref. [3]. Copy-

right 2012, with permission from Elsevier)
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comparable to PLQE in a dilute solution. On the other hand, the half-surrounded

complexes, (mCP)3Ir and (DAP)3Ir, showed much lower PLQE in a neat film than

that in a dilute solution. These complexes are facial isomers; therefore, in (mCP)3Ir
and (DAP)3Ir, some spaces around pyridyl groups of Ir(ppy)3 core are opened, and

their three-dimensional structure is like a hemisphere, resulting in only partial

suppression of concentration quenching in a neat film of an iridium complex.

However, in (mCP)6Ir and (DAP)6Ir, the bulky host dendrons fully surrounded

Ir(ppy)3 and effectively prevented the intermolecular interaction between Ir

(ppy)3s. There are still small amounts of reduction of PLQEs from a solution to a

neat film, due to the concentration quenching even in the fully substituted com-

plexes. The substituted host dendrons are not large enough to completely suppress

the interaction between the core complexes. Adachi et al. reported that an average

distance between iridium complexes in a doped film critically influenced PLQE

[19]. F€orster-type energy transfer between Ir(ppy)3 cores through an overlap of the

emission and the absorption causes a decrease of neat film PLQE. If the average

distance between iridium complexes is shorter than a F€orster radius, a strong

quenching occurs. The stronger quenching of (mCP)3Ir in the neat film than that

of (mCP)6Ir is due to the shorter average distance between the cores derived from a

smaller number of bulky host dendrons of (mCP)3Ir than that of (mCP)6Ir. Sub-
stitutions of more branched and larger dendrons to the core complexes are desirable

to achieve the complete suppression of concentration quenching. Solution-

processed OLEDs with (mCP)6Ir exhibited high efficiencies, 19 lm W�1,

32 cd A�1, and 12 % of external quantum efficiency (EQE) at 100 cd m�2, and

11 lm W�1, 25 cd A�1, 9.1 % at 1000 cd m�2. The energy levels of the surrounding

dendrons intensely affected the charge injection into the emitting layer and the

device performance.

Fig. 8.3 The optimized structures of: (a) half-surrounded (mCP)3Ir and (b) fully-surrounded

(mCP)6Ir by PM6 calculation. The butyl groups were replaced to hydrogen in calculation

(Reprinted from Ref. [3]. Copyright 2012, with permission from Elsevier)
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8.2.3 Electron Injection Materials

Polymer light-emitting devices (PLEDs) employ low-work-function metals, such as

cesium, barium, or calcium, as an electron injection layer (EIL) and a cathode to

enhance the electron injection to the emitting layer. However, these metals and the

cathode are highly reactive with atmospheric oxygen and moisture, which results in

degradation of the device. To avoid these problems, stable alkali metal fluorides,

such as LiF or CsF, are commonly used in the EIL of dry-processed OLEDs.

Cs2CO3 has been reported to be an effective EIL material in solution-processed

OLEDs because it is soluble in alcohol solvents and can be coated from solution.

The solution-processed Cs2CO3 EIL exhibits a high electron injection ability that is

comparable to that of alkali metals [20, 21]. However, Cs2CO3 still has some

disadvantages: it is hygroscopic and unstable in air, and it requires an ultrathin

thickness because it is an insulating material. A strong chemical reduction is known

to occur between Cs2CO3 and the thermally evaporated Al cathode.

Lithium phenolate complexes could be used to form an excellent EIL, and the

device performance was much less sensitive to the thickness of the coating of these

complexes because of their high electron-transporting ability compared with insu-

lating Cs2CO3 [22, 23]. The lithium phenolate complexes also have stability against

oxidation and are less hygroscopic. We reported the efficient solution processing of

an EIL based on the lithium quinolate complexes (Liq) that are dissolved into

alcohol; in this EIL, a low driving voltage and improved stability of the PLEDs is

achieved. Liq has high solubility in polar solvents, such as alcohols, and it has a

smooth surface morphology. Therefore, Liq can be spin coated onto the emitting

polymer; the device prepared with spin-coated Liq as an EIL exhibited a lower turn-

on voltage and had a higher efficiency than the devices prepared with spin-coated

Cs2CO3 or with thermally evaporated calcium.

On the other hand, ZnO nanoparticles have recently been reported to be

air-stable electron injection materials in PLEDs [24, 25]. To improve the electron

injection ability of the solution-processed EIL that had a thickness of more than

10 nm, we utilized ZnO nanoparticles as a host for Liq or Cs2CO3 (Fig. 8.4a). ZnO

can enhance the electron injection characteristics through the addition of alkali

metal salts [26, 27]. The ZnO nanoparticles, which were synthesized from a zinc

acetate precursor [28], were well dispersed into 2-ethoxyethanol at a concentration

of 10 mg ml�1.

The average diameter of the ZnO nanoparticles was estimated using transmis-

sion electron microscopy (TEM) and dynamic light scattering (DLS) and was

approximately 10 nm, with the particles being monodispersed. The mixture of

ZnO nanoparticles and Liq formed a thick film with a homogeneous and smooth

surface, indicating that Liq is well dispersed around the ZnO nanoparticles. The

combination of ZnO and Liq significantly reduced the driving voltage and

improved the power efficiency compared to only ZnO or ZnO:Cs2CO3

(Fig. 8.4b). This inorganic–organic hybrid EIL is an effective approach for
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enhancing the efficiency and the stability of PLEDs, and the thickness can be

sufficiently thick for reproducible large-scale devices.

8.2.4 Polymer Binder

The thickness of EILs comprised of compounds such as Liq and Cs2CO3 must be

ultrathin (<2 nm) to achieve efficient electron injection characteristics due to their

poor electron transport properties. However, precise thickness control in the range

of a few nanometers is practically impossible for large-scale devices using solution

processes such as spin coating and blade coating. In this context, only relatively

thick EIL films (10–20 nm) can be mass produced for large PLEDs using solution

processing. Herein, we report the use of a mixture of poly(vinylphenylpyridine) and

Liq for solution-processable efficient, thick electron injection layers. Vinyl poly-

mers with high solubilities in alcoholic solvents and good film-forming abilities,

such as poly(4-vinylpyridine) (PV4Py) and poly[4-(4-vinylphenyl)pyridine]

(PVPh4Py) (Fig. 8.5a), were used as binders for Liq, and the effects of the

π-conjugation of the polymers on the electron transport and injection characteristics

were investigated. The influence of the position of the nitrogen in the pyridine rings

was also investigated using poly[2-(4-vinylphenyl)pyridine] (PVPh2Py) and poly

[3-(4-vinylphenyl)pyridine] (PVPh3Py).

In the UV–vis absorption spectra, the PVPhPys exhibited smaller energy gaps

than that of PV4Py, because the additional phenyl group participates in extended

π-conjugation compared with only the pyridine group (Fig. 8.5b). Among the

PVPhPys, PVPh2Py exhibited a bathochromically shifted absorption peak com-

pared to those of PVPh3Py and PVPh4Py. The greater π-conjugation of PVPh2Py is
probably due to the greater planarity of the structure of 2-phenylpyridine, which

results because of the absence of a hydrogen at the ortho position and the conse-

quent reduced steric hindrance. The influence of the concentration of Liq in a
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Fig. 8.4 (a) The chemical structure of Liq and the structure of the device. (b) Current density-
voltage (solid symbol) and luminance-voltage (open symbol) characteristics (Reprinted with the

permission from Ref. [4]. Copyright 2011 American Chemical Society)
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PVPh4Py:Liq mixture in the performance of the ultrathin layers of approximately

1.6 nm was investigated. In addition to devices prepared with EIL layers comprised

of PVPh4Py with 10, 30, 50, or 70 wt%, two control devices were fabricated using

ultrathin layers of only Liq and PVPh4Py.

The observed EL spectra of various devices are identical to the emission from

F8BT, and no emission was observed from TFB or Liq. This result indicated that

the holes and the electrons were confined within the F8BT and that the recombi-

nation of the charges occurred only in the F8BT. The device with 100 wt%

PVPh4Py exhibited a high turn-on driving voltage of 3.0 V and driving voltages

of 5.6 and 8.4 V at 100 and 1000 cd m�2, respectively. The EQE of 0.6 % observed

at 1000 cd m�2 for the devices with the 100 wt% PVPh4Py layer were lower than

those of the device with PVPh4Py doped with Liq. This result suggested that

PVPh4Py itself has a poor electron injection property due to its shallow LUMO

level of 1.9 eV. However, the device performance dramatically improved when Liq

was added to the PVPh4Py. The driving voltage of the devices with PVPh4Py:Liq

decreased with increasing Liq concentration from 10 to 70 wt% due to increased

electron injection into the F8BT from the Al cathode. The external quantum

efficiencies were 4.9–6.9 %. These driving voltages and efficiencies were nearly

equivalent to those of the device with the ultrathin EIL layer comprised of 100 wt%

Liq. In the device with 10 wt% Liq, balanced charge ratio resulted in the highest

power efficiency of 23 lm W�1 and an EQE of 6.9 % at 1000 cd m�2. Notably, this

power efficiency is the highest value reported in the literatures to date for devices

with F8BT as the emissive layer (EML) [29, 30]. These results indicate that while

PVPh4Py itself is not effective as an EIL, mixing it with Liq does not deteriorate the

electron injection properties of Liq and improves the driving voltages and efficien-

cies of the devices.

The performance of devices with EILs of different thicknesses comprised of the

mixtures of PVPh4Py and Liq was investigated. The three types of EILs with

thicknesses of 1.6, 8.6, and 16 nm were deposited from solutions with different

Liq concentrations using different spin-coating speeds. As the EILs’ thickness was
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Fig. 8.5 (a) Chemical structures and (b) UV-vis absorption spectra of the poly(vinylpyridine)

compounds
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increased from 1.6 nm to 16 nm, the driving voltages increased and the EQEs

decreased. However, the increase in the voltage and the decrease in the EQE were

suppressed in the EILs comprised of PVPh4Py and Liq compared to those for the

EIL comprised of 100 wt% Liq. The device with a 50 wt% mixed EIL exhibited the

least dependence on the layer thickness, and the lowest driving voltage and the

highest EQE for all of the devices was observed for an EIL with thickness of 16 nm.

