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Preface

Organic optoelectronic materials, including organic semiconductors, organic con-
ductors, organic superconductors, conducting polymers, and conjugated polymers,
have attracted great attentions since the discoveries of organic semiconductors in
the 1950s and conducting polymers in the 1970s. Their novel physicochemical
properties and promising applications in organic field-effect transistors (OFET),
organic/polymer light-emitting diodes (OLED/PLED), and organic/polymer solar
cells [OSC/PSC or OPV (organic photovoltaics)] stimulated and promoted broad
research interests and development of new materials and new devices based on
them.

As a book in the series Lecture Notes in Chemistry, this book is designed for
graduate students and researchers who look for up-to-date knowledge on organic
optoelectronic materials and their applications in OFETs, OLEDs/PLEDs, OPVs,
and transparent conducting electrodes. This book can also be used as a reference
book or text book for related researchers and graduate students. The molecular
structures, synthetic methods, and physicochemical and optoelectronic properties of
organic optoelectronic materials are introduced and described in detail. The struc-
tures and working mechanisms of organic optoelectronic devices are elucidated.
The key scientific problems and future research directions of organic optoelectronic
materials are also addressed. In more detail, Chaps. 1 and 2 cover the development
history and physicochemical properties of organic semiconductors, organic con-
ductors, organic superconductors, and conducting polymers. Chapter 3 introduces
OFETs and the molecular structures and charge-carrier mobilities (hole and electron
mobilities) of various p-type and n-type organic semiconductors. Chapters 4 and 5
describe photovoltaic materials and devices for OPVs based on organic small
molecules and conjugated polymers, respectively. Chapters 6 and 7 elucidate
electroluminescent materials and devices for OLEDs based on organic small mol-
ecules and PLEDs based on conjugated polymers, respectively. Chapter 8 outlines
the knowledge of transparent conducting polymers for application in flexible
transparent electrodes.
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vi Preface

The research field of organic optoelectronic materials and devices has been
developing quickly in recent years. The contents of this book may be limited by the
knowledge and the understanding of the authors, and there may be some errors or
mistakes. Any comments and suggestions or questions about the contents of this
book are welcomed by me or by the contributing authors.

Beijing Yongfang Li
January 2015
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Chapter 1
Organic Semiconductors, Conductors,
and Superconductors

Yue Yue and Bin Zhang

1.1 Introduction

In general, organic solids are insulators. However, there have been extensive and
intensive efforts in materials science and technology to make them conductive. The
family of organic solids, starting from insulators, has widened to include organic
semiconductors, organic conductors, and organic superconductors. The distinctions
between them are based on the band structure of the materials as well as the electron
occupancy of these bands. In 1954, the first organic semiconductor was discovered
and the conductivity reached 1073 S/em [1]. This illustrates a new direction for the
synthesis of organic conductors, when organic material was first doped with an
electron donor or acceptor as a charge-transfer complex. In the 1960s, a conducting
organic solid was first achieved with the charge-transfer complex of TCNQ [2]. The
organic/metal product TTF-TCNQ was obtained in 1973 [3] and the first organic
superconductor TMTSF,-PFg was discovered in 1980 [4—6]. After that, the critical
temperature of organic superconductors quickly increased from 0.6 to 18 K. In
1991, the electron-transfer superconductor A;Ceo Was discovered with supercon-
ducting transition at 33 and 35 K [7, 8], respectively and eventually single-com-
ponent molecular metals were synthesized in 2001 [9].

Organic conductors are critical for electronic applications as they are as efficient
as metals but lighter and more flexible. Scientists working on organic electronics
want to improve the conductivity, stability, and tailorability of highly conjugated
organic semiconductors and conductors. The way to challenging high performance
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optical and electronic organic devices is to understand the processes that determine
charge transport of organic molecular and polymeric materials. Small molecules can
also be grown as single crystals as model systems to demonstrate the intrinsic
electronic properties. This chapter focuses on the charge transport of organic
materials, and some prototype organic solids are also discussed.

1.2 Crystal Engineering of Charge-Transfer Complexes

One way to produce the organic conductors is to use charge-transfer reactions from
donor to acceptor and the produced crystal is called a charge transfer complex (salt)
[10]. The formation of the charge transfer complex is through hybridization between
the HOMO (highest occupied molecular orbital) of the donor and the LUMO (lowest
unoccupied molecular orbital) of the acceptor. Scientists’ efforts from the 1960s led to
the organic acceptor 7,7,8,8-tetracyanoquinodimethane (TCNQ) [11] and the donor
tetrathiafulvalene (TTF) [12, 13] (Fig. 1.1a, b).The first stable organic conductor
TTF-TCNQ was synthesized in 1973 [3]. In 1978, the derivative of TTF, combining a
conjugated TTF unit and ethylene group, BEDT-TTF, (Fig. 1.1d) was synthesized,

(a) (b)
== [~
N CN s s
TCNQ TTF
(© (d)
Me X X Me S S S S
= (=)
e X X Me S S
X=S: TMTTF BEDT-TTF
X=Se:TMTSF

(e)

S S S S S
CIO=C T =Ty
S S S s S S
[Ni(tmdt),]

Fig. 1.1 Molecular structure of some organic donors and acceptors
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showing a two-dimensional layer in the crystal and contributing most of the organic
superconductor properties as K-(BEDT-TTF),Cu[N(CN),]Cl, T, = 13.2 K [14]. With
regard to this, most organic conductors were synthesized by the charge transfer
reaction until the new superconductor Ni(dmit), (Fig. 1.1e) was synthesized in 2001
[9]. In this single molecular conductor, the gap between HOMO and LUMO is so
small that it can form partially filled bands. The characterization of conducting
organic material is carried out for a high-quality single crystal because the crystal
defect traps the carrier inside the material. Electrocrystallization is a powerful method
for obtaining high quality organic conductors and superconductors.

The charge carrier transport properties of organic solids have been investigated
extensively and can be used to investigate and optimize the structure-property
relations of the materials used in existing optoelectronic devices and to predict the
ideal materials for the next generation of electronic and optoelectronic devices. The
electronic properties are controlled by weak interactions between the m-units
(donor: TTF, BEDT-TTF; acceptor: Ni(dmit),). The interaction between m-units
and transition metal counterions as n—d interaction plays an important role in the
physical properties. For example, when a m-unit was put in one column or two-
dimensional layer, within the orbital overlap between neighbor m-unit as an S...S
contact at distance less than 3.6 A (sum of Van der Waals value of S), the channel
for the conduction electron resulted. The crystal showed semiconductive metallic to
superconductive behavior.

Polytypism and polymorphism are popular in charge-transfer complexes because
of the assembly of molecular crystals in crystal engineering. For example, the
charge-transfer complexes of BEDT-TTF and I~ with compositions of 2:1, 3:2, and
3:5 and the charge-transfer salts of BEDT-TTF and FeCly~ with composition of 2:1,
3:2, 1:1, and 1:2 are examples of polytypism. Depending on the donor arrangement
of the BEDT-TTF molecule, more than ten arrangement modes known as a, f3, vy, K,
A, O, ..., etc., were observed [15], displaying different transport properties.
Regarding polymorphism, in charge-transfer complexes, a-(BEDT-TTF),I; shows
metal—insulator transition at 150 K, -(BEDT-TTF),l; and y-(BEDT-TTF),I; show
superconductivity at 7 and 6 K, respectively. Mott insulator B'-(BEDT-
TTF)3(FeCly), and metal 3-(BEDT-TTF);(FeCly), have also been investigated.

The conductivity of crystal and charge-transfer complexes is controlled by the
arrangement of m-units and crystal structures, respectively. For example, B-(BEDT-
TTF),l; shows metal to superconductor transition at 6 K, B-(BEDT-TTF);[CrMn
(C504)3] shows as metallic to 2 K. a-(BEDT-TTF),I; shows metal to insulator
transition at 150 K, and metal to insulator transition was observed at 150 K in a-
(BEDT-TTF)3[CrMn(C,04)3]. Conductivity could be influenced by counterions
when the arrangement of m-units remained the same. For example, a metallic to
insulator transition at 200 K is observed in 0*'-(BEDT-TTF);Age4lg with
64 = 50 S/cm, and 921-(BEDT-TTF)3[Cuz(C204)3](CH3OH)2 is a semiconductor
with o, = 4 S/cm. Conductivity can be influenced by the guest solvent molecules.
For example, in (BEDT-TTF),(H;0)Fe(C,0,4); in solvent, T, = 7.0 K is observed
when the solvent is C¢gHsCN and 4.0 K when solvent is C¢HsBr. As the donor
arrangement remained the same as d-phase with the counteranion of GaCly,
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room-temperature conductivity increased from 0.1 to 1 S/cm when solvent
molecules C¢HsCl intercalated into an anion sheet. Some of the crucial factors
relating to conducting molecular solids are as follows.

1.2.1 Charge Transfer Salts of AB Type

One of the highlights at this stage is the TTF-TCNQ, which is one-dimensional
(1D) charge-transfer conducting salt with a Peierls transition at low temperature and
synthesized between the m-electron molecules: the electron donor TTF and the
acceptor TCNQ [3, 13]. The ratio of the TTF and TCNQ is 1:1. As a donor, TTF
has four sulfur heteroatoms which can easily donate electrons when combining with
the acceptor molecule. TCNQ, as an acceptor, can be easily reduced to form an
anion radical TCNQ . The conductivity of this salts reaches ¢ = 1.47 X 10* (S/cm)
at around 60 K, where a metal to insulator phase transition was also observed [3]
and the metallic behavior was confirmed by polarized reflection spectroscopy [16].
The divergent peak (oyax > 10° S/cm) of conductivity at 58 K in a TTF-TCNQ
crystal was reported [17] and the conductivity was found to originate from the
fluctuations of Frohlich superconductivity, which is based on the coupled electron—
phonon collective mode in a 1D system [18]. This metal to insulator phase tran-
sition is attributed to the fluctuation of charge density waves by impurities or lattice
instability [19]. After this discovery, Scientists synthesized many types of deriva-
tives of TTF and TCNQ such as TSeF-TCNQ [20], HMTSF-TCNQ [21], and
TMTSF-DMTCNQ [22], which show metallic conductivity at very low tempera-
tures. AB type charge transfer salts have generally demonstrated insulating ground
states because of the instability of metallic states intrinsic for 1D systems.