The high driving voltage and low efficiency of the device with the thick Liq layer is
attributed to the poor electron transport properties of Liq itself. Conversely, mixing

PVPh4Py with Liq could improve the electron transport properties of the EIL, and

the driving voltage remained low, even for a thick EIL. Figure 8.6a shows that the
UV absorption edge of the film prepared from the mixture of Liq and PVPh4Py with

50 wt% Liq was red shifted by 15 nm, corresponding to 0.11 eV, compared to that

of the pure Liq film. Conversely, both the HOMO levels of Liq and the mixture of

50 wt% Liq and PVPh4Py were the same at 5.5 eV, as determined via photoelectron

yield spectroscopy. Consequently, the mixture of Liq and PVPh4Py had a smaller

energy gap than that of Liq due to the lower LUMO level of the mixture than that of

Liq. Therefore, to understand the distribution of the HOMO and LUMO level in

Liq, DFT calculations were conducted. The HOMO is not located on the Li atom

(Fig. 8.6b), but the LUMO is associated with the Li atom (Fig. 8.6c). These results

suggest that the interactions between the Li atom of Liq and the pyridine ring of

PVPh4Py affected the LUMO level. The reduced dependence of EIL performance

on the layer thickness will be advantageous for the large-area coating processes,

because it is difficult using solution processing to form uniform thin films with an

accuracy of a few nanometers.

The position of the nitrogen in the pyridine rings had slight influence on the

electron injection properties in the ultrathin layers (Fig. 8.7a). Conversely, in the

devices with thin EILs (approximately 8.6 nm), the position of the nitrogen in the

pyridine rings of the polymers had a greater influence on the driving voltage and

efficiency. The driving voltage increased in the order PVPh4Py< PVPh3-

Py< PVPh2Py, Alternatively, the EQE increased in the order PVPh2Py< PVPh3-

Py< PVPh4Py (Fig. 8.7b). These results suggest that the position of the nitrogen in

the pyridine rings significantly affects the electron transport properties of the

Fig. 8.6 (a) UV-vis absorption spectra films of Liq alone and Liq with PVPh4Py film. (b) HOMO

and (c) LUMO of Liq with structures optimized in the grand states by DFT calculation

(Reproduced from Ref. [5] by permission of Jon Wiley & Sons Ltd)
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polymers, rather than the electron injection properties. Sasabe et al. previously

reported that the electron mobility of a series of oligo phenylpyridine derivatives

was strongly affected by the position of the nitrogen in the pyridine rings due to

C-H � � �N hydrogen bonding interactions [31]. The glass transition temperatures

(Tg) were determined via differential scanning calorimetry (DSC). The Tg of

PVPh4Py was observed at 185 �C, which is higher than that of PV4Py (146 �C)
due to the more rigid structure of the phenylpyridine. The Tg of PVPh4Py was also

higher than those of PVPh2Py (162 �C) and PVPh3Ph (140 �C), suggesting that the
location of the nitrogen at the 4-position of the PVPh4Py enables stronger

intermolecular hydrogen bonding interactions than those in PVPh3Py and

PVPh2Py. The denser packing of PVPh4Py that results from the stronger hydrogen

bonding interactions probably leads to the enhanced electron transport properties

observed for the thick films.

8.3 Solution-Processed Multilayer Small-Molecule OLEDs

8.3.1 Solubility of Small-Molecule Materials

Small-molecule-based OLEDs typically consist of four or more multiple layers of

different materials in precise optoelectrical design. Such multilayer structures allow

for the separation of the charge-injecting, charge-transporting, and light-emitting

functions to the different layers, thus leading to a marked increase in efficiency and

lifetime [32–34]. Although stepwise vacuum evaporation easily achieves the

required multilayer structures of small molecules at the expense of high

manufacturing cost, it is more challenging in the case of solution processing,

because depositing one layer would dissolve the layer beneath it. To achieve the

multilayer structures by solution processing, research efforts have focused on

Fig. 8.7 External quantum efficiency–current density characteristics of PLEDs performance with

(a) ultrathin EILs and (b) thin EILs using PV4Py, PVPh2Py, PVPh3Py and PVPh4Py doped with

50 wt% Liq, respectively, and 100 wt% Liq

204 T. Chiba et al.



π-conjugated polymers that afford a robust hydrophobic layer, on which a hydro-

philic layer can be deposited from orthogonal solvents, such as water or water/

alcohol mixture [35]. In situ cross-linking reactions have also been explored to

afford covalently bound structures that are highly resistant to processing solvents

[36–38]. Despite their high mechanical robustness and compatibility with subse-

quent solution processing, polymers are plagued by limited reproducibility in the

device performance because of batch-to-batch variations with respect to molecular

weight, polydispersity, regioregularity, and purity. Moreover, their efficiencies are

still far below the fluorescent tubes [39]. The highest reported power efficiency of

white polymer LEDs is 25 lm W�1 thus far [40, 41]. On the other hand, small

molecules are very attractive because they have a well-defined molecular structure

that offers more reproducibility of synthesis procedures and better understanding of

molecular structure–device performance relationships. However, their thin-film

assemblies, most of which are amorphous in nature, are easily broken up, even by

the orthogonal solvents, because small molecules typically attach to each other only

by weak intermolecular forces such as van der Waals, H-bonding, and π–π stacking
interactions. Consequently, the highest reported efficiency of solution-processed

small-molecule OLEDs still relies on a vacuum-evaporated electron-transporting

layer (ETL), which is not practical for low-cost mass production of scalable devices

[42]. Herein, we demonstrate highly efficient small-molecule OLEDs in which

quadruple organic layers, including a molecular-emitting layer (EML) and ETL,

are fully solution processed. The key feature of the devices is the use of newly

developed small host molecules in the EML, which are sufficiently resistant to the

orthogonal solvents such as alcohols, used for processing upper ETLs, thus

allowing us to construct the multilayer structure through subsequent solution-

processing steps. While a robust host polymer is typically required to realize the

multilayer structure, we simply modified conventional host molecules by covalent

dimerization or trimerization to afford sufficient resistance to alcohols. With this

approach, record-high efficiencies have been achieved for solution-processed blue,

green, and white OLEDs.

Through experiments with 17 host molecules over a wide range of molecular

weight from 243 to 1146 (Fig. 8.8), we found that their resistance to alcohols

remarkably increasing molecular weight. Figure 8.8b shows the normalized

remaining thickness of molecular thin films after rinsing with a variety of alcohols

as a function of molecular weight, as measured by ultraviolet–visible absorption

spectroscopy. From the best-fit cumulative distribution function, we determined

that the threshold molecular weights for achieving 95 % remaining thickness were

775, 811, 849, and 767 for methanol, ethanol, 1-propanol, and 2-propanol, respec-

tively. This result demonstrates that even conventional host molecules can be

compatible with the subsequent solution process simply by covalent dimerization

or trimerization to exceed the threshold molecular weights, eliminating the need for

polymeric counterparts. In addition, this figure covers a wide variety of building

blocks, including arene, carbazole, triphenylamine, fluorene, benzothiophene, and
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even polar moieties such as benzophenone, pyridine, and triazine, making this

approach broadly applicable. We also note that our approach enables subsequent

solution processing onto the EML without having to use water, which is detrimental

to device efficiency and stability [43–45].
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The solid lines represent the best fit to the cumulative distribution function (Reprinted by

permission from Macmillan Publishers: Ref. [6], copyright 1993)
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8.3.2 Green and Blue Phosphorescent OLEDs

On the basis of the above estimates, we elected to use two host molecules for green

phosphorescent OLEDs: 3,30:60,300-ter(9-phenyl-9H-carbazole) (TPCz) and

3,30,6,60-tetrakis(9-phenyl-9H-carbazol-3-yl) benzophenone (TCzBP). The sche-

matic energy diagram of the host molecules is shown in Fig. 8.8b. When mixing

the two host molecules in an EML, holes should preferentially reside in the shallow

highest occupied molecular orbital of TPCz and electrons in the deep lowest

unoccupied molecular orbital of TCzBP. Consequently, we can accurately optimize

charge balance in the device by varying the ratio of the two host molecules to

achieve high efficiency. By using the two molecules as hosts for Ir(ppy)3, we

fabricated green phosphorescent OLEDs, in which quadruple organic layers were

fully solution processed. The device configuration was ITO (130 nm)/ PEDOT:PSS

(30 nm)/TFB (20 nm)/host:12 wt% Ir(ppy)3 (30 nm)/ 2,20,200-(1,3,5-benzinetriyl)
tris(1-phenyl-1-H-benzimidazole) (TPBi) (50 nm)/ Liq (1 nm)/Al (100 nm)

(Fig. 8.9a). In these devices, TPBi was elected as an ETL because of its sufficient

solubility in methanol, enabling the subsequent solution processing on the molec-

ular EML. The most common host polymer poly(N-vinylcarbazole) (PVK) was also
used for comparison. By mixing a 1:1 ratio of TPCz and TCzBP, we achieved a

power efficiency of 52 lm W�1 at 100 cd m�2. Indeed, the peak power efficiency

reached an extremely high value of 96 lm W�1. The corresponding external

quantum efficiency (EQE) was 23 %, which remained as high as 22 % and 20 %

at 100 cd m�2 and 1,000 cd m�2, respectively. We also note that there is no

perceivable change in luminance as a function of viewing angle (Lambertian factor:

1.03), eliminating the possibility of overestimating the efficiencies.

Despite the impressive efficiencies of the green phosphorescent OLEDs, our

initial attempt at using standard blue phosphorescent emitter bis(2-(4,6-

difluorophenyl)pyridine) (picolinate)iridium(III) (FIrpic) resulted in poor efficien-

cies. In the blue OLEDs, 4,40-(3,30-bi(9H-carbazole)-9,90-diyl)bis(2,6-diphenyl)
benzene (BCzTPh) and 4,40-(3,30-bi(9H-carbazole)-9,90-diyl)bis(N,N-diphenyl)ani-
line (BCzTPA) were employed as host molecules, and 2-propanol- soluble 1,3-bis

(3-(diphenylphosphoryl)phenyl)benzene (BPOPB) was used as an ETL. The device

configuration was ITO (130 nm)/PEDOT:PSS (30 nm)/TFB (20 nm)/host:12 wt%

FIrpic (30 nm)/BPOPB (45 nm)/Liq (1 nm)/Al (100 nm) (Fig. 8.9a). While these

host molecules have a sufficiently high T1 level for efficient exothermic energy

transfer to the phosphorescent blue emitter, the resulting device exhibited consid-

erable emission from the host molecules at around 420 nm and with a low power

efficiency of 6.5 lm W�1 at 100 cd m�2. Alternatively, with three-coordinated tris

(2-(4,6-difluorophenyl)pyridine)iridium(III) (Ir(Fppy)3), the device efficiencies sig-

nificantly increased to 36 lm W�1 for power efficiency and 20 % for EQE at

100 cd m�2. It is intriguing to note that Ir(Fppy)3 performs five times as well as

FIrpic in power efficiency, although these two blue emitters possess almost iden-

tical optoelectrical properties. In these devices, the majority of excitons would be

generated near the EML/ETL interface because of the relatively large injection
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barrier between them (Fig. 8.9b) and would subsequently be harvested by the doped

blue phosphorescent emitter. In addition, we have previously reported that the

direct electron-trapping process of a blue phosphorescent emitter played a major

role in efficient electron injection at the EML/ETL interface in evaporated OLEDs

[46]. We thus hypothesized that polar picolinate ligand-containing FIrpic would

dissolve away from the EML surface upon the subsequent solution processing of

the ETL from the 2-propanol solution, resulting in the unwanted host emission and

poor device efficiencies.

To verify the hypothesis, we performed depth-profiling measurements of the

devices by time-of-flight secondary ion mass spectrometry (TOF-SIMS). These

measurements involved Ar2500
+ gas cluster ion beam etching starting [47] from the

ETL surfaces to the underlying substrates. This direction of etching allows for

collecting the composition of the EMLs without alternating their original position at

the EML/ETL interfaces (peak fronts), while etching and primary ion beams cause

peak tailing. Figure 8.10 displays the TOF-SIMS depth profiles of the solution-

processed devices with the different blue phosphorescent emitters, FIrpic and Ir

(Fppy)3, in comparison with reference devices with a vacuum-evaporated ETL, for

which a well-defined interface is expected to exist between the EML and ETL. We

focused on [C22H12F4IrN2]
+ ions with m/z¼ 573 as signatures both of FIrpic and Ir

(Fppy)3 to obtain sufficient intensity in the dilute emitters embedded in the host

matrix. We also monitored the corresponding molecular ions for the other mole-

cules. The depth resolution was 11.5 nm under our experimental conditions. One

observed from the TOF-SIMS depth profiles that the composition at the solution-

processed EML/ETL interface was significantly varied between the FIrpic and Ir
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(Fppy)3 system. Ir(Fppy)3 showed a slight reduction in intensity in the interface

region of roughly 10–20 nm for the solution-processed device, whereas a noticeable

reduction in FIrpic intensity occurred almost over the entire EML, particularly at

the EML/ETL interface. The corresponding reduction in the concentration of the

blue emitters was also quantitatively observed by high-performance liquid chro-

matography analysis; the reduction in concentration of emitters was 48 % and 8 %

for FIrpic and Ir(Fppy)3, respectively, upon rinsing with pure 2-propanol. These

results indicate that almost half of the FIrpic molecules dissolved from the EML

while depositing the ETL and the host molecules were compositionally rich in the
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bottom: Ir(Fppy)3). The dashed lines represent depth profiles of the devices using solution-

processed BPOPB. The solid lines represent data for reference devices using evaporated BPOPB

(Reprinted by permission from Macmillan Publishers: Ref. [6], copyright 1993)
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resulting interface. On the other hand, the Ir(Fppy)3 molecules existed over the

entire EML, including the interface even after the deposition of the ETL. The

improved device efficiencies upon introduction of Ir(Fppy)3 therefore arise from

the efficient electron injection at the EML/ETL interface through the direct

electron-trapping process of Ir(Fppy)3. We also note that a very small amount of

the EML composition migrated and uniformly distributed into the solution-

processed ETL.

8.3.3 White Phosphorescent OLEDs

We fabricated solution-processed multilayer white OLEDs by incorporating green-

emitting Ir(ppy)3 (0.2 wt%) and red-emitting tris(2-phenyl-1-quinoline)iridium(III)

(Ir(phq)3) (0.7 wt%) into the blue EML. Although the EL spectra of white OLEDs

typically depend on current density (in other words, luminance) [20, 48, 49], the

resulting solution-processed white OLED surprisingly showed no perceived change

in the EL spectra under varying current density. The corresponding color shift in the

Commission internationale de l’éclairage (CIE) coordinates was as small as Δx,
y¼ 0.002, 0.002 between 100 and 1,000 cd m�2. For comparison, the evaporated

ETL exhibited relatively strong green and red emissions and a gradual blue shift in

the CIE coordinates of Δx,y¼ 0.054, 0.002 between 100 and 1,000 cd m�2.

The stable EL spectra can be explained if the green and red emitters were

partially washed away from the EML surface upon the solution processing of the

ETL, causing electron trapping and recombination preferentially on the blue emitter

at the EML/ETL interface. This would provide uniform exciton distribution among

the three emitters, and thus the stable EL spectra, because the only exciton gener-

ation path left for the green and red emitters is energy transfer from the blue emitter

staying at the EML/ETL interface. This hypothesis was confirmed with PL spec-

troscopy, showing that the red and green emissions of the EML decreased upon

rinsing with pure 2-propanol. Similar stable EL spectra have also been observed in

evaporated OLEDs, in which the blue emitter is placed at the recombination

interface and spatially separated from other emitters as in this case.

Remarkably, we achieved a high power efficiency of 34 lm W�1 and an EQE of

21 % at 100 cd m�2 for a white emission with a color rendering index (CRI) of

70 and CIE coordinates of 0.43, 0.43 without the use of any outcoupling enhance-

ment. The peak power efficiency and EQE reached 45 lm W�1 and 22 %, respec-

tively. To the best of our knowledge, these efficiencies are considerably higher than

the highest efficiencies ever reported for white polymer LEDs. In addition, when

outcoupling all the photons trapped in the glass substrate, these efficiencies increase

by a factor of 1.96 as confirmed by using an index-matched hemisphere lens. As a

result, the maximum achievable power efficiency and EQE are expected to be

88 lm W�1 and 41 %, respectively. We also note that the solution-processed device

showed lower driving voltages and higher efficiencies compared with the

corresponding device with an evaporated ETL. The superior performance with a
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solution-processed ETL was also observed in the green phosphorescent OLEDs

using TPBi as an ETL.

8.4 Solution-Processed Tandem OLEDs

8.4.1 Solution-Evaporation Hybrid Tandem OLEDs

Whereas the luminance of OLEDs increases with the current density, high currents

promote the degradation of the organic materials [50]. To simultaneously improve

the luminance and device stability, Kido et al. developed tandem OLEDs, compris-

ing several stacked LEUs interconnected by CGLs [51]. In general, tandem OLED

fabricated by evaporation can have more than ten layers between the anode and the

cathode [52–58]. Whereas stepwise vacuum evaporation-based processes can gen-

erate multilayered structures, such structures are a challenge to solution-processing

techniques because solution-based coating of one layer can dissolve the layer

beneath it. Electron injection from CGL into the first LEU is a key factor impacting

the characteristics of tandem OLEDs. In vacuum-processed devices, an alkali metal

[52, 54, 55] or a bilayer of alkali metal halide and Al [58] effectively enhances

electron injection and is used in the EIL of the first LEU. The CGL is composed of

electron-accepting materials such as MoO3, [55] V2O5, [54] and WO3, [59] and

electron-donating materials such as arylamine derivatives. It is important to match

the Fermi level of electron-accepting materials and the HOMO level of electron-

donating materials. However, such metals, metal halides, and metal oxides are not

readily solution processable because of their poor solubility in organic solvents.

A hybrid process of spin coating and thermal evaporation was utilized for the

tandem OLEDs’ fabrication. Each LEU with the configuration of PEDOT:PSS/LE-

polymer/EIL was fabricated by spin coating. Ultrathin Al was deposited as the EIL

in the first unit, and MoO3 was subsequently deposited as the CGL by thermal

evaporation. Low-work-function metals cannot be used as the EIL for solution-

based processing of tandem devices because of their high reactivity with organic

solvents, which results in severe degradation of the device. Cs2CO3-doped ZnO

nanoparticles were used as an EIL on the LE polymer to improve the electron

injection from the cathode.