1.2.2 Charge Transfer Salts of A,B Type

More conductive states have been found in charge transfer salts of the A,B type
compared to the AB type. In 1980, the first superconductor (TMTSF),PF¢ at 0.9 K
under 12 kbar was discovered [6, 23]. This transition originated from the spin
density wave (SDW) and occurs at 12 K [24-26], an antiferromagnetic ordering
being observed by using NMR [27] and static magnetic susceptibility measurements
[14]. In the vast (TM),X family (see Fig. 1.1c), scientists mainly found two iso-
structural groups: selenium TMTSF salts which are metals with a formally 3/4-filled
conduction band and sulfur TMTTF salts which are close to the Mott—Hubbard
insulating state because of the high anisotropy, dimerization, and on-site Coulomb
repulsion [28]. X in (TM),X can be several possible anions such as (TMTSF),PFg,
(TMTSF),AsFg, (TMTSF),SbF¢, and (TMTSF),TaFg which show the metal-insu-
lator transition at 11-17 K below that of the SDW state [24-26]. (TMTTF),PF¢ and
(TMTTF),SbF¢ undergo superconducting transitions at 1.8 K under 54 kbar and
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2.6 K under 61 kbar, respectively [29, 30]. Moreover, the superconducting phase
transition of (TMTSF),ClO, was observed at ambient pressure down to 1 K [31].
Figure 1.2 shows the phase diagram of (TM),X [23]. This diagram suggests various
different phases such as normal metals, superconductors, spin-density-wave states,
spin-Peierls state, and antiferromagnetic state as a function of decreasing pressure.
Although the band structure of (TMTSF),PF is calculated to have a quasi 1D Fermi
surface, intermolecular Se...Se contact was observed between the TMTSF stacks
[32]. Scientists found the way to synthesize 2D organic conductors from
(TMTSF),PFg by increasing the bandwidth and dimensionality [33].

The one-dimensional A,B systems may be unstable in the insulating state and the
ideal 2D A,B systems superconductor was first made from B-(BEDT-TTF),ReQO, at
2 Kunder 4 kbar [34]. B-(BEDT-TTF),I; at 1.4 K at ambient pressure [27, 35, 36] and
k-ET,Cu(NCS), at 10.4 K [35], and recently ’-ET,ICl, showed the highest T, among
organic superconductors at 14 K under 82 kbar [37, 38]. BEDT-TTF as a donor, was
first synthesized in 1978 [14]. The n-electron orbitals of the donor aromatic rings
overlap to form a conducting band. This BEDT-TTF molecule forms various phases
with various anions. Figure 1.3 shows the four different donor planes of the BEDT-
TTF compound. The B-type organic BEDT-TTF salts were known very early because
of their superconducting state at ambient pressure—e.g., (BEDT-TTF),IBr; at 2.7 K
and (BEDT-TTF),Aul, at 3.8 K [32, 39]. B’ and B” types are similar to the B type
whereas the molecular stackings are different. Figure 1.4 shows the phase diagram of
the 0 phase family 6—(BEDT-TTF),MM'(SCN), (M = Rb, TI, Cs, M’ = Co, Zn)
concerning the charge ordering phenomenon [40, 41]. The electronic state, including
insulators, superconductors, and metals, is parameterized by the dihedral angel
between columns [40]. In the phase diagram, the metallic phase is reduced with
increasing dihedral angle. All compounds become insulators at low temperature.
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Fig. 1.3 Schematic view of some molecular configurations of the BEDT-TTF compound

The o-type BEDT-TTF salts are similar to the 6 phase and show a weak
dimerization. There are two different kinds of typical groups in a-type BEDT-TTF
salts. One is the family of a-(BEDT-TTF),MHg(SCN), M = K, Rb, Tl, NH,) in
which K, Rb, and Tl compounds produce the SDW below 10 K [38] and NH,4 salt
shows a superconductivity at 1.15 K [42]. Another group is a-(BEDT-TTF),X
(X =15, IBry, ICL,, etc.). Material a-(BEDT-TTF),I5 undergoes an MI transition at
136 K [41, 43, 44]. Charge-ordering phenomena were found in NMR experiments
[45]. After the success of the 1D TMTSF and 2D BEDT-TTF salts, scientists made
efforts to synthesize many new 3D molecular superconductors such as K3—Cgo with
T. = 18 K [46] and Cs,RbCg¢y with the highest T, = 33 K [47].

1.2.3 Charge Ordering in Organic ET Compounds

The family of 2D organic conductors (ET),X is known to exhibit a variety of
interesting electronic properties. The theoretical studies of Kino and Fukuyama
developed a systematic way to understand the diversity in their ground state prop-
erties [48]. Another interesting conclusion of Kino and Fukuyama is that a-type
compounds show an insulating state with charge transfer in their notation (charge
ordering) [49]. Arising from a strong correlation, the charge ordered (CO) state is
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Fig. 1.4 Universal phase diagram of 6-type BEDT-TIF compounds [40, 41]

one of the typical ground states of molecular conductors. As to the electron corre-
lation phenomenon, it draws growing attention to understanding the organic con-
ductor’s low temperature properties [49—52]. Charge ordering can be understood as
self-organization of localized charge carriers. For example, in the charge-ordered
state of a one-dimensional system with a quarter-filled conduction band, the local-
ized charge carriers occupy or do not occupy the lattice site individually. If the
conduction band is not filled completely, charge disproportionation can be observed.
Charge order in organic conductors was first suggested in the 1D dimensional system
(DI-DCNQI),Ag [53]. It was shown that below 220 K, BC.NMR spectra are split.
Nonequivalent differently charged molecules appear along the chain axis and the
ratio is 3:1 below 130 K. U is the on-site Coulomb repulsion and V is the nearest
neighbor interaction. The inter-site Coulomb repulsion V is the driving force for
charge ordering to occur as well as the onsite Coulomb repulsion U [49, 50]. If V
exceeds a certain value, the charges arrange themselves with a long enough distance
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Fig. 1.5 a Dimer Mott—Hubbard insulator. b Wigner crystal type charge ordering [56]

to minimize the influence of the V. The extended Hubbard model is a good
description of the relevant energies [49, 54-56].

Here we discuss the charge ordering state using quarter-filled systems. Figure 1.5
shows the two cases [56]: (1) dimer Mott—Hubbard insulator such as 1D MEM-
TCNQ, and 2D «-(BEDT-TTF),X, A-BETS,X and (2) Wigner crystal type charge
ordering such as DI-DCNQI,Ag and TMTTFE,X, 2D 8-(BEDT-TTF),X, and o-
(BEDT-TTF),X [57]. In the first case, because of the strong dimerization, the single
electron occupies the bonding state of each dimer. The Mott insulating state is
realized because of this strong effective Coulomb interaction within a dimer. In the
second case, however, inter-site Coulomb interaction, V plays an important role,
and the charge-ordered state called the Wigner crystal is realized on the lattice. In
the absence of a dimerization structure of the 2D system such as a, 0, and B” type
compounds, several types of a CO state which is called stripe type CO state are
found as a ground state [58]. Electrons stay apart from each other if the kinetic
energy is rather small compared to the Coulomb interaction. Moreover, the
anisotropy in the transfer integrals is also important for the arrangement of the
localized charges. Figure 1.6 shows the different pattern of CO.

The charge-ordered state has been studied by means of NMR [59], XRD [60], and
vibrational spectroscopy [61-65]. The NMR spectrum shows a splitting or broad-
ening depending on the distribution of carrier density. The first CO was found in
(DIDCNQI),Ag by *C-NMR measurement [53]. The spin/charge configuration of
(TMTTF),X (X = SCN, Br, PFg, AsFg) was also confirmed by NMR experimentally
[66—70] and theoretically [71]. (TMTTF),PFs and (TMTTF),AsFg undergo a spin-
Peierls transition [72, 73], whereas (TMTTF), SCN [66] and (TMTTF),Br [67] have
1010 type ordering and CO was directly confirmed as the splitting of signals into
charge-rich site and charge-poor sites at low temperature by '>C-NMR [69]. In 2D
systems, 0-(BEDT-TTF),RbZn(SCN),, 6-(BEDT-TTF),CsZn(SCN),;, and a-
(BEDT-TTF),I; were investigated and were found to be in CO states at low tem-
perature and in CD state at high temperature by NMR [45, 59, 74-80]. In the case of
a-(BEDT-TTF),l;, the ratio of the effective charges are also estimated from the
amplitude of the curves [45, 78], and the horizontal stripe CO pattern predicted
theoretically [49] was confirmed from experimental results not only by '*C-NMR but
also by X-ray [81, 82] and IR/Raman spectroscopy [63, 64, 83]. Among the various
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techniques for charge ordering research, vibrational spectroscopy such as IR/Raman
can be one of the powerful methods [84, 85]. In vibrational spectroscopy, most
charge-sensitive modes for BEDT-TTF molecule are the stretching modes vs,
(Raman active), the in-phase v, (Raman active), and out-of-phase v, (infrared active)
(Fig. 1.7) [86]. The v, and v; modes include the stretching vibrations of the central
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Fig. 1.7 Frequencies of the v, and v,7; modes plotted as a function of the charge p on the BEDT-
TTF molecule [83]

C=C bond and the symmetric ring C=C bond. The v,; mode corresponds to the
stretching vibration of the anti-symmetric ring C=C bond. In these three sensitive
modes, v is more strongly perturbed by electron-molecular-vibration interaction than
by molecular charge. Therefore, it is inappropriate to use v; for estimating the frac-
tional charge on molecules. v, and v,; are mainly perturbed by molecular charge,
have a linear relationship between the frequency and the charge on the molecules, and
can be used to calculate the fractional charge in charge ordering state at low tem-
perature [83]. The linear relationship between the frequency and site charges is shown
in Fig. 1.7: v,(p) = 1447 + 120(1 — p) and vo7(p) = 1398 + 140(1 — p) [83]. Vibrational
spectroscopy was first applied to the study of charge-ordering in 6-(BDT-
TTP),(SCN)4 [85]. 8-(BEDT-TTF),RbZn(SCN), undergoes the CO-CD phase
transition at 200 K. The assignments for v, modes which split into two and vz modes
which split into four were performed based on the '*C-substituted sample by IR/
Raman spectroscopy [64]. Based on this assignment, the horizontal stripe was con-
firmed. The horizontal stripe of the CO pattern was also reported by analyzing the
electronic transition in the infrared region [87]. The same IR/Raman method was
applied to the study of charge ordering in a-(BEDT-TTF),I5 below and above 136 K
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from ambient pressure to 3.6 GPa [63]. The splitting of v, indicates the charge
disproportionation caused by charge localization and it formed the horizontal CO
stripe perpendicular to the stacks.