The surface morphology of a spin-coated metal oxide nanoparticle layer appears

to be rough, with many gaps due to agglutination of nanoparticles. Consequently,

the thin layer of metal oxide nanoparticles cannot protect the first LEU organic

layer from the spin-coating solvent of the second LEU organic layer. Thus, we

chose PV4Py as a binder to improve the film morphology of the ZnO:Cs2CO3

mixture and facilitate the formation of a uniform and dense film to prevent the

solvent from soaking into the first LEU. The thermally evaporated MoO3 layer is

insoluble in organic solvents, such as toluene, p-xylene, and dichlorobenzene. Thus,

an electron-donating layer can be spin coated on top of the MoO3 layer. Poly

8 Solution-Processed Organic Light-Emitting Devices 211



(4-butylphenyl-diphenyl-amine) (poly-TPD) was used as an electron-donating and

hole-transporting layer and was spin coated onto the MoO3 layer using a dichloro-

benzene solution. This combination of MoO3 and poly-TPD as a prospective CGL

may be successful because bilayers of MoO3 and arylamine derivatives, such as

NPD or TPD, can work as an efficient CGL in tandem OLEDs [55]. Poly-TPD is

insoluble in toluene and p-xylene; therefore, an LE polymer such as F8BT can be

spin coated onto the poly-TPD layer using a p-xylene solution without dissolving

the bottom layer. The efficient solution-based processing of EILs in the CGL

containing MoO3/poly-TPD bilayers was employed for the construction of a tan-

dem device as shown in Fig. 8.11a.

At high luminance values of 1000 cd m�2, first LEU and second LEU exhibited

efficiencies of 6 cd A�1 and 4 cd A�1, respectively (Fig. 8.11b). The efficiency of

second LEU was lower than that of the first LEU due to the decrease in the charge

balance and the increase in the driving voltage for MoO3 as an HIL. Nevertheless,

the current efficiency of the tandem device increased to 10 cd A�1, which is the sum

of the efficiency of the two single devices. The LUMO level of poly-TPD was

2.3 eV, which was just shallow enough to block electrons from the second LEU to

the first LEU [60]. The conduction band (CB) of ZnO was 7.4 eV, which was deep

enough to block holes from the first LEU to the second LEU. Thus, the emissions

are attributed to the recombination of charges that were generated in the CGL

without current leakage. These results demonstrate that MoO3/poly-TPD can func-

tion as an effective CGL.

8.4.2 Fully Solution-Processed Tandem OLEDs

Recently, solution-processed tandem OLEDs were reported by Colsmann and

coworkers [61] with an inverted structure of polymer OLEDs. To the best of our

knowledge, there is no report on the tandem OLEDs having the regular configura-

tion of ITO anode and Al cathode. Figure 8.12 shows tandem OLED structure
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comprising two LEUs (first LEU and second LEU) and a CGL between the anode

and the cathode using only solution-based processes. The driving voltage and

efficiency of the fabricated tandem OLED are the sums of corresponding values

of the component LEUs. These results demonstrate that the solution-processed

CGL successfully generated electrons and holes and that the generated electrons

and holes were injected into first LEU and second LEU, respectively, when a

voltage was applied, resulting in charge recombinations in each LEU. Recently,

PEIE and ZnO nanoparticles have been reported as efficient electron-collecting

layers between a semiconducting organic layer and a cathode in organic photovol-

taics (OPV) [62, 63] and electron injection layers between a cathode and the

semiconducting organic layer in OLEDs [64–66]. These properties emerge from

their ability to reduce the work function of the cathode. PEIE along with ZnO

nanoparticles in the EIL of first LEU and F8BT as the emitting polymer were used.

The PEIE and ZnO nanoparticles can be coated as EILs onto the F8BT layer from

2-ethoxyethanol solution and dispersion, respectively. Furthermore, it is required

that these EILs not be soluble in the solvent used for coating subsequent layers,

which include layers of p-type electron-accepting and hole-transporting materials

Fig. 8.12 Layered sequence of individual LEUs and the tandem OLED (Reproduced from Ref.

[8] by permission of John Wiley & Sons Ltd)
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in second LEU, consisting of the CGL. The solvent used for coating the electron

acceptor cannot be water or alcohol, both of which dissolve PEIE.

Therefore, we chose phosphomolybdic acid hydrate (MoO3)12 · H3PO4 · (H2O)x
(PMA) [67] as the electron acceptor of the CGL and acetonitrile as the solvent;

PMA is soluble in acetonitrile, whereas PEIE, ZnO, and F8BT are not. Furthermore,

TFB is chosen as the HTL of second LEU. For coating, a solution of TFB is

prepared in p-xylene because p-xylene does not dissolve PMA, PEIE, or ZnO.

However, F8BT is soluble in p-xylene; therefore, we carefully monitored the

tendency of ZnO and/or PEIE layers to resist the dissolution of underlying F8BT

in p-xylene using AFM surface images and the intensity of UV–Vis absorption after

rinsing with the solvent (Fig. 8.13). Rinsing PEIE-coated F8BT with p-xylene
reduces the thickness of the underlying F8BT layer, as indicated by the reduction

in the intensity of UV–Vis absorption (Fig. 8.13a). The loss of F8BT is attributed to

the nonuniform deposition of the PEIE layer (from its solution in 2-ethoxyethanol)

on the F8BT layer due to the large difference in the surface energies of the

compounds. Consequently, the roughness of the PEIE (0.67 nm) allows p-xylene
to readily permeate into the F8BT layer. Similar dissolution of the F8BT underlayer

on rinsing ZnO-coated F8BT is observed (Fig. 8.13b). It is likely that the roughness

of the ZnO layer (2.19 nm) permits p-xylene to permeate the layer and dissolve

F8BT. It must be noted here that both ZnO and PEIE are not soluble in p-xylene. To
ensure the formation of a uniform layer of PEIE, we first deposited a layer of ZnO

nanoparticles onto F8BT using a dispersion of the same in 2-ethoxyethanol. Once

the ZnO layer is dried, it is not able to be redispersed into 2-ethoxyethanol.

Subsequently, PEIE (in 2-ethoxyethanol) is uniformly coated onto the ZnO layer.

The surface roughness of the F8BT/ZnO/PEIE layer (30 nm) is much smaller than

that observed for F8BT/ZnO or F8BT/PEIE. Absence of any change in the intensity

of UV–Vis absorption on rinsing F8BT/ZnO/PEIE with p-xylene (Fig. 8.13c)

clearly demonstrates that a uniformly coated PEIE layer can prevent p-xylene.
When compared with the device containing EIL composed only of ZnO, the driving

voltage of first LEU device is lower and the efficiency is higher, demonstrating the

superior electron injection property of the ZnO/PEIE bilayer. The second LEU

device (Fig. 8.12b), fabricated with the electron acceptor PMA as HIL, showed a

similar low driving voltage, indicating that holes and electrons were generated at

the interface of electron acceptor PMA and electron donor TFB, and these two

layers worked properly as solution-processed CGL. These devices corresponding to

the first LEU and the second LEU were combined to fabricate a solution-processed

tandem OLED (Fig. 8.12c), which consists of nine layers except electrodes.

The insolubility of each layer in the solvent used for coating the subsequent layer

is carefully monitored, allowing for the successful stacking of the nine layers on the

ITO substrate by a series of solution processes. Finally, Al is deposited in vacuum,

and solution processing of the electrodes remains a formidable challenge. The

driving voltage of the tandem OLED is nearly equal to the sum of the driving

voltages of individual LEU devices at low current density. The driving voltage of

the tandem OLED increases gradually. In tandem OLEDs, the two LEUs are

connected in series; therefore, the current in each LEU must be the same, whereas
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the voltage must be the sum of the voltages applied across each LEU. This additive

driving voltage in the tandem OLED demonstrates that the interfaces in the device

do not offer large resistance to increase voltage, and in particular, the electrons
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Fig. 8.13 AFM images of the films, and UV–Vis absorption spectra of the pristine and p-xylene-
rinsed films: (a) Glass/F8BT (80 nm)/PEIE (20 nm), (b) Glass/F8BT (80 nm)/ZnO (10 nm), and (c)
Glass/F8BT (80 nm)/ZnO (10 nm)/PEIE (20 nm). The Rq is square surface roughness and the Ra is
average surface roughness (Reproduced from Ref. [8] by permission of John Wiley & Sons Ltd)
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accepted by PMA from TFB in the CGL are smoothly injected into the F8BT of first

LEU through the electron-injecting ZnO/PEIE bilayers. Investigation into the

stability of the device at the same current density (Fig. 8.14) shows that the absolute

value of the device lifetime is strongly dependent on the nature of the materials

used. However, a distinct difference between the single LEU device and the tandem

OLED is observed. The tandem OLED and first LEU show similar degradation

tendencies in terms of the drop in luminance with increasing voltage, although the

luminance of the tandem OLED is twofold higher than that of first LEU. This

observation shows that the solution-based process used for stacking the two LEUs

does contribute to device instability; the advantage of the tandem OLED manifests

in the form of high luminance for the lifetime of the device. The stability of second

LEU extends to periods much longer than that observed in case of the tandem

OLED or first LEU. The luminance of second LEU, however, is much lower than

that of the tandem OLED due to lower efficiency. One clear reason for the longer

lifetime of second LEU is the absence of the PEDOT:PSS layer, recognized widely

as being unstable. Another possible reason can be the ZnO/PEIE bilayer, which is

found in the tandem OLED and the other individual LEUs, in common, that show

relatively short lifetimes.