1.3 Magnetism in Charge Transfer Salt

Naturally, magnetism relates closely with conductivity. Classic magnetism is found
in charge-transfer complexes such as the long-range ferromagnetic ordering at
4.5 K in insulator (NH4),[Ni(mnt),]-H,O [88]. Recently, quantum magnetism as
spin liquid was observed in molecular insulators k-(BEDT-TTF),[Cu(CN)3] and
EtMe;Sb[Pt(dmit),], with spin on m-units [8§9-92]. The conductivity of a charge-
transfer complex of TCNQ was studied before the discovery of the TTF series of
organic superconductors, and the room-temperature conductivity of (5,8-
dihydroxyquinolineH)(TCNQ), reached 10? S/cm in 1971 [93]. When TCNE was
used as ligand, the conducting magnet was produced. In 1991, the room-temper-
ature ferrimagnet V(TCNE),(CH,Cl,)y s was discovered [94]. It was a semicon-
ductor with o, = 107* S/cm [95]. It is one of the best examples of combined
magnetism and conductivity in a molecule-based conducting magnet. When TCNE,
TCNQ, and its derivatives were used as coordination ligands, a large number of
molecule-based conducting magnets, including dynamic conducting magnets, were
obtained. No metal product was found [96-98].

There are two sources of magnetism in coordination compounds: one is the
interaction between cation and anion through weak interactions such as antiferro-
magnetic ordering at 3.0 K in (C,Hs)4NFeCly, the other comes from magnetic
interaction between metal ions in a counter-anion such as oxalate-bridged Cr** and
Mn?* ions in (C4Ho),N[CrMn(C,04);]. This shows ferromagnetic ordering at 6 K
[99, 100]. Magnetism in charge-transfer salt was also influenced by the arrangement
of donor and counter-anion in the crystal, such as B'-(BEDT-TTF);(FeCly), and 8-
(BEDT-TTF);3(FeCly),. B'-(BEDT-TTF)3(FeCly), shows antiferromagnetic transi-
tion at 2.7 K and 3-(BEDT-TTF);(FeCly), at 4.8 K [101].

1.4 Dual-Functional, Multifunctional Molecular Crystals

Endowing the molecular conductor with magnetism or certain optical properties
produces dual-functional molecular crystals such as the magnetic conductor [102],
the magnetochiral conductor [103], and the single-molecular magnet with lumi-
nescence [104]. Combining the magnetic or photonic building block with con-
ducting m-unit is one of most popular way to approach the goal.

Supramolecular chemistry is the key to designing new dual-functional, multi-
functional molecular conductors. The functional units are synthons, and the
arrangement and weak interaction between m-units decide the conductivity.
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The magnetic conductor is the hottest research area in dual-functional molecular
crystals because of the close relationship between magnetism and conductivity in
organic superconductors and between molecular conductors and molecular mag-
netism. In the phase diagram of the inorganic superconductor, the diamagnetic
superconductor is close to the antiferromagnetic insulator. An antiferromagnetic
insulator could become a diamagnetic superconductor after hole or charge doping.

The antiferromagnetic Mott insulator attracts attention because of their potential
for conversion into a superconductor after carrier-doping.

Top-down is another way to obtain dual-function, multifunction material. The
intercalation of alkali metal into layered compounds, such as intercalated graphene,
can produce a superconductor with transition temperatures ranging from 0.14 [105]
to 11.5 K [106]. When alkali metal was intercalated into an isomer of graphene—
Ceo, the superconducting transition temperature reached higher than 50 K.
Intercalated compound of aromatic compounds have recently been studied, and new
materials with superconducting transition temperatures of about 30 K (18 K [107];
5 K [108]) have been obtained. More exciting results can be obtained when the
crystal structures are confirmed. (One of the shortcomings of the top-down
approach is that it is always difficult to obtain high-quality single crystals.)

When an electric field, magnetic field, ultrabright laser, or high-pressure is
applied to a single crystal, the energy state may be modified. Thereby (electric)
field-induced organic superconductor doping with hole or electron is obtained when
gate voltage is changed in a field-effect-transistor. The electric-field-induced
superconductor was observed in the inorganic layer compound MoS, [109, 110],
the (magnetic) field-induced reaction being obtained when the intra-magnetic field
inside the crystal from spin-orbital coupling as a n—d interaction was compensated
by application of a magnetic field. Irradiation of the crystal under a laser could
change the electronic structure of the crystal as an injection of energy, and laser-
induced metallic reaction was observed in (EDO-TTF),PF¢ [111]. This indicates the
possibility of modulating the conductivity state with photo-irradiation.

High-pressure was one of the most powerful and the earliest method used to
increase interactions between molecular z-units; it could suppress the metal-insu-
lator transition by Peierls transition, charge-ordering, charge-localization, or Fermi
nesting in organic compounds when the temperature decreased. Now the pressure
of 200 GPa can be achieved with a diamond cell. However, the crystal is sensitive
to pressure, so the experiments should be carried out carefully and slowly, step by
step [112]. Bottom-up is a powerful method to obtain material with controllable
designed properties. Magnetic conductors were synthesized by combining con-
ducting organic m-units with magnetic inorganic coordination anions as organic—
inorganic hybrids. Zero-dimensional anions, such as FeCl, ", MnCl42*, C0C142*, and
CuCl,*, could produce m—d interaction between donor and anion through S...Cl
contact in charge-transfer salts. Charge-transfer salts with strong n—d interaction
showed negative magnetoresistance around 4.2 K [113, 114], magnetic-field-
induced superconductivity was observed in A-BETS,FeCl, with Jnd = 17.7 K [115],
and by diluting Fe with Ga as Fe/Ga alloy in A-BETS,Fe 40Gag ¢Cl4 with insulator
metal superconductor modulation by an applied magnetic field [116]. The band
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engineering method succeeded on charge-transfer salts of f'-(BEDT-TTF)3(FeCly),.
A strong m—d interaction was observed in B'-(BEDT-TTF);(FeCly), with
Jnd = 25.82 K, so it is a Mott insulator.

A one-dimensional anion, such as [Fe(C,0,4)Cl, ],,, was used as counter-anion
for a magnetic conductor. In ammonium salts of [Fe(C,04)Cl, ],, a broad maxi-
mum for low-dimensional antiferromagnetism was observed at around 20-50 K,
some of them showing long-range magnetic ordering as spin canting. In TTF[Fe
(C,04)CL,], the strong n—d interaction between TTF dimer and [Fe(C,04)Cl, ],
produced a three-dimensional antiferromagnetic ordering at 19.8 K [117]. The weak
ferromagnetic conductor with metallic properties to 0.6 K was obtained with BETS
stacks in a two-dimensional «’-phase, hysteresis with a loop of 150 Oe being
observed at 150 Oe. The bifurcation of ZFCM/FCM at 4.5 K suggested a long-
range magnetic ordering [118]. In the charge-transfer salt (BEDT-TTF)[Fe(C,0,4)
CL](CH,Cl,), BEDT-TTF dimer and CH,Cl, coexisted in a donor layer, this being
a semiconductor as is TTF[Fe(C,0,4)Cl,] [119].

The single molecular magnet (SMM) and single chain magnet (SCM) are of
great interest as quantum magnets to chemists. They could be used as counterions to
synthesize charge-transfer salts with TTF or dmit units [120] or to connect TTF
units to coordination ligands to form coordination compounds [121]. An excellent
way to obtain a magnetic conductor is to merge TTF and dmit units into one unit as
a single-component compound. Antiferromagnetic transition was observed at 110 K
produced by Fermi nesting [122].

Molecular magnets provide abundant magnetic units for dual-functional
molecular crystals with magnetism and conductivity. In 1992, (BuyN)[CrMn
(C,04)3] was reported to have ferromagnetic transition at 5.5 K [100]. It was not
until 2001 that the first organic-inorganic hybrid dual-functional molecular crystal
as charge-transfer salt of (BEDT-TTF);[CrMn(C,0,4);] was reported with magne-
tism from layered anions and conductivity from donors as the B-phase in B-(BEDT-
TTF),l5, respectively [102]. The charge-transfer salt a-BETS;[CrMn(C,04)3]
shows ferromagnetic transition at 5.5 K and a metal-to-semiconductor transition at
150 K [123]. These two crystals have incommensurate structures, and the donor and
anion structures were determined separately.

When homometallic honeycomb anion [Cuz(Czoél)_%*]n was used as counter-
anion, the high-quality single crystal (BEDT-TTF)3;[Cu,(C,04);](CH;0H), was
obtained. By means of the Jahn-Teller distortion of Cu?*, a distorted honeycomb
anion was formed. The donor arrangement belongs to the Ozl-phase, and when
BEDT-TTF was replaced with BETS the isostructural compound was obtained.
This is different from charge-transfer salts of heterometallic honeycomb anions
where high-quality crystal structures are obtained from single crystal X-ray dif-
fraction experiments [124, 125]. The spin-orbital coupling of Cu** produces spin
frustration in these crystals. The frustration factor f is larger than 60, at least when
the conductivity and susceptibility were measured above 1.8 K. Experiments at
lower temperatures may bring some exciting results [126].
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1.5 Relationship Between Organic Superconductors
and Inorganic Superconductors: Resonating Valence-
Bonding Solids and Jahn-Teller Distortion

Organic superconductors are important in the study of superconductors, not only
because of their conductivity but also their magnetism. Research on the organic
superconductor covers a wide area including the conductivity of insulators, semi-
conductors, conductors, and superconductor, and magnetism from classic magnets
to quantum magnets.

After the discovery of the superconductor, people were confused by the mech-
anism of superconductivity for decades. Designing new superconductor systems is
still a challenge for chemists. In 1986, Muller discovered the first high-temperature
superconductor Ba,Las_CusOs_y) with an onset temperature of 30 K from his
initial exploration of the Jahn—Teller effect in the presence of spin-orbital coupling
in perovskite material [127, 128]. The Jahn—Teller polaron in superconductors was
confirmed by the observation by scanning tunnel microscopy. After that, Jahn—
Teller distortion could be used to interpret the superconductivity in new inorganic
superconductors, such as octahedral Co*" in Na,CoO,(H,0), and tetrahedral Fe?*
in La—O-Fe—As (iron pnictide) [129]. Because Jahn—Teller distortion could be
observed from crystal structure with bond-length of coordination polyhedron, it
could be treated as distorted octahedral or tetrahedral coordination environments in
the crystal structure.

Another investigation of high-temperature superconductor was carried out by
Anderson in 1987 who looked at resonating valance bonding in solids relating to
the electron structure [130]. He introduced Pauling’s valance bond theory from
chemistry into condensed state material as valance bond solids (VBS) and proposed
the spin frustration state in the triangular lattice in 1973 to be a resonating valance
bond (RVB) state [131-135]. Then he developed his theory by the discovery of
high-temperature cuprate superconductors and proposed the possibility that a
copper pair was formed by coupling of spin in the spin liquid state. Carrier doping
on parent antiferromagnetic La,CuQ,4, NayCoO,, and LaFeAs produced a new
superconductor intermediate by spin fluctuation. The two-dimensional antiferro-
magnetic correlation as spin frustration or antiferromagnetic ordering came from the
resonant valence-band state [136]. So at first, an extended (infinite) coordination
polymer is needed, such as the Cu-O plane in cuprate, Co—O plane in
Na,Co0,(H,0),, and Fe-As plane in iron pnictides. This guarantees the transpor-
tation channel for the carrier in the solid. Then the Jahn—Teller distorted transition
metals with their variable valances should exist. From the structure point of view, a
two-dimensional extended metal-O layer is the key to these materials. The con-
ducting layer behaves as an acceptor, so the high-temperature superconductor acts
as a charge-transfer salt. Because the superconductivity was first discovered in the
ceramic phase in these systems, it always takes time to confirm the composition and
growth of high-quality single crystals with the critical ratio of atoms. This is the
main difference between organic and inorganic superconductors. In research on
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organic superconductors, the high quality and clear crystal structure is always the
first step. For example, a series of candidates for quantum spin liquids was dis-
covered in charge-transfer complexes with m-units in a x-phase arrangement. In
these compounds, interactions between donor pairs are isotropic and produce a
resonating valence state. The first quantum spin liquid with triangular lattice was
observed in a charge-transfer salt with x-phase donor arrangement x-(BEDT-
TTF),Cu,(CN); and confirmed by specific heat and ESR experiment [92, 137]. It is
a Mott insulator and could be superconductive at 3.9 K under 0.06 GPa [138]. Such
a Mott insulator, p'-(BEDT-TTF),ICl,, shows T, = 14.2 K under 8.2 GPa [37]. The
charge-transfer salt (C,Hs)(CHj3);Sb[Pd(dmit),], was found to be another quantum
spin liquid with triangular lattice [91]. A third one was discovered in a single
component compound with k-phase arrangement, k-Hs(cat(cat-EDT-TTF), [139].
The Kagome lattice is another ideal model to spin liquid; when people were looking
for coordination compounds with kagome lattice, the weak interactions between
organic molecule formed a kagome lattice in [EDT-TTF-CONH,]¢[RegSeg(CN)g]
[140] and antiferromagnetic spin fluctuation was observed. This was earlier than the
first coordination compound with kagome lattice Zng 33Cug 67,(OH)¢Cl, [141, 142].

The single component organic conductor and superconductor is an important
area in organic superconductor technology. Apart from the calculation of band
structure, the theory of the resonating valance bonding state could be useful in
explaining this system. The weak interaction between molecules from supramo-
lecular chemistry forms a resonating valence bonding state. So the crystal could
show semiconductor, conductor, and superconductor properties. The Jahn—Teller
distortion originating from metal coordination compounds now extends to organic
chemistry as representative of energy degeneracy. The International Symposium on
the Jahn—Teller effect, which was initiated by Prof. Muller, is held every 2 years. He
combined the RVB with the Jahn—Teller effect in inorganic superconductors, and it
is also suitable for use with organic superconductors [129]. The research area can be
expanded after the combination of inorganic superconductor units and molecular
crystals [23, 143].

1.6 Summary

Organic materials have received considerably more attention than inorganic-based
materials for use in modern optoelectronic devices, such as organic solar cells,
light-emitting diodes, and field effect transistors, because of their low-cost, easy
deposition, and wide variety and tailorable or tunable properties. This chapter
focuses on the charge transport of organic materials, and some prototype organic
solids are also discussed. Organic superconductors can be obtained from organic
conductors, semiconductors, and insulators under suitable conditions at low tem-
peratures. These materials therefore still represent a challenging and exciting
research field for the near future.
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Chapter 2
Conducting Polymers

Yongfang Li

In general, conducting polymers include electronically conducting polymers and
ionically conducting polymers. Ionically conducting polymers are usually called
polymer electrolytes. Electronically conducting polymers can also include conju-
gated conducting polymers and the insulating polymers blending with conducting
materials. In this chapter, the conducting polymers are limited to conjugated con-
ducting polymers, unless otherwise stated.

Traditionally, polymers are thought of as insulators. However, in 1977 a dis-
covery by Alan G. MacDiarmid, Hideki Shirakawa, and Alan J. Heeger et al.
changed the traditional concept. They found that conductivity of polyacetylene—
after doping with electron-withdrawing AsFs—increased ninefold, reaching the
order of 10° S/cm [1, 2]. Soon after this discovery, a series of stable conducting
polymers, including polypyrrole (PPy), polyaniline (PAn), and polythiophene
(PTh), were reported from the end of the 1970s to the beginning of the 1980s,
which greatly promoted the research on conducting polymers. Actually, the con-
ductivity of almost all conjugated polymers can reach the order of 107°~10% S/cm
after doping. Now we can expand the class of conducting polymers to include all
the doped conjugated polymers.

In 1990, Friends et al. found the electroluminescent properties of poly(p-phe-
nylene vinylene) (PPV) [3] and opened up a new field of polymer light-emitting
diodes (PLEDs) with semiconducting intrinsic conjugated polymers as the active
light-emitting layer. In 1995, Heeger et al. reported bulk-heterojunction polymer
solar cells (PSCs) with a conjugated polymer MEH-PPV as donor and a fullerene
derivative PCBM as acceptor [4], which further extended the research on conjugated
polymers to the field of organic photovoltaics. Since then, conjugated polymer
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optoelectronic materials and devices including PLEDs and PSCs have attracted great
attention all over the world and have developed into hot research fields. Because of
the importance of conjugated polymers, Heeger, MacDiarmid, and Shirakawa were
awarded the Nobel Prize in Chemistry in 2000, in recognition of their great con-
tributions to the discovery and developments of conducting polymers.

The main advantages of conducting polymers are that they possess not only the
electronic and optical properties of metals and inorganic semiconductors, but also
the flexible mechanics and processability of polymers. In addition, there is special
electrochemical redox activity with conducting polymers. Obviously, conducting
polymers, including doped conducting polymers and intrinsic semiconducting
conjugated polymers, will play a key role in the future development of organic
optoelectronic and electrochemical devices.

2.1 Molecular Structure of Conducting Polymers

The unique characteristic of conducting polymers is the conjugated molecular
structure of the polymer main chain where the n-electrons delocalize over the whole
polymer chain. Conjugated polymers become conducting polymers after doping.
Figure 2.1 shows the main chain structures of representative conjugated polymers,
including polyacetylene (PA), polypyrrole (PPy), polyaniline (PAn or PANi),
polythiophene (PT or PTh), poly(p-phenylene vinylene) (PPV), poly(p-phenylene)
(PPP), and polyfluorene (PF).

In the conjugated polymers, polyacetylene shows the simplest main chain
structure composed of an alternate single bond and double bond carbon chain.
According to the locations of the hydrogen atoms on the double bond carbons, there
are two kinds of structures: trans-polyacetylene with the two hydrogen atoms on

£ Povasaane (A
;zr;;er;irrlzative conjugated ‘6&?} Polypyrrole (PPy)
#@ﬁ; Polythiophene (PTh)
@H% Polyaniline (PAn)
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Fig. 2.2 Main chain structure of polyaniline

opposite sides of the double bond carbons and cis-polyacetylene with the two
hydrogen atoms located on the same side of the double bond. trans-Polyacetylene is
a degenerate conjugated polymer which possesses an equivalent structure after
exchanging its double bond and single bond. cis-Polyacetylene and other conju-
gated polymers are nondegenerate conjugated polymers which have non-equivalent
structures after exchanging their double and single bonds.

Among the various conjugated polymers, the main chain structure of polyaniline
(PAn) is a little complicated. Figure 2.2 shows the conjugated main chain structure
of PAn. Commonly, there exist three structure forms: leucoemeraldine (PAn-I)
where x = 1, emeraldine base (EB, PAn-II) where x = 0.5, and pernigraniline (PAn-
II) where x = 0. The molecular structure of PAn in Fig. 2.1 is leucoemeraldine.
Actually, the structure of emeraldine base (EB) is the most important structure for
conducting polyaniline, because proton-acid doping of the EB structure (Fig. 2.4)
turns it into conducting PAn.

2.1.1 Electronic Structure of Intrinsic Conjugated Polymers

Conjugated polymers possess delocalized m-electron structures, including the band
structure of m-valence band and m*-conduction band. In the basic state of the
intrinsic conjugated polymers, all the valence bands are filled by electrons and the
conduction bands are all empty. The difference between the top of the valence band
(the highest occupied molecular orbital, HOMO) and the bottom of the conduction
band (the lowest unoccupied molecular orbital, LUMO) is called the bandgap (E,)
of the conjugated polymers. The E, values of most conjugated polymers are in the
range 1.5-3.0 eV. Therefore, the intrinsic conjugated polymers are organic
semiconductors.

The E, values of conjugated polymers can be measured by absorption spec-
troscopy of the conjugated polymer films. From the absorption edge wavelength
(Aeage) Of the absorption spectra, E, can be calculated according to the following
equation:

1240

E, y
ledge

(eV)

where the unit of Acqge is M.
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HOMO and LUMO energy levels of conjugated polymers can be estimated from
onset oxidation and onset reduction potentials measured by electrochemical cyclic
voltammetry [5]. The detailed measurement method is described in Sect. 2.6.4. The
difference between the HOMO and LUMO energy levels of the conjugated poly-
mers also corresponds to E, values.