8.5 Summary

In summary, solution-processed OLEDs have promising results of large area

processing and low fabrication cost for lighting application. Several approaches

have been studied to achieve efficiencies of solution-processed OLEDs. In this

chapter, we discussed our recent works: 1) solution-processable materials and 2)

solution-processed multilayer structure. Fluorescent oligomers and phosphorescent

dendrimers are synthesized as solution-processable light-emitting dyes having

well-defined structures. Liq, Cs2CO3, and ZnO nanoparticles are also studied as a

solution-processed electron injection material. In addition, series of (vinylphenyl)

Fig. 8.14 Lifetime of the devices at the same current density (7.5 mA cm�2). Initial luminances

were 800 cdm�2 for the 1st-LEU, 300 cdm�2 for the 2nd-LEU and 1200 cdm�2 for the tandem

OLED (Reproduced from Ref. [8] by permission of John Wiley & Sons Ltd)
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pyridine-based polymer binders, PVPh2Py, PVPh3Py, and PVPh4Py, are synthe-

sized for thick layers that can be mass produced for large-area coating using

solution processing. In the solution-processed multilayer white phosphorescent

OLEDs using small molecules, we achieved high power efficiencies of

34 lm W�1 at 100 cd m�2 with stable electroluminescence spectra under varying

current density. In addition, a tandem OLED consisting of two LEUs and a CGL

between the anode and the cathode is fabricated using only solution-based pro-

cesses. Appropriate choice of solvents during spin coating of each layer ensures that

a nine-layered structure is readily fabricated using only solution-based processes.

The determined driving voltage and efficiency of the fabricated tandem OLED are

the sums of values of the individual LEUs. These results indicate that the CGL

formed by the solution-based process successfully generates electrons and holes

under applied voltage. The formed electrons are efficiently injected into the first

LEU through the ZnO/PEIE bilayer, and the holes are injected into the second LEU.

The successful fabrication of solution-processed white phosphorescent OLEDs and

tandem OLEDs will pave the way toward printable, low-cost, and large-area white

light sources.
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Chapter 9

Microfluidic Organic Light-Emitting Devices
Using Liquid Organic Semiconductors

Takashi Kasahara and Jun Mizuno

Abstract Since a first liquid organic light-emitting diode (liquid OLED) was

proposed by Xu and Adachi in 2009, liquid organic semiconductors have been

considered to be promising materials for novel electronic device applications.

Although the luminescent characteristics of liquid OLEDs have been improved

over the past few years, from the viewpoint of device structure, there are technical

challenges associated with multicolor light emissions on a single device. In general,

liquid OLEDs are simply fabricated by sandwiching a liquid emitter between two

electrode-patterned glass substrates, and the thickness of the emitting layer is

controlled with single-μm-thick spacer materials. Therefore, the development of

integration method for multiple liquid OLEDs on a single device is an important

step toward next-generation liquid-based displays. This chapter provides a brief

overview of the authors’ own recent researches on the microfluidic OLEDs which

are novel liquid OLEDs combined with microfluidic technology. The following

topics are discussed in this chapter: research background, fabrication methodolo-

gies for single-μm-thick electro-microfluidic devices using a novel exposure

method and a heterogeneous bonding technique through the use of self-assembled

monolayers, and demonstration of multicolor microfluidic OLEDs with the pyrene-

based liquid organic semiconductors. The proposed microfluidic OLEDs are

believed to open a new possibility for future liquid-based electronic devices.
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9.1 Introduction of Microfluidic OLEDs

Organic light-emitting diodes (OLEDs) have attracted attention for use in next-

generation flat-panel displays and lighting applications [1–5] since Tang and

VanSlyke reported the first thin-film OLED in 1987 [6]. It is because OLEDs

offer advanced features including self-emission, wide view angle, and reduced

weight. Furthermore, in the fields of analytical chemistry, the use of OLEDs has

been reported as excitation sources for the detection of the analytes in the

microfluidic devices [7–11]. Today, the basic structures of OLEDs are composed

of 100-nm-thick functional solid-state organic semiconductor layers sandwiched

between two electrodes. In order to realize the patterned multicolor emitting layers

on a single panel, several research groups have reported on the fabrication meth-

odologies such as the vacuum deposition through a shadow mask [12], screen

printing [13, 14], gravure printing [15, 16], and ink-jet printing [17, 18].

On the other hand, in the last decade, the liquid-based light-emitting devices

such as electrochemiluminescence (ECL) cells [19–30] and liquid OLEDs [31–35]

have been expected to open new type of display applications. These devices also

have given a self-emission under the appropriate voltage. In general, both ECL cells

and liquid OLEDs are simply fabricated by sandwiching a liquid emitter between

two electrode-patterned glass substrates without the need for vacuum processes.

The thickness of the emitting layers is controlled by approximately a few micro-

meters to several hundred micrometers using spacer materials such as glass beads

[19] and insulating films [24, 25]. The emitting layer of traditional ECL cells

typically consists of solid-state organic semiconductor materials dissolved in sev-

eral organic solvents, while in the case of liquid OLEDs, novel liquid organic

semiconductors are used as the emitting layer.

ECL is a light-emitting phenomenon generated by electrochemical reactions,

and the studies on mechanisms of ECL phenomena have been reported since the

mid-1960s [36–38]. In 1964, Hercules showed the light emissions of several

aromatic hydrocarbon materials such as anthracene, chrysene, perylene, coronene,

5,6,11,12-tetraphenyltetracene (rubrene), decacyclene, and 1,2:5,6-

dibenzanthracene [36]. In 1965, Santhanam and Bard investigated the ECL mech-

anisms of 9,10-diphenylanthracene (DPA) dissolved in dimethylformamide [37]. In

the early studies on ECL, emission mechanisms are reported to be generated by the

ion annihilation, i.e., the reaction between radical anions and cations generated

cathode and anode surfaces, respectively [38]. Over the past few decades, ECL

phenomena have become one of the powerful tools in analytical chemistry. Today,

many ECL-based detection methods have been developed, including immunoassay

[39], liquid chromatography [40], capillary electrophoresis [41], and flow injection

analysis [42]. On the other hand, ECL phenomena have attracted attention for

applications in self-luminous display devices [24], and several studies have been

reported for enhancing the ECL performance [19–30]. Chang et al. (1999) devel-

oped polymer-based ECL cells [19]. They used a poly[9,9-bis(3,6-dioxaheptyl)-

fluorene-2,7-diyl] (BDOH-PF) dissolved in dichlorobenzene solution. The device
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exhibited the luminance of around 100 cd/m2 at 20 Vdc. Nishimura et al. (2001)

developed an ion conductive assistant dopant (ICAD) system for enhancing ECL

intensity of rubrene [20]. 1,2-Diphenoxyethane as the ICAD was dissolved in the

mixed solvent of acetonitrile and 1,2-dichlorobenzene. The maximum luminance of

183 cd/m2 was obtained at 8 Vdc from the ECL cell with an ICAD. This luminance

value is 600 times higher than ECL cell without an ICAD (0.3 cd/m2). In 2010,

Nobeshima et al. developed an AC-driven ECL cell having quick response and

high-efficiency characteristics [21]. They prepared the ECL solutions consisting of

10-mM Ru(bpy)3(PF6)2 as emitting material and 100-mM tetrabutylammonium

perchlorate (TBAP) as electrolyte dissolved in propylene carbonate solution. In

that work, the fabricated ECL cell exhibited fast turn-on response of 4 ms in the

AC-driven at 200 Hz, which was much faster than that of 1.5 s in the case of DC

method. In addition, ECL intensity was improved with AC-driven ECL cells, and

the maximum current efficiency reached 0.59 cd/A.

Liquid OLEDs are novel light-emitting devices consisting of the liquid organic

semiconductor-based emitting layer. Liquid organic semiconductors have the

unique property of being in a liquid phase at room temperature [31–35, 43,

44]. Therefore, unlike the ECL cells having an organic solvent, the emitting layers

of liquid OLEDs are not vaporized during constant voltage application. In addition,

liquid organic semiconductors are considered to be promising materials not only for

OLEDs but also for novel organic electronic device applications such as organic

dye lasers [45] and memory devices [46]. In 2009, Adachi’s group at Kyushu

University presented the first demonstration of a liquid OLED with a carbazole-

based liquid organic semiconductor (9-2-ethylhexylcarbazole (EHCz)) [31]. In that

work, they used EHCz as the liquid host, and 1 wt% rubrene was doped into EHCz

as a guest emitter. This liquid OLED has a simple device structure of a single

liquid-emitting layer (rubrene-doped EHCz) sandwiched between indium tin oxide

(ITO) anode and cathode. In addition, poly(3,4-ethylenedioxythiophene)/poly

(styrenesulfonate) (PEDOT:PSS) was spin coated on an ITO anode as a hole

injection layer, while Cs2CO3 was formed on an ITO cathode as an electron

injection layer. This first liquid OLED successfully exhibited an electrolumines-

cence (EL) emission with a peak wavelength of 555 nm from rubrene, and the

highest luminance of 0.35 cd/m2 was obtained. In 2011, Hirata et al. reported

improvement in liquid OLED performance via introduction of electrolyte and a

hole-blocking layer [32]. Tetrabutylammonium hexafluorophosphate (TBAHFP)

was doped into the host EHCz as the electrolyte, while a titanium dioxide (TiO2)

layer was formed on an ITO cathode as a hole-blocking layer. The maximum

luminance of nearly 100 cd/m2 was realized by the liquid OLED with the structure

of ITO anode/PEDOT:PSS/liquid-emitting layer/TiO2/ITO cathode. This suggests

that anions and cations of TBAHFP were moved toward the anode and cathode

surfaces, respectively, when a voltage was applied to the liquid OLED. Therefore,

the electric dipole layers were formed at the interfaces between the liquid-emitting

layer and electrodes, which reduced the injection barrier and facilitated the carrier

injection from the electrodes into the liquid-emitting layer. Furthermore, the TiO2

layer prevented the hole leakage into the cathode, and consequently, the carrier
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balance was improved. Shim et al. (2012) proposed a novel refreshable liquid

OLED having a mesh-structured aluminum cathode and a backside reservoir

structure [35]. The performances of the liquid OLEDs have also been improved.

However, at present, few liquid organic semiconductors are available for the

emitting layer in liquid OLEDs. Therefore, the development of liquid organic

semiconductor-based multicolor emitting layers is also a serious challenge toward

next-generation display applications.

Although the luminescence characteristics of both the ECL cells and liquid

OLEDs have been significantly improved over the past few years, from the view-

point of device structure, there are technical challenges associated with multicolor

light emissions on a single device. It is because only a single liquid-emitting layer

has been sandwiched between two electrodes with spacer materials. Therefore, the

development of integration methods for multiple liquid OLEDs (or ECL cells) on a

single device is an important step for functional multicolor liquid-based light-

emitting applications.

In the last few decades, microfluidic devices have been developed for a wide

range of chemical and biological applications such as point-of-care diagnostics [47,

48], cell culturing [49], drug discovery [50, 51], and organic synthesis [52] due to

their potential platforms for delivering and mixing small amounts of samples on a

single device [53]. In general, the miniaturized components such as microchannels,

microchambers, and micropumps are fabricated via microelectromechanical sys-

tems (MEMS) technologies, including deposition, photolithography, and etching

processes. Furthermore, several studies have been reported on incorporation of

electrodes into microchannels toward next-generation microfluidic devices [54,

55]. Therefore, MEMS and microfluidic technologies are considered to be potential

candidates for novel functional liquid-based display devices.

This chapter aims to give an overview of the recent progress in novel multicolor

microfluidic OLEDs which are the functional liquid OLEDs combined with an

electro-microfluidic device technology. In the subsequent sections of this chapter,

the authors describe a new fabrication methodology of single-μm-thick electro-

microfluidic device in order to integrate multiple liquid OLEDs (or ECL cells) on a

single device [56–59]. In addition, the characteristics of the microfluidic OLED are

presented with novel liquid organic semiconductor-based multicolor emitting layers.

9.2 Fabrication Technology for Microfluidic OLEDs

A design of a prototype microfluidic OLED is shown in Fig. 9.1a. The prototype

microfluidic OLED consists of three single-μm-thick SU-8 microchannels sandwiched

between the ITO on a glass substrate (anode substrate) and the polyethylene

naphthalate (PEN) film with the amine-terminated self-assembled monolayer

(SAM)-coated ITO (cathode substrate) [56–58]. A 3� 3 matrix of light-emitting

pixels is formed in a single electro-microfluidic device. The widths of the

microchannels are designed to be 1000, 1250, and 1500 μm for ensuring smooth

flow of the liquid organic semiconductors. Inlets and outlets are located on the cathode
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substrate. In order to obtain a stable characterization, the evaluation system was

designed, as shown in Fig. 9.1b. The microfluidic OLED was clamped between two

acrylic plates. The inlet nozzles are connected to one side of the acrylic plates. Thus, in

this microfluidic OLED, the liquid-emitting layers can be formed on demand by

injecting liquid organic semiconductors from the inlet nozzles into the microchannels

with syringes. The used emitters are individually collected from outlet nozzles. The

spring-loaded probes embedded in the plates are utilized for the electrical connection

of the anode and cathode electrodes to the source meter (Keithley Instruments, Inc.,

Model 2400). EL emissions and luminance from themicrofluidic OLED are monitored

with digital camera and luminance meter (Konica Minolta LS-110), respectively.

In this section, three kinds of liquid organic semiconductor-based emitting layers

are introduced to evaluate the performance of the microfluidic OLED. The chemical

Fig. 9.1 (a) Design of the prototype microfluidic OLED. Single-μm-thick SU-8-based

microchannels are sandwiched between an ITO anode and cathode. (b) Experimental setup of

the microfluidic OLED. (c) Chemical structures of the employed materials. PLQ is used as both a

greenish-blue liquid emitter and a liquid host, while rubrene and DBP are used as yellow and red

guest emitters, respectively
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structures of the employed materials are illustrated in Fig. 9.1c. A novel pyrene-based

liquid organic semiconductor (1-pyrenebutyric acid 2-ethylhexyl ester (PLQ))

(Nissan Chemical Industries, Ltd.) was used as both a greenish-blue liquid emitter

and a liquid host for solid-state fluorescent guest dopants [58]. According to energy

levels of PLQ reported by Hirata et al. (2012), its highest occupied molecular orbital

(HOMO) and lowest unoccupied molecular orbital (LUMO) levels are located at 5.8

and 2.6 eV, respectively [33]. Here, rubrene and tetraphenyldibenzoperiflanthene

(DBP), which have been utilized in the emitting layer of the solid-state OLEDs [60–

65], were selected as the yellow and red guest emitters, respectively. For doping guest

emitter into the host PLQ, first, both the PLQ and guest emitter were dissolved in

dichloromethane (CH2Cl2) solution. Then, for evaporating CH2Cl2, the sample

solutions were placed in a vacuum oven at 80 �C for 5 h. Furthermore, in accordance

with the studies of Hirata et al. [32, 33] and Shim et al. [35], 0.25 wt% tributyl-

methylphosphonium bis(trifluoromethanesulfonyl)imide (TMP-TFSI) as electrolyte

was also introduced into the prepared emitters [56, 58, 59].

The fabrication process of the prototype microfluidic OLED is illustrated in

Fig. 9.2. The anode and cathode substrates were separately fabricated via photoli-

thography and wet etching. Then, according to the heterogeneous bonding tech-

nique developed by Tang and Lee (2010) [66], the anode and cathode substrates

were bonded through the use of amine- and epoxy-terminated SAMs to form single-

μm-thick microchannel structures. Epoxy-terminated SAM of

3-glycidyloxypropyltrimethoxysilane (GOPTS, 98 wt%) and amine-terminated

SAM of 3-aminopropyltriethoxysilane (APTES, 98 wt%) were used for the anode

and cathode substrates, respectively.

On the anode substrate part, an ITO-coated glass substrate was used, and the

surface was ultrasonic cleaned with acetone and isopropyl alcohol (IPA) for 10 and

5 min, respectively, prior to use (Fig. 9.2a). The ITO anodes were patterned by

standard photolithography with positive photoresist, followed by wet etching with

an aqua regia solution of HCl:HNO3 in the ratio of 5:1 (Fig. 9.2b). Negative

photoresist SU-8 3005 (MicroChem Co.) was spin coated on the patterned

ITO-coated glass substrate and then soft baked at 100 �C for 10 min. For forming

open microchannel structures on the ITO anodes, UV exposure was carried out

through a photomask. The postexposure bakes were performed at 65 �C for 2 min,

and then at 95 �C for 5 min on a hot plate. The substrate was subsequently

developed by the SU-8 developer (MicroChem Co.) at room temperature, followed

by rinsing with IPA. Finally, the hard baking was performed at 180 �C for 30 min

(Fig. 9.2c). For forming GOPTS-SAM only on the SU-8 layer, the ITO surfaces in

the microchannels were covered with a sacrificial layer of positive resist (Tokyo

Ohka Kogyo Co., TSMR-V90) (Fig. 9.2d). This process plays an important role to

fabricate shallow microchannels because the chemical reaction between APTES-

and GOPTS-SAMs can be prevented in the microchannels during the bonding

process [56]. On the cathode substrate part, the ITO-coated PEN film substrate

was used (Fig. 9.2e), and the pattern of ITO cathodes was formed on a PEN film

using the same process as the ITO anodes (Fig. 9.2f). The inlet and outlet were

mechanically punched out using a sharpened needle of 1 mm in diameter
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Fig. 9.2 Fabrication process of the microfluidic OLED. (a) ITO-coated glass and (e) ITO-coated
PEN were used as the anode and cathode substrates. (b) Anode and (f) cathode electrodes were

fabricated by photolithography and wet-etching. (c) SU-8 microchannels were formed on the

anodes, and (d) ITO surfaces were covered with a sacrificial layer of positive resist. (g) Inlet and
outlet were mechanically punched out. (h) Anode and cathode substrates were pre-treated by

VUV/O3. (i) Anode and cathode substrates were modified with GOPTS- and APTES-SAMs,

respectively. (j) Two substrates were bonded under contact pressure of 1.5 MPa at 140 �C for

5 min
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(Fig. 9.2g). For the bonding process, first, the anode and cathode substrates were

pretreated by vacuum ultraviolet irradiation in the presence of oxygen gas (VUV/O3)

for 10min using a Xe2* excimer lamp source (Ushio Inc., UER20-172) for enhancing

hydrophilic properties of the SU-8, PEN, and ITO cathode surfaces (Fig. 9.2h). In the

recent years, VUV/O3 treatments have widely been utilized for surface modification

and cleaning of several materials, including gold [67, 68], wood-based carbon

material [69], polyethylene terephthalate (PET) [70], and polymethyl methacrylate

(PMMA) [71]. The VUV/O3-treated anode and cathode substrates were subsequently

immersed in 1 % (v/v) GOPTS and 5 % (v/v) APTES solutions prepared in water,

respectively, for 20 min. The anode substrate was subsequently rinsed with acetone,

followed by IPA and DI water to remove both the sacrificial resist and any unbound

GOPTS-SAM, while the cathode substrate was rinsed with ethanol and DI water

(Fig. 9.2i). Finally, the anode and cathode substrates were bonded under contact

pressure of 1.5 MPa at 140 �C for 5 min to form amine-epoxy bonds using a bonding

machine (SUSS MicroTec AG., SB6e) (Fig. 9.2j).