When the conjugated polymers were used as electroluminescent materials in
PLEDs, the bandgap E, of the conjugated polymer determines the emitted color of
the PLEDs, and the HOMO and LUMO energy levels of the polymer influence the
holes and electrons injection efficiency in the devices. Chapter 5 gives a more
detailed discussion of the electroluminescent characteristics of conjugated poly-
mers. For the use of conjugated polymers as donor materials in the active layer of
PSCs, the E, value of the conjugated polymer determines the absorption wave-
length range of the devices, and the HOMO and LUMO energy levels influence the
exciton dissociation efficiency at the donor/acceptor interface and the open circuit
voltage of the PSCs. Therefore, it is very important to understand the effect of the
molecular structure on the energy bandgap and electronic energy levels of the
conjugated polymers.

The factors influencing the electronic structure and E, values of the conjugated
polymers are as follows:

1. For the degenerate trans-polyacetylene, E, values decrease on decreasing the
difference between the alternating single bond length and double bond length.

2. For the conjugated polymers formed by connecting the aromatic rings with
single bonds, such as polypyrrole, polythiophene, and poly(p-phenylene), the
deviation of the conjugated main chain from planar structure between the two
neighboring aromatic rings will result in the increase of the E, values. The larger
the angle between the two neighboring aromatic rings in the main chain of the
conjugated polymer, the smaller the overlap between the two molecular orbitals
of the conjugated ring units and the higher the E, values of the conjugated
polymer.

3. The nature of the substituents on the main chain also influences the electronic
structure of the conjugated polymers. The electron-donating substituents up-
shift the LUMO and HOMO energy levels and reduce the E, of the conjugated
polymers (the up-shift of the HOMO is more than that of the LUMO). The
electron-withdrawing substituents down-shift the LUMO and HOMO energy
levels and also reduce the E, of the conjugated polymers (the down-shift of the
LUMO is more than that of the HOMO).

4. Copolymerization of conjugated electron-donating (D) unit and electron-
accepting (A) unit results in lower bandgap conjugated D-A copolymers, and the
HOMO and LUMO energy levels can be tuned by selecting suitable donor and
acceptor units in the copolymers. The absorption spectra of the D-A copolymers
are broadened and red-shifted because of the intramolecular charge transfer
between the donor and acceptor units.

5. The existence of quinone structure in the polymer main chain can decrease the
E, values of the conjugated polymers.
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6. The aggregation of the polymer main chains in the solid state also influences the
E, and electronic energy levels of the conjugated polymers. The strong inter-
molecular interaction in the planar main chain decreases the E, of the conju-
gated polymers.

2.1.2 Doping Structures of Conducting Polymers

The distinguished characteristic of conducting polymers is the p-doped and n-doped
states of the conjugated polymer main chains. In the p-doped state, the main chain
of the conducting polymer is oxidized with counteranion doping for keeping the
electron neutrality of the whole molecule. There are holes in the main chains (lost
electrons) which make the conducting polymer p-type conducting. In the n-doped
state, the main chain of the conducting polymer is reduced with countercation
doping for keeping the electron neutrality of the whole molecule. There are elec-
trons in the main chains which make the conducting polymer n-type conductive.

Figure 2.3 shows the p-doped structure of conducting PPy. The positive charge
is delocalized on the PPy main chain. A" represents counteranions such as NO;
ClO,4, CI', TsO™.

The number of counteranions per monomer unit of the conducting polymer (or
the concentration of the charge carrier in the conjugated main chain of the con-
ducting polymer) is called doping degree of the conducting polymer. The maximum
doping degree is related to the main chain structure of the conducting polymers. For
example, the doping degree for polyacetylene is usually 0.1-0.2, it is 0.25-0.35 for
polypyrrole, 0.4—0.5 for polyaniline, and ca. 0.3-0.4 for polythiophene. For the p-
doped polypyrrole, the doping degree of 0.25-0.35 implies that the conjugated
chain including 3—4 pyrrole units can be doped with 1 counteranion (or there is a
hole within the polypyrrole main chain containing 3—4 pyrrole units), as shown in
Fig. 2.3.

The doping processes of conducting polyaniline are related to its structures of
conjugated polyaniline. For leucoemeraldine (PAn-I), the doping process is similar
to polypyrrole, i.e., it can be p-doped by oxidation. The EB, PAn-II can be doped
by protonation, as shown in Fig. 2.4. In the protonation process of the PAn-II, the
positive charge on the proton delocalizes on the whole conjugated main chain of
polyaniline, becoming the positive charge carrier (hole) of the conducting
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Fig. 2.3 p-Doped structure of conducting PPy
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Fig. 2.4 Proton-acid doping of emeraldine base polyaniline (EB) and its proton acid doping
structure

polyaniline. At the same time, the anion of the proton acid becomes the counter-
anion of the conducting polyaniline.

It should be mentioned that the nature of the doping in conducting polymers is
different from that of the doping in inorganic semiconductors. In inorganic semi-
conductors with crystalline structures, doping is realized by replacing some bulk
atoms (such as Si) with outer shell electrons one more or one less than Si to achieve
n-doping or p-doping. The doping concentration is very low. Although the doping
of conjugated polymers with amorphous structure needs charge injection by oxi-
dation or reduction of its conjugated main chain, counterions doping is required for
keeping the charge neutrality. The doping degree is much higher in conducting
polymers where the charge carrier concentration reaches 10?!/cm?, which is several
orders higher than that of the inorganic semiconductors. In addition, the doping in
conducting polymers also results in volume expansion and morphology changes
because of the counteranion doping.

2.1.3 Charge Carriers in Conducting Polymers

Novel structures lead to novel charge carriers in conducting polymers. For trans-
polyacetylene with the degenerate basic state, the charge carriers are solitons and
polarons. However, for the basic state nondegenerate cis-polyacetylene, polypyr-
role, polythiophene, polyaniline, etc. the charge carriers are polarons and bipolarons
[6]. The soliton (S) is an unpaired m-electron resembling the charge on free radicals,
which can be delocalized on a long conjugated polymer main chain (trans-poly-
acetylene main chain). The neutral soliton can be oxidized to lose an electron and
form a positive soliton, or it can be reduced to gain an electron and become a
negative soliton. The soliton possesses a spin of 1/2, whereas there is no spin for the
positive and negative solitons. The electronic energy level of the soliton is located
at the middle of the bandgap of the trans-polyacetylene. There is no electron or
there are a couple of electrons on the soliton energy levels for the positive soliton
and negative soliton, respectively.
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Polarons are the major charge-carriers in conducting polymers including basic
state degenerate trans-polyacetylene and the basic state non-degenerate conjugated
polymers. The positive polaron with positive charge and the negative polaron with
negative charge are denoted as P* and P~ respectively. P* is formed after oxidation
of the conjugated polymer main chain and P is formed after reduction of the
conjugated polymer main chain. The appearance of the polarons produces two new
polaron energy levels in the bandgap of the conjugated polymers. P* and P~
possess spin of 1/2.

The bipolaron is the charge carrier that possesses double charges by coupling of
two P* or two P~ on a conjugated polymer main chain. The bipolaron has no spin,
and it can be formed when the concentration of polarons are high in the conjugated
polymer main chains. The positive bipolaron and negative bipolaron correspond to
the hole pair or the electron pair.

2.2 Doping Characteristics

As mentioned above, the doping of conducting polymers is natively different from
that in inorganic semiconductors. Doping of conducting polymers can be realized
chemically or electrochemically by oxidation or reduction of the conjugated
polymers.

2.2.1 Chemical Doping

Conducting polyacetylene was discovered by chemical doping [1, 2]. The chemical
doping includes p-type doping and n-type doping.

p-Doping is also called oxidation doping, which refers to the oxidation process
of the conjugated polymer main chain to form polarons. The oxidants I, Br,, AsFs,
etc. can be used as p-dopants. After p-doping, the conjugated polymer is oxidized
and loses electron to form p-doped conjugated polymer chain, and the dopant gains
an electron to become the counteranion. The following reaction is an example of the
p-doping process:

CP+ (3/2)l, — CP™(I3) (2.1)

where CP denotes conducting polymers.

n-Doping is also called reduction doping, which refers to the reduction process
of the conjugated polymer main chain to form negative charge carriers. Some strong
reductants, such as alkali metal vapor, Na*(C;oHg), etc., can be used as n-type
dopants. After n-doping, the conjugated polymer is reduced and gains electrons to
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form an n-doped conjugated polymer main chain, whereas the dopant losses an
electron to become the countercation. The following reaction is an example of the
n-doping process:

CP + 1\18.+ (C10H8>_—> CpP~ (Na*) + CIOHS (22)

Proton acid doping of polyaniline (see Fig. 2.4) is one kind of chemical doping.

2.2.2 Electrochemical Doping

Electrochemical doping is realized by electrochemical oxidation or reduction of the
conjugated polymers on an electrode.

For electrochemical p-doping, the conjugated polymer main chain is oxidized to
lose an electron (gain a hole) accompanying the doping of counteranions from
electrolyte solution:

CP—e¢ +A =CP'(A) (2.3)

where A~ denotes the solution anion, CP*(A") represents the conducting polymer
with the main chain oxidized and counteranion doped.

For electrochemical n-doping, the conjugated polymer main chain is reduced to
gain an electron accompanying the doping of countercations from electrolyte
solution:

CP+e +M*t = CP~(M") (2.4)

2.3 Conductivity Characteristics

Conductivity is the most important property of conducting polymers. The con-
ductivity of common doped conducting polymers is in the range of 10 °~10% S/cm,
whereas that of the intrinsic conjugated polymers without doping is in the range of
107°-107° S/cm. After doping, conductivity of conjugated polymers increases by
six to ninefold. The highest conductivity reported in the literature is 10> S/cm for
drawing-extended ordering conducting polyacetylene film [7].

Conducting polymers usually have an amorphous structure, in some cases with
ordered domains. The charge-transporting mechanism in conducting polymers is
different from that in the crystalline conducting materials where there exist con-
duction bands and valence bands and the charge carriers can move freely in the
energy bands. In conducting polymers the charge carriers are located in the local
doping energy levels (limited length of conjugated polymer chain) or in a very
narrow doping energy band in the case of ordered domains. The charge carriers can
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move easily on the conjugated polymer main chain, but the charges have to hop for
the transportation between the conjugated polymer chains. The activation energy
for the hopping of the charge carriers is much higher than that of the charge
transportation within the conjugated polymer main chains. Obviously, the charge
transportation in conducting polymers is limited by the hopping between the con-
jugated polymer chains. Therefore, the conductivity of conducting polymers shows
characteristics of hopping transportation.