9.3 Luminescent Characteristics of Prototype Microfluidic
OLEDs

As shown in Fig. 9.3a, a pyrene-based liquid organic semiconductor (PLQ), which

was employed as both a greenish-blue liquid emitter and a liquid host, was found to

have a strong UV absorption feature [58]. Under 365-nm LED irradiation, PLQ

exhibits a greenish-blue photoluminescence (PL) emission having a maximum PL

wavelength of 500 nm. Furthermore, it can be clearly seen that the PL spectrum of

PLQ has spectral overlaps with the absorption spectra of 50-μM rubrene and 6.25-μM
DBP dissolved in CH2Cl2 solution. This indicates that F€orster energy transfer can

take place effectively from the host PLQ to guest emitters, which is similar to the

solid-state OLEDs based on the guest-host system [72]. The photographed image of

the prepared liquid emitters is displayed in the inset of Fig. 9.3b. The guest emitter-

doped PLQ was found to be maintained in the liquid phase. Fig. 9.3b shows the PL

spectra of the PLQ, 2 wt% rubrene-doped PLQ, and 0.4 wt% DBP-doped PLQ. For

PL spectrum measurements, the 365-nm LED light was used as the excitation light

for the selective excitation of only the host PLQ. Although small contributions from

PLQ (around 500 nm) were observed in the PL spectra, the maximum PL wave-

lengths of the rubrene-doped PLQ and DBP-doped PLQ were confirmed to be at

557 and 609 nm, respectively. This result indicates that F€orster energy transfer

occurred from the host PLQ to guest rubrene and DBP, respectively.

Before demonstrating microfluidic OLEDs, EL emissions of the prepared liquid

organic semiconductors were confirmed using simple-structured liquid OLED cells,

as shown in Fig. 9.4. This OLED consists of two ITO-coated glass substrates (anode

and cathode substrates) with single-μm-thick SU-8 spacer. The spacer was pat-

terned on the anode substrate by photolithography. The emitting layers were simply

fabricated, as follows: The prepared liquid emitter was manually dropped on the

228 T. Kasahara and J. Mizuno



light-emitting area of the anode substrate and subsequently covered with the

cathode substrate. Finally, the substrates were clipped tightly to form single-μm-

thick emitting layer sandwiched between two ITO electrodes. It can be clearly seen

that the fabricated liquid OLED cells with PLQ, rubrene-doped PLQ, and

DBP-doped PLQ exhibited greenish-blue, yellow, and red EL emissions without

significant Mura defects, respectively. This result indicates that a uniform electric

field was formed between the ITO anode and cathode under the applied voltage, and

subsequently, holes and electrons were injected into the emitting layer. Therefore,

excitons were formed by radiative recombination of holes and electrons. As a result,

although EL emissions can be simply realized by simple-structured liquid OLED

cells, it is difficult to obtain the patterned liquid emitters and multicolor EL

emissions on a single device. Therefore, the development of patterning methods

for small amounts of liquid emitters is an important step toward next-generation

liquid-based display applications.

Fig. 9.3 (a) Absorption
spectra of PLQ, rubrene,

and DBP and PL spectrum

of PLQ. (b) PL spectra of

PLQ, rubrene-doped PLQ,

and DBP-doped PLQ under

365-nm LED irradiation

and photographic image of

the prepared liquid emitters

(inset)

9 Microfluidic Organic Light-Emitting Devices Using Liquid Organic Semiconductors 229



A photographed image of the fabricated 6-μm-thick microfluidic OLED and its

experimental setup are shown in Fig. 9.5. It was found that no obvious defects are

observed in the microchannels fabricated via selective GOPTS-SAM formation

process [56]. This suggests that the chemical reaction between ITO anode and

cathode substrate was prevented during bonding process, and consequently, single-

μm-thick gap structures for liquid emitters were successfully fabricated. In addition,

although ITO cathodes were patterned on a PEN film, no significant voids were

observed at the bonded interfaces between the PEN film and SU-8 as well as

between the ITO cathodes and SU-8 layer. This is probably due to the use of a

flexible PEN film as the lid substrate. As shown in the image of an experimental

setup, the fabricated microfluidic OLED was clamped between two acrylic plates,

and then the selected liquid organic semiconductors were injected from inlet

nozzles using syringes to form liquid-emitting layers.

N1s and Si2p X-ray photoelectron spectroscopy (XPS) spectra of the untreated

and APTES-treated ITO cathodes were shown in Fig. 9.6a. These spectra were

obtained with JEOL Ltd., JPS-9100TR [58]. Nitrogen and silicon peaks were

detected from the APTES-SAM-treated ITO. This result indicates that the ITO

surface was successfully modified with APTES-SAM. In contrast, the anode sur-

face in the microfluidic OLED is almost the same as the untreated ITO because

sacrificial layer of TSMR-V90 was removed with acetone (also see Fig. 9.2)

[58]. The energy-level diagram of the fabricated microfluidic OLED with PLQ is

shown in Fig. 9.6b. In this device, PLQ (or guest emitter-doped PLQ) is sandwiched

between the ITO anode and APTES-modified ITO cathode. The work functions of

Fig. 9.4 (a) Design of simple-structured liquid OLED cells. Photograph images of EL emissions.

(b) PLQ, (c) rubrene-doped rubrene, and (d) DBP-doped rubrene
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the anode and cathode are found to be 4.77 eV and 4.55 eV, respectively. These

values were measured with a photoemission yield spectroscopy in air (Riken Keiki

Co., Ltd., AC-2). It can be clearly seen that APTES-modified ITO has a low work

function in comparison with the untreated ITO (4.9 eV) [58]. In the last few years,

the use of APTES-modified ITO as electrodes has been reported in other research

fields such as organic solar cells (OSCs) [73, 74] and electrochemical biosensors

[75]. In accordance with the study of Song et al. (2013), the work function of ITO is

decreased by APTES-SAM treatment because the amine groups in the APTES-

SAM are electron donating in nature [73]. Thus, the work function value of the ITO

cathode used in the microfluidic OLEDs is in agreement with other works.

Figure 9.7 shows the demonstration of the fabricated 6-μm-thick microfluidic

OLED with PLQ. In this device, only PLQ was injected into three microchannels.

As shown in the image of PL emissions under 365-nm UV-lamp irradiation, PLQ

was passed through the microchannels, and consequently, the emitting layers were

formed in the microfluidic OLED without leakage at the bonded interface [56]. It

can be seen that the microfluidic OLED successfully exhibited greenish-blue EL

emissions under stopped-flow condition when 70 V was applied. This result sug-

gests that single-μm-thick gap structures for the liquid-emitting layers were pre-

served under the voltage applications. In addition, holes and electrons were injected

into the PLQ from ITO anode and APTES-modified ITO cathode, and conse-

quently, EL emissions were generated by the radiative recombination of holes

and electrons. Target light-emitting pixels were found to be controlled simply by

passive matrix addressing.

As shown in Fig. 9.8, 6-μm-thick microfluidic OLED with PLQ, rubrene-doped

PLQ, and DBP-doped PLQ successfully exhibited greenish-blue, yellow, and red

Fig. 9.5 (a) Fabricated microfluidic OLEDs. No significant voids were confirmed both in the

microchannels and at the bonded interfaces. (b) Experimental setup for the fabricated microfluidic

OLED. The liquid organic semiconductors were injected from inlet nozzles to form the emitting

layers
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EL demonstrations under applied voltage of 80 V. In the proposed microfluidic

OLED, several liquid-emitting layers can be formed on demand by simply injecting

the selected liquid emitters into the microchannels without the need for a high

vacuum process. Similar to the microfluidic OLED with only PLQ, target pixels can

be controlled by passive matrix addressing. This result indicates that PLQ can be

useful for both a greenish-blue emitter and a liquid host. From Fig. 9.9, it was found

that the obtained maximum EL wavelengths of PLQ, rubrene-doped PLQ, and

DBP-doped PLQ are identical to their PL spectra (see also Fig. 9.3). This suggests

that the excitons were mostly formed in the guest emitters. In addition, no signif-

icant contributions from PLQ (500 nm) were observed in the EL spectra of guest-

doped PLQ. Thus, the exciton formation mechanisms of the guest-doped PLQ are

partially different between PL and EL emissions. In accordance with the energy-

level diagram reported by Griffith and Forrest (2014), LUMO levels of rubrene and

DBP are located at 3.1 and 3.5 eV, respectively, while their HOMO levels are

approximately 5.4 eV [76]. The HOMO and LUMO levels of rubrene and DBP are

found to be inside the HOMO-LUMO gap of the host PLQ (see also Fig. 9.6).

Fig. 9.6 (a) N1s and Si2p XPS spectra of the untreated and APTES-SAM-treated ITO cathodes.

ITO surface was found to be modified by APTES-SAM. (b) Energy-level diagram of the

microfluidic OLED with PLQ
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Therefore, another possible mechanism may be direct carrier recombination on

guest emitters. The electrons and holes injected into liquid emitters can be pre-

sumed to be trapped by guest emitters, and therefore, excitons were generated by

direct recombination on guest emitters. These emission mechanisms are often

discussed in host-guest systems of the solid-state OLEDs [72, 77] and the liquid

OLEDs [31].

The current density-voltage (J-V) and luminance-voltage (L-V) characteristics of
the 2.5-μm- and 6-μm-thick microfluidic OLEDs with PLQ are shown in Fig. 9.10.

It is found that the current density and luminance increase significantly with

decreasing microchannel thickness. Furthermore, the turn-on voltage, which was

defined at luminance of above 0.01 cd/m2, decreased with decreasing thickness.

The 2.5-μm-thick microfluidic OLEDs exhibited the highest current density of

10.6 mA/cm2 and luminance of 26.0 cd/m2 under the applied voltages of 61 V,

and its turn-on voltage value was 13 V. This result indicates that the bulk resistance

Fig. 9.7 PL and EL emissions from the microfluidic OLED with PLQ. The emitting layers were

found to be formed in the microfluidic OLED without leakage at the bonded interface. EL

emissions were successfully obtained at the light-emitting pixels
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of PLQ decreased with decreasing microchannel thickness. In comparison with

conventional solid-state OLEDs, the obtained luminance is still in a research stage.

Therefore, for the improvement of the microfluidic OLED performance, the fabri-

cation methodology for the submicron-thick electro-microchannels has to be devel-

oped. In addition, highly efficient microfluidic OLEDs are expected to be realized

by using appropriate electrodes and by inserting several functional layers such as

electron injection layer and hole-blocking layer. In the prototype microfluidic

OLEDs, there are large energy barriers between the HOMO of PLQ (5.8 eV) and

the ITO anode (4.77 eV) and between the LUMO of PLQ (2.6 eV) and the APTES-

modified ITO cathode (4.55 eV).