The conductivity of conducting polymers shows a temperature dependence
similar to that of semiconductors, and it obeys the Mott Variable Range Hopping
(VRH) model:

o(T) = ooexp[—(To/T)" "] (2.5)

where o is a factor weakly related to temperature, n is the dimension number,
n =1, 2, 3 indicate that it is one-dimension, two—dimension, and three-dimension
VRH transportation. For the common three dimension system, the conductivity
equation is [8]

o(T) = oexp[— (13¢/1)" (2.6)
where
T3 = ¢/ [ksN(Er)L’] (2.7)

In (2.7), c is a constant, kg is the Boltzmann constant, L is the localization length
(effective conjugated chain length), and N(Ef) is the state density at the Fermi
energy level.

The conductivity of conducting polymers is closely related to the doping degree
and the degree of ordering of the polymer main chain in the solid film. The doping
degree relates to the charge carrier concentration on the conjugated polymer main
chain. In the low doping degree region (far lower than the saturated doping degree),
the conductivity of the conjugated polymers increases linearly with increasing the
doping degree of the conjugated polymers.

2.4 Absorption Spectra

Intrinsic conjugated polymers and doped conducting polymers can be distinguished
by absorption spectra. There is a strong absorption peak in the near-infrared (NIR)
region for doped conducting polymers, caused by the existence of the polaron and
bipolaron energy levels within the bandgap of the conjugated polymers. The NIR
absorption disappears after dedoping for the intrinsic conjugated polymers.
Figure 2.5 shows the absorption spectra of doped and dedoped polypyrrole films,
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which represents the typical characteristic absorption spectra of the doped con-
ducting polymer and the dedoped intrinsic conjugated polymer. There is an
absorption peak at ca. 400 nm for the dedoped intrinsic polypyrrole film, which
corresponds to the m-m* transition absorption of the conjugated polypyrrole main
chain. After doping, a strong and broad absorption peak appears in the NIR region
from 700 nm to ca. 2,000 nm, which corresponds to the polaron and bipolaron
energy levels.

The absorption spectra of doped and intrinsic polyaniline are more complicated
in comparison with those of polypyrrole because of the three structure change of
polyaniline. Figure 2.6 shows the absorption spectra of polyaniline in different
doping states. The absorption spectrum of doped (proton-acid doping or electro-
chemical doping) conducting polyaniline is similar to that of the doped conducting
polypyrrole: there is a strong and broad absorption peak in the NIR region (peaked
at ca. 950 nm) which corresponds to the polaron and bipolaron absorption, and an
absorption peak at ca. 320 nm corresponding to the n-n* transition absorption of the
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conjugated polyaniline main chain. With the reduction (dedoping) of the con-
ducting polyaniline, the NIR absorption is weakened and finally disappears when it
is reduced to its intrinsic conjugated state. Conducting polyaniline can be proton-
acid dedoped to become a pernigraniline (PAn-III) which shows an absorption
spectra with two strong absorption peaks at ca. 320 and 630 nm, respectively. The
absorption peak at ca. 320 nm corresponds to the n-m* absorption of the conjugated
polyaniline main chain, whereas the absorption peak at ca. 630 nm can be ascribed
to the electron transition between the HOMO of the benzo-structure and the LUMO
of the quinone-structure of PAn-IIL

Figure 2.7 shows the absorption spectra of several representative intrinsic con-
jugated polymers including polyfluorene (PFO), MEH-PPV, poly(3-hexylthioph-
ene) (P3HT), and poly(3-hexylthienylene-vinylene) (P3HTV). All the spectra
correspond to the m-m* absorption of the conjugated polymer main chains. The
bandgap (E,) of the conjugated polymers can be calculated from its absorption
edge. It can be seen from Fig. 2.7 that the absorption edges of PFO, MEH-PPV,
P3HT, and P3HTV are 443, 568, 669, and 749 nm, respectively. From the
absorption edge wavelength, the bandgaps of PFO, MEH-PPV, P3HT, and P3HTV
can be calculated to be 2.8, 2.18, 1.85, and 1.66 eV, respectively. The results
indicate that inserting a carbon—carbon double bond between the benzene or thio-
phene rings in the polymer main chain can reduce the bandgap and red-shift the
absorption spectra of the conjugated polymers significantly.

The characteristics of the absorption spectra of conjugated polymers play a
crucial role in the applications of PSCs. Broad and strong absorption in the visible
and NIR regions is pursued for the high performance polymer photovoltaic mate-
rials to harvest solar light efficiently.

Fig. 2.7 Absorption spectra ——PFO
of the intrinsic PFO, MEH- L —e— MEH-PPV
PPV, P3HT, and P3HTV
films
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2.5 Solubility

Conducting polymers are usually insoluble and infusible because of their rigid
conjugated main chain, which limits their application. There are several strategies to
solve the problems as discussed in the following. In 1992, Cao et al. [9] from
UNIAX company prepared soluble conducting polyaniline (by counteranion
induced solubility) and solved the difficulty of processing of conducting polymers,
which paved the way for large-scale application of conducting polymers.

2.5.1 Effect of Substituents on Solubility
of Conjugated Polymers

Conjugated polymers without substituents are all insoluble. Attaching appropriate
flexible side chains (substituents) can make the conjugated polymers soluble in
organic solvents. For example, polythiophene without substituents is insoluble in
any solvent, whereas the hexyl-substituted polythiophene derivative P3HT is sol-
uble in organic solvents such as toluene, chlorobenzene, dichlorobenzene, etc. In
addition, for application as electroluminescent polymers or photovoltaic polymers,
the side chains can also tune the bandgap and electronic energy levels (HOMO and
LUMO energy levels) of the conjugated polymers. The bandgap determines the
color of the PLEDs with the conjugated polymer as active layer, and it influences
the photovoltaic properties of the conjugated polymers in PSCs. The HOMO and
LUMO energy levels are very important for improving the optoelectronic perfor-
mance of conjugated polymers.

Bredas et al. [10] studied the effect of electron-donating or electron-accepting
ability of the substituents on the electronic energy levels of PPV derivatives by
quantum chemistry calculation with the VEH method. They calculated the energy
bandgap (E), ionization potential (IP) (which corresponds to the HOMO energy
level with IP = —HOMO), and electron affinity (EA) (which corresponds to the
LUMO energy level with EA = —LUMO) of the PPV derivatives. The calculation
results are listed in Table 2.1. The E, values calculated are in good agreement with
those obtained from the absorption edges of their absorption spectra, indicating that
the theoretical calculation results are quite reliable. It can be seen from Table 2.1
that IP and EA values of the PPV derivatives substituted by electron-donating
alkoxy groups decreased in comparison with those of PPV without substituents,
with more decrease of IP than EA. IP and EA values of the PPV derivatives
substituted by electron-withdrawing cyano groups increased in comparison with
those of PPV without substituents, with more increase of EA than IP. Irrespective of
the electron-donating or electron-withdrawing substitution, the E, values of the
PPV derivatives are reduced to some extent.
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Table 2.1 Electronic PPV and its derivatives | EeV  |IP/eV | EA/eV
properties of PPV and its
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2.5.2 Effect of Substitution on the Conductivity
of Conducting Polymers

Actually, for doped conducting polymers, substitution by flexible side chains is not
a good method for solving their solubility, because it usually results in a conduc-
tivity decrease in the conducting polymers. For example, the conducting polypyr-
role with a long alkyl substituent on the 3- or 4-position or the N-position of its
pyrrole ring is soluble in organic solvents, but conductivity of the conducting
polypyrrole is decreased significantly to ca. 0.001 S/cm. The reason for the con-
ductivity decrease is that introducing a substituent on the conducting polymer main
chain results in distortion of the conjugated main chain, thereby decreasing the
conjugation degree and the conductivity of the conducting polymers.

The best way to make conducting polymers soluble is the counteranion induced
method proposed by Yong Cao et al. [9]—using proton acid and acid containing
anions with flexible side chain [such as dodecyl-benzene sulfonic acid (DBSA)] to
make the doped polyaniline soluble. This is the most successful method, and
polyaniline film prepared from conducting polyaniline solution possesses high
conductivity. Yong Cao et al. prepared conducting polyaniline film from polyani-
line solution, and the conductivity of the conducting polyaniline film reached 10> S/
cm [9], which is higher than that of conducting polyaniline films prepared by
electrochemical polymerization or other methods.
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2.6 Electrochemical Properties

Electrochemical doping/dedoping property is one of the most important properties
of conducting polymers, because many applications of conducting polymers,
including electrode materials for batteries, electrochromic materials, modified
electrodes, and enzyme electrodes, etc., are based on the electrochemical properties.
Studies on the electrochemical properties of conducting polymers are mainly
focused on the electrochemical redox potentials, reversibility, and reaction mech-
anism of the doping/dedoping processes.

Electrochemical studies of conducting polymers are commonly carried out for
the conducting polymer films on the working electrode. The electrochemical redox
processes of conducting (or conjugated) polymers are quite complicated in com-
parison with common organic and inorganic molecules. Electrochemical oxidation
of conjugated polymers is accompanied by the intercalation (or doping) of count-
eranions from electrolyte solution, so that the oxidation process of the conjugated
polymers is often called oxidation doping (or p-doping). The electrochemical
reduction of conjugated polymers is accompanied by the intercalation (or doping)
of countercations from electrolyte solution, so the reduction process of the conju-
gated polymers is often called reduction doping (or n-doping). In addition to the
common electron transfer on the electrode/electrolyte interface, there are both
diffusion of counterions in the conjugated polymer films and expansion of the
conjugated polymer films because of the intercalation of the counterions.

2.6.1 Electrochemical Properties of Conducting Polypyrrole

Polypyrrole (PPy) is a typical p-type conjugated polymer with a very low oxidation
potential in the range of ca.—0.6 to 0.3 V versus SCE, which makes the p-doped
conducting PPy stable, and the neutral PPy is very easily oxidized into its p-doped
state. The electrochemical properties of conducting PPy are therefore usually
inferred from the reduction (dedoping)/re-oxidation (doping) of the p-doped PPy.
Generally, the electrochemical reaction of conducting PPy can be expressed as
follows:

PPy" (A7) +e =PPy’ + A~ (2.8)

where PPy*(A™) denotes the oxidation-doped conducting PPy doped with count-
eranion A~ (p-doped PPy), PPy denotes the neutral (intrinsic) PPy.

The electrochemical reduction/re-oxidation (dedoping/doping) processes of
conducting PPy (p-doped PPy) in aqueous solution are closely related to count-
eranions of the electrolyte and the pH values of the aqueous solution. Figure 2.8
shows cyclic voltammograms of nitrate-doped conducting PPy film in neutral and
weakly acidic NaNO; aqueous solutions [11]. In weak acidic pH 3 solution, there are
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Fig. 2.8 Electrochemical cyclic voltammograms of PPy(NO; ) in 0.5 mol/L NaNOj; aqueous
solution at potential scan rate of 20 mV/s: a neutral (pH 7) aqueous solution; b acidic (pH 3)
aqueous solution

a couple of reversible reduction/re-oxidation peaks in the potential range of 0.3 to
—0.8 V versus SCE (Fig. 2.8b). The reaction processes can be expressed as that in
reaction (2.8). In neutral (pH 7) aqueous solution there are two reduction peaks in the
potential range of 0.3 to —0.8 V versus SCE (Fig. 2.8a), which corresponds to the
two doping structures (oxidation doping structure and proton-acid doping structure)
of conducting PPy [12]. Actually, the electrochemical reduction of conducting PPy
in acidic solutions also involves two reduction processes, the two reduction peaks in
the acidic solutions being mixed together to show a broad reduction peak in the
cyclic voltammogram. The in situ absorption spectra at different reduction potentials
of conducting PPy in a pH 3 NaNOj; aqueous solution clearly indicate the two
reduction processes in the potential ranges of 0.3 to —0.3 V and —0.3 to —0.8 V
versus SCE [11]. For the re-oxidation of the reduced PPy (neutral PPy), it is
reversible if the upper-limited potential is lower than 0.3 V versus SCE. However, if
the oxidation potential is higher than 0.5 V versus SCE, some overoxidation of the p-
doped PPy takes place. The potential value where the overoxidation starts to occur is
closely related to the pH value of the aqueous electrolyte solution—the higher the
pH value, the lower the potential [13]. That is, PPy is more easily overoxidized in an
alkaline aqueous solution than in an acidic solution.

The electrochemical reduction and re-oxidation processes of conducting PPy are
closely related to the nature of the counteranions in the polymer films and the
anions in the electrolyte solutions [14]. When the anions are small and spherically
shaped such as NO5; and CI etc., the reversible reduction/re-oxidation peaks can
be observed in the cyclic voltammograms of the conducting PPy, as mentioned
above. However, if the counteranions in the polymer film are large surfactant anions
such as TsO , the reduction peak appears at a much lower potential because of the
difficulty of dedoping the large counteranions, and the solution cations dope into the
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conducting PPy instead of the anions dedoping [11]. The reaction mechanism of the
conducting PPy film with large counteranions such as TsO can be expressed as
follows:

PPy (A7) +e  + M" = PPy’(MTA™) (2.9)

On the other hand, if the cyclic voltammetry is performed in an aqueous solution
containing the electrolyte salt with large anions such as TsO", the first reduction of
PPy(NO;") is the dedoping of NO3™ counteranions, but the re-oxidation process is
irreversible because of the difficulty of TsO  doping [14]. In a weak alkaline
aqueous solution, the original counteranions in the conducting polypyrrole are
exchanged with strong nucleophilic OH  anions [15]. Then the reduction and re-
oxidation of the PPy film are accompanied with the dedoping and redoping of OH
[15, 16]. In a strongly alkaline aqueous solution, the doping structure of conducting
PPy is unstable and the conjugated polymer chain of PPy can be degraded and
destroyed, which results in the loss of conductivity and electrochemical properties
of PPy [13].

For the PPy film prepared from an organic electrolyte, an abnormal cyclic
voltammogram of the PPy film can be observed in an organic electrolyte solution.
There is a high overpotential for the first reduction process of the PPy, and no
reduction current until —0.6 V versus SCE, as shown in Fig. 2.9. The reoxidation
and the redox processes from the second cycle resumes to normal cyclic voltam-
mograms of PPy in weakly acidic aqueous solutions [17]. This phenomenon can be
explained as follows. The diffusion coefficient of the counteranions during the first
reduction of PPy in organic electrolyte solution is very small and the solvation
energy of the counteranions with organic solvent molecules is also very small, so it
is very difficult for the counteranions to dedope from PPy into the organic solution.
Then the solvated cations with organic solvent molecules dope into PPy when the
potential reaches a very low value (negative potential), which increases the diffu-
sion coefficient of the counteranions in PPy and makes the following redox reaction
reversible [17].
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2.6.2 Electrochemical Properties of Conducting Polyaniline

Polyaniline (PAn) is another important and well studied conducting polymer. There
are many potential applications (such as electrode materials for batteries and sup-
ercapacitors, anti-corrosion materials, modified electrodes and biosensors, etc.) for
PAn based on its electrochemical properties. Therefore, understanding the elec-
trochemical properties is of great importance for the applications of PAn.

The most important characteristic of PAn, in comparison with other conducting
polymers such as PPy, etc., is its proton-acid doping. The proton-acid doping benefits
the preparation of conducting PAn solutions by counteranions induced proton-acid
doping [9], but it also makes the doped PAn unstable in basic and neutral aqueous
solutions. The doped PAn is easily dedoped by removing proton-acid in the basic and
neutral solutions. PAn becomes an insulator and loses its electrochemical activity
after the dedoping. Therefore, the doped PAn is stable only in acidic solutions and the
electrochemical properties of PAn are mainly studied in acidic electrolyte solution.

There are two reversible redox processes for PAn in an acidic aqueous solution
in the potential range of —0.5 to 0.7 V versus SCE. Figure 2.10 shows cyclic
voltammograms of polyaniline doped with NO3 ™ counteranions (PAn(NOj3 ")) in an
acidic (pH 1.5) 1 mol/L NaNO; aqueous solution [18]. Based on the in situ
absorption spectra at different redox potentials, the redox processes in the potential
range of 0.3 to —0.5 V versus SCE are similar to that for PPy in acidic solution [see
reaction (2.8)], the reduction peak and reoxidation peak corresponding to the
dedoping and redoping of conducting polyaniline. From 0.3 to 0.7 V versus SCE,
there is another unique redox processes for PAn; the doped PAn is further oxidized
into the completely oxidized polyaniline pernigraniline (PAn-III) (see Fig. 2.2)
which loses conductivity. In addition, weak redox peaks often appear in the
potential range of 0.3-0.5 V versus SCE, as shown in Fig. 2.10. These weak middle
redox peaks are related to an overoxidation structure of PAn. If the electropoly-
merization potential during the preparation of PAn is higher than 0.8 V, or the
upper-limit potential during cyclic voltammetry is higher than 0.8 V versus SCE,
the middle redox peaks appear in the cyclic voltammograms [19].

2.6.3 Electrochemical Properties of Polythiophene
and Other Conjugated Polymers

In comparison with polypyrrole and polyaniline, polythiophene (PTh) possesses a
narrower bandgap and a higher oxidation doping potential, which indicates that
polythiophene can be both p-doped by oxidation and n-doped by reduction. The
higher oxidation doping potential results in lower stability of the p-doped con-
ducting polythiophene in comparison with conducting polypyrrole and polyaniline
[20]. Nevertheless, it makes the neutral polythiophene stable which guarantees the
optoelectronic applications of polythiophene as semiconducting polymers.
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Fig. 2.10 Cyclic
voltammograms of PAn
(NO3") in pH 1.5, 1 mol/
L NaNOj; aqueous solution
with a potential scan rate of
40 mV/s
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Organic solutions are used in the measurement of the electrochemical properties
of polythiophene, because of the high oxidation potential for p-doping and lower
reduction potential for n-doping of polythiophene. Figure 2.11 shows the cyclic
voltammogram of poly(3-hexylthiophene) (P3HT) in 0.1 mol/L BuyNPFg aceto-
nitrile solution. It can be seen that there are a couple of redox peaks in the higher
potential range (0-0.6 V vs. Ag/Ag") corresponding to the p-doping/dedoping of
polythiophene, and a couple of redox peaks in the negative potential range (—1.8 to
—2.6 V vs. Ag/Ag*) corresponding to the n-doping/dedoping of polythiophene.

For other semiconducting conjugated polymers used in optoelectronic devices,
such as PLEDs or PSCs, their electrochemical properties are similar to those of
polythiophene mentioned above. Usually, there are a couple of redox peaks in a

Fig. 2.11 Cyclic 0.8
voltammogram of poly(3-
hexylthiophene) (P3HT) in 06 -
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higher positive potential range and a couple of redox peaks in the negative lower
potential range, the only difference being their different onset oxidation/reduction
potentials or their redox peak potentials in their cyclic voltammograms.

2.6.4 Electrochemical Measurement of HOMO and LUMO
Energy Levels of Conjugated Polymers

As mentioned above, in the cyclic voltammograms of polythiophene and other
optoelectronic conjugated polymers, there are a couple of redox peaks in the higher
potential range corresponding to their p-doping/dedoping and a couple of redox
peaks in the lower (negative) potential range corresponding to their n-doping/
dedoping (see Fig. 2.11). Actually, the onset p-doping (oxidation) potential cor-
responds to the HOMO energy level and the onset n-doping (reduction) potential
corresponds to the LUMO energy level of the conjugated polymers. Therefore,
cyclic voltammetry has commonly been used to measure the HOMO and LUMO
energy levels of the conjugated polymers [5, 21, 22]. The HOMO and LUMO
energy levels of the conjugated polymers can be calculated from the following
equations:

HOMO = —¢ (Eoy + C)(eV); LUMO = —e (Epq + C)(eV)

where E,, and E,.q denote the onset oxidation and onset reduction potentials with
the unit of V respectively, and C is a constant related to the reference electrode (RE)
used in the measurement of onset redox potentials. C usually takes the value of 4.4
for the RE of SCE, 4.8 for the RE of Fc/Fc* (Fc denotes ferrocene), and 4.71 for the
RE of Ag/Ag™ [21, 22]. If silver wire was used as the RE, C could be 4.39 [5] (it
should be calibrated with the ferrocene).

2.7 Optoelectronic Properties of Conjugated Polymers

Since the discovery of PLEDs by Friend et al. in 1990, [3] the optoelectronic
properties of conjugated polymers have drawn great attention. There are detailed
descriptions for the optoelectronic properties and their applications in PLEDs,
PSCs, and organic field effect transistors for various conjugated polymers and
conjugated organic molecules in Chaps. 3, 5, and 7 in this book.


http://dx.doi.org/10.1007/978-3-319-16862-3_3
http://dx.doi.org/10.1007/978-3-319-16862-3_5
http://dx.doi.org/10.1007/978-3-319-16862-3_7
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2.8 Synthesis of Conducting Polymers

Conducting polymers can be prepared by chemical or electrochemical oxidation
polymerization or by chemical catalytic synthesis.