Images shown in Fig. 9.11 are the demonstration of the luminance recovery

characteristics of the microfluidic OLED with PLQ. It can be clearly seen that

luminance decreased with increasing operating time under the applied voltage of

Fig. 9.8 On-demand multicolor EL emissions from the microfluidic OLED with PLQ, rubrene-

doped PLQ, and DBP-doped PLQ. The liquid emitting layers can be formed on demand by simply

injecting the selected liquid emitters into the microchannels
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70 V (Fig. 9.11a). This result indicates that the emitting layer was decomposed during

the carrier injection and transportation. Subsequently, fresh PLQ was reinjected

manually from the inlet nozzles into the target microchannel using a syringe under

no-voltage conditions (Fig. 9.11b). When the constant voltage of 70 V was applied

again, the recovery of the EL emission was observed at the top edge of the light-

emitting pixel (Fig. 9.11c). This recovery is due to replacement of the decomposed

PLQ with fresh one. Furthermore, after this process was repeated multiple times, EL

was generated from the whole light-emitting pixels. This refreshable luminance

feature may be applied to future long-life liquid-based light-emitting devices.

9.4 Flexible Microfluidic OLED Technology

In Sect. 9.2, the fabrication methodology for the electro-microfluidic device

(microfluidic OLED) on a glass substrate was proposed to integrate multiple liquid

OLEDs. The use of liquid emitters as the emitting layers is expected to provide a

new possibility for crack-free and flexible organic electronic devices. However,

from a standpoint of conventional glass-based liquid OLEDs and microfluidic

OLEDs, it is difficult to obtain flexible liquid-emitting layers. Thus, the develop-

ment of the flexible liquid-emitting layers that enable to keep single-μm-thick gap

structures under the repeated bending is important. This section provides the

Fig. 9.9 EL spectra of PLQ, rubrene-doped PLQ, and DBP-doped PLQ from 6-μm-thick

microfluidic OLED. Excitons were confirmed to be formed in the guest molecules
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fabrication methodology for the flexible microfluidic OLEDs using a novel belt-

transfer exposure technique [59].

The design of a flexible microfluidic OLED is illustrated in Fig. 9.12. SU-8-

based microchannels are sandwiched between an ITO anode and APTES-modified

ITO cathode, and an 8� 8 matrix of light-emitting pixels is formed in the flexible

microfluidic device [59]. Here, in order to obtain flexible microchannel structures,

the ITO-coated polyethylene terephthalate (PET) films were utilized as both anode

and cathode substrates. The microchannel widths are designed to be 250, 500,

750, and 1000 μm, while thickness is 4.5 μm. The dimension of the flexible

microfluidic OLED was 102 mm� 102 mm. PLQ is also used as greenish-blue

liquid emitter and injected from inlets, which are located in the cathode substrate,

into the microchannels.

Fig. 9.10 (a) J-V and (b) L-V characteristics of the 2.5-μm-thick and 6-μm-thick microfluidic

OLEDs with PLQ
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Fabrication process of the SU-8 microchannels is shown in Fig. 9.13. A screen

printing technique and wet etching are used for patterning ITO electrodes on both

anode and cathode substrates. First, the etching-resist ink (Taiyo Ink Mfg. Co., Ltd,

X-87) was screen printed on the ITO-coated PET films (Fig. 9.13b). A hand printing

machine (Newlong Seimitsu Kogyo Co., Ltd, HP-320) was utilized in this process.

The anode and cathode patterns were subsequently formed by wet etching with a

dilute aqua regia (Fig. 9.13c). The resist ink on the substrates was removed with

Fig. 9.11 Images of (a) luminance degradation, (b) reinjection of PLQ, and (c) luminance

recovery. Recovery of the EL emission was confirmed at the top edge of the light-emitting pixel

by reinjection of PLQ into the microchannels

Fig. 9.12 Design of the

flexible microfluidic OLED.

Single-μm-thick

microchannels sandwiched

between two transparent

electrodes are preserved in

both flat and curved states

9 Microfluidic Organic Light-Emitting Devices Using Liquid Organic Semiconductors 237



acetone, and then the substrates were cleaned with IPA (Fig. 9.13d). The inlets

and outlets for liquid emitters were formed on the cathode substrate. On the

anode substrate part, the ITO-patterned PET surface was pretreated with O2 plasma

(SUSS MicroTec AG., PL8) for enhancing the hydrophilic property, and then SU-8

3005 was spin coated (Fig. 9.13e). The SU-8-coated substrate was subsequently

manually aligned with a film photomask having the light interception pattern of

the microchannels (Fig. 9.13f). Here, a novel belt-transfer exposure technique

was applied to form SU-8 microchannels, as shown in Fig. 9.13f. The exposure

equipment (Japan Technology System Co., JU-C1500), which enables rapid exposure

to large-area substrates, was utilized in this process [78]. The SU-8 was exposed to

UV lamp having wavelength between 260 and 420 nm through the film photomask at

the belt-transfer speed of 11.6 m/min and then developed by the SU-8 developer. For

fabricating flexible microchannels sandwiched between two electrodes, the anode

and cathode substrates were bonded using a heterogeneous bonding method through

the use of APTES- and GOPTS-SAMs (see also Fig. 9.2). Finally, PLQ was injected

into the microchannels for forming flexible emitting layers.

From the scanning electron microscope (SEM) image of the fabricated SU-8

microchannels on the anode substrate (Fig. 9.14a), no significant exposure failure

Fig. 9.13 Fabrication process of flexible microfluidic OLEDs. (a) ITO-coated PET films were

used as the anode and cathode substrates. (b) Screen printing technique and (c) wet-etching are

used for patterning electrodes. (d) Resist ink was removed with acetone, and (e) SU-8 was spin-

coated on the anode substrate. (f) Belt-transfer exposure technique was applied to form flexible

SU-8 microchannels
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was observed. This indicates that only the SU-8 layer beneath light-permission area

of the film photomask was irradiated by the UV lamp of the belt-transfer exposure

equipment. Thus, a newly proposed belt-transfer exposure technique is applicable

for patterning the miniaturized components such as microchannels and

microchambers on large-area flexible substrates. Photographic images of the fabri-

cated flexible electro-microfluidic device without and with injection of PLQ are

shown in Fig. 9.14b, c. It can be seen that the fabricated OLED has a flexible

microchannel structures and can be rolled up. As shown in the image of PL

emissions of PLQ under 365-nm UV-lamp irradiation, no significant bonding

defects were confirmed in the microchannels and at the bonded interfaces. Further-

more, all the microchannels were successfully filled with PLQ without leakage.

Therefore, flexible liquid-emitting layers were formed in the flexible electro-

microfluidic device.

An image shown in Fig. 9.15a is the demonstration of the flexible microfluidic

OLED in the curved state. It can be seen that EL emissions were successfully

obtained at the light-emitting pixels. The J-V characteristics in straight and curved

state (radius of 3 cm) are also shown in Fig. 9.15b. The fabricated microfluidic

Fig. 9.14 (a) SEM image of the fabricated SU-8 microchannels on a PET film. (b) Fabricated
flexible microfluidic OLED without infection of PLQ. (c) Photographic images of PL emissions

from the microfluidic OLED with PLQ under 365-nm UV-lamp irradiation
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OLED was found to exhibit almost same J-V curves in both states. This result

indicates that the single-μm-thick microchannel structures were preserved in the

curved state. Therefore, holes and electrons were injected into PLQ from the ITO

anode and the APTES-modified ITO cathode, respectively, to generate EL emis-

sions. In addition, the current density increased proportionally with increasing

voltage up to 40 V (J/V1). When the voltage higher than 40 V was applied to

the OLEDs, the current density increased steeply to be proportional to the square of

the voltage. It may be suspected that this phenomenon is due to the space-charge-

limited current (SCLC). Hirata et al. (2011) studied liquid OLEDs with other liquid

organic semiconductor (EHCz) and reported the SCLC behavior [32]. Based on this

study, it can be concluded that the proposed flexible microfluidic OLED operated

successfully and is expected to be a highly promising technology toward future

unique display applications.

9.5 Conclusions

In this chapter, multicolor microfluidic OLEDs were proposed by combining liquid

OLEDs with microfluidic technology toward next-generation liquid-based display

applications. Novel fabrication methodologies for single-μm-thick electro-

Fig. 9.15 (a) EL emissions

from the flexible

microfluidic OLED in the

curved state (radius

curvature of 3 cm). (b) J-V
characteristics in straight

and curved states
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microfluidic devices were developed with belt-transfer exposure and heterogeneous

bonding technique through the use of amine- and epoxy-terminated SAMs. The

patterned liquid organic semiconductor-based emitting layers were confirmed, and

then the glass-based microfluidic OLED successfully exhibited single- and

multicolor EL emissions. Furthermore, EL emissions were obtained from the

flexible microfluidic OLED in curved state. In comparison with conventional

solid-state OLEDs, the proposed microfluidic OLEDs have unique features such

as on-demand emitting layer formation and refreshable emissions. This on-demand

emission feature may be applicable as the excitation source for portable

microfluidic point-of-care chip [79]. Furthermore, the fabricated electro-

microfluidic devices can exhibit not only EL emission of liquid organic semi-

conductors but also ECL emissions [58]. In the past few decades, microfluidic

devices have been developed for a wide range of chemical and biological applica-

tions because of their advantages such as delivering and mixing small amounts of

samples on a chip. Thus, novel liquid emitters may be prepared by using the

Y-shaped electro-microfluidic mixing device [80]. The authors expect that the

proposed microfluidic technology can open a new possibility for future liquid-

based electronic device applications.
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