2.8.1 Electrochemical Oxidation Polymerization
of Conducting Polymers

The electrochemical preparation of conducting polymers is usually carried out
through oxidative polymerization of their corresponding monomers by constant
current, constant potential, or cyclic voltammetry in a potential range. The elec-
tropolymerization is performed in an electrolyte solution which contains solvent,
electrolyte salt, and the monomer. There are many factors influencing the elec-
tropolymerization processes, such as solvents, supporting electrolyte salts, con-
centration of the monomers, and pH value of the electrolyte solutions, as well as
polymerization potential, current, temperature, etc. Among these factors, the
polymerization potential of the monomers is the most important. Table 2.2 lists the
oxidation polymerization potentials of the most important monomers pyrrole, ani-
line, and thiophene. The lower oxidation polymerization potentials of pyrrole and
aniline make the electropolymerization of polypyrrole and polyaniline easier, and it
can be performed in aqueous solutions.

2.8.1.1 Electrochemical Preparation of Conducting Polypyrrole

Polypyrrole (PPy) is one of the most stable and environmentally-friendly conducting
polymers. In 1979, Diaz et al. [23] first reported the preparation of a PPy film with
conductivity (o) of ca. 100 S/cm by electrochemical polymerization on Pt electrode
in acetonitrile solution. Pyrrole can be electropolymerized both in organic and in
aqueous solutions benefitting from its lower polymerization potential. Of course,
aqueous solutions are the first selection for the preparation of conducting PPy.
The anions of the salts in the aqueous solutions influence conductivity of the as-
prepared PPy films by electrochemical polymerization [24]. Flexible PPy films with

Table 2.2 Oxidative polymerization potential of monomers and conductivity of the as-prepared
conducting polymers [39]

Monomer Polymerization potential Conductivity of the as-prepared
(V vs. SCE) polymers (S/cm)

Pyrrole 0.7 30-100

Aniline 0.8 1-20

Thiophene 1.6 10-100
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6 higher than 100 S/cm can be produced with the surfactant anions such as tosylate,
benzene sulfonate, etc. Warrant et al. found that the acidity of the anions plays an
important role in the conductivity of PPy films, the stronger the conjugated acids of
the anions the higher the conductivity of the PPy films prepared from the anion-
containing solution [25]. The concentration of the electrolyte anions also plays an
important role. The concentration of the anions should be no lower than 0.1 M; too
low an anion concentration leads to poor PPy films. The concentration of pyrrole
monomer is usually 0.1 M.

The effect of solvent on the electropolymerization depends on the donor number
(DN) of the solvent [26]. The low DN solvents, such as acidic water, propylene
carbonate (PC), and CH;3NO,, are very important for getting high conductivity of
the as-prepared PPy films. The solvent effect can be explained from the cation
radical coupling mechanism of the electropolymerization. High DN value of the
solvent means high nucleophilicity or strong basicity. The solvent molecules with
high DN value attack the cation radical formed by oxidation of pyrrole, which
hampers the electropolymerization [26]. Water is a special solvent with changeable
acidity by changing pH values. The optimum pH value of the aqueous solutions for
pyrrole electropolymerization is between pH 2 and pH 5.5 [27].

The quality of the conducting PPy films can be improved by using a small
amount of additive in the electrolyte solutions for the electropolymerization. By
adding surfactant additives in the electrolyte solution, the smoothness, mechanical
property, and conductivity of the as-prepared PPy films improves significantly [28,
29]. By using nonionic surfactant nonylphenol polyethyleneoxy (10) as an additive
in the TsONa aqueous solution, the tensile strength of the PPy film produced from
the solution reached 127 MPa, which is five times higher than that of the PPy film
prepared without the surfactant additive [28].

As mentioned above, the electropolymerization can be performed with a
potential-controlled method (constant potential or cyclic voltammetry) or a current-
controlled method (constant current). In the potential-controlled method, the
potential should be controlled no higher than 0.75 V versus SCE (usually at 0.65—
0.70 V vs. SCE) for the electropolymerization of PPy. For the electropolymeriza-
tion with constant current, Maddison et al. [30]. studied the effect of current and
found that the PPy film with highest conductivity was obtained at 2.8 mA/cm?.
Good PPy films can usually be obtained at the current density of 1-2 mA/cm?>.

Temperature is another factor that influences electropolymerization. High quality
PPy films can usually be obtained at lower temperatures (lower than 20 °C). At higher
temperature, defect structures of PPy are easily formed, which results in lower
conductivity.

For the mechanism of the electrochemical oxidation polymerization of PPy,
Genies et al. [31] proposed a cation-radical polymerization in 1983. According to
this mechanism, after applying the oxidation polymerization potential, pyrrole
monomers are first oxidized into cation radicals on the anode, then two cation-
radicals couple together to form a dimer with losing two protons. The dimer is
oxidized into its cation radical more easily than monomer because of its lower
oxidation potential. The cation radical of the dimer couples with other cation
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radicals to make a trimer or longer chain of polymer, and so on. The PPy films
produced by electropolymerization should be in its p-doping (oxidized) state,
because the p-doping potential of the polymer is much lower than the oxidation
potential of the monomers. The cation radical mechanism can successfully explain
the effect of solvent and solution anions on the electropolymerization. However, it
fails to explain the effect of pH values of the electrolyte solutions. Qian et al. [32]
modified the cation radical mechanism and proposed a pre-protonation cation-
radical polymerization mechanism to elucidate the pH value effect on the elec-
tropolymerization. They think pyrrole monomer is first protonated on its 3-carbon,
which benefits the formation of the pyrrole cation radical. Then the polymerization
follows the cation-radical mechanism.

The cation-radical mechanism and the modified mechanism with pre-protonation
doesn’t consider the effect of solution anions on the electropolymerization. Actually,
the concentration and nature of the solution anions influence the oxidative poly-
merization rate and the quality of the as-prepared PPy films significantly. Therefore,
the solution anions should take part in the electropolymerization processes. In
addition, the coupling process of two cation-radicals in the cation-radical mechanism
is unreasonable because the two cation radicals with positive charge should expel
each other when one approaches to another for coupling. Based on this consideration,
Li proposed an anion-participated cation-radical polymerization mechanism [33].
This mechanism proposes that pyrrole monomers and solution anions competitively
adsorb on the anode under the oxidation polymerization potentials, and the cation-
radicals formed on the anode should combine with solution anions to form neutral
cation-anion pairs. Then the cation radical-anion pairs couple together to form a
dimer with losing two anions and two protons. The experimental results of compe-
tition doping of two kinds of anions into PPy during pyrrole polymerization support
the anion-participated mechanism [34].

2.8.1.2 Electrochemical Preparation of Polyaniline

Polyaniline (PAn) can be prepared electrochemically in a strongly acidic aqueous
solution at ca. 0.8 V versus SCE. However, the PAn product prepared by elec-
trochemical polymerization is powder attached to the electrode, which cannot form
flexible films as do electropolymerized PPy and polythiophene (PTh). Therefore,
the electrochemical preparation of PAn is mainly for deposition of a PAn modified
electrode for electrochemical studies and for some applications in electrocatalysis,
sensors, and electrode materials in lithium batteries.

Common electrolyte solution for the electrochemical preparation of PAn is 0.1 M
aniline in 1 M H,SO,4, HCI, HC1O,4, or HBF, aqueous solutions. Conductivity of the
electropolymerized PAn is usually of the order of 107" ~ 10" S/cm. The electrop-
olymerization of aniline in the acidic aqueous solutions at a constant potential (such
as 0.8 V vs. SCE) often produces PAn with partial overoxidation [35]. Therefore,
cyclic voltammetry in a potential range (such as —0.15 to 0.78 V vs. SCE [36]) is
usually preferred for the preparation of a high quality PAn product.
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2.8.1.3 Electrochemical Preparation of Polythiophene

The most important characteristic of thiophene electrochemical polymerization is its
high polymerization potential of 1.6 V versus SCE (see Table 2.2), which requires
the electrochemical polymerization of thiophene to be performed in organic solu-
tion and the conducting polythiophene (PTh) produced is easily overoxidized
during the electropolymerization. Therefore, much effort has been devoted to
decreasing the polymerization potential with various strategies. Diaz et al. [37] and
Garnier et al. [38] studied the effect of substituents of thiophene on the polymer-
ization potential (see Table 2.3). The oxidative polymerization potentials of bithi-
ophene (dimer of thiophene) and the thiophene derivatives with the electron-
donating  substituents are obviously decreased, which benefits the
electropolymerization.

Tourillon and Garnier [39] prepared polythiophene (PTh) electrochemically at
1.6 V versus SCE on a Pt anode in a solution of CH;CN + 0.1 M
(Bu)4NCIO4 + 0.01 M thiophene (containing ca. 0.01 M water) with Ar pretreat-
ment (bubbling) for 15 min. They obtained PTh film with a conductivity of 10—
100 S/cm. They found that the pretreatment of the polymerization solution by Ar
bubbling is very important. Without the Ar pretreatment to remove oxygen in the
electrolyte solution, the conductivity of the as-prepared PTh films is only ca. 0.1 S/
cm. The PTh films deposited on the anode are easily overoxidized in the presence of
oxygen and water at the high electropolymerization potential. Sato et al. [40]
performed the electropolymerization of thiophene in a dry solution (removed water
carefully) under an Ar atmosphere, and they obtained the PTh film with the high
conductivity of 190 S/cm.

Thiophene derivatives with electron-donating substituents, such as alkyl or
alkoxy groups, show lower oxidative polymerization potentials, which is beneficial
for the electropolymerization. For example, the oxidative polymerization potential

Table 2.3 Oxidative

0 ) Monomers Oxidative polymerization
polymerization potential of potential (V vs. SCE)
thiophene and it derivatives :

[38] Thiophene (T) 1.65
2,2'-Bithiophene (2,2'-bT) 1.20
3-Methyl thiophene (3-MeT) 1.35
3-Bromothiophene (3-BrT) 1.85
3,4-Dibromo thiophene (3,4-BrT) |2.00
3,4-Dimethy] thiophene (3,4- 1.25
MeT)
3,4-Methyl ethyl thiophene 1.26
(3,4-MeEtT)
3,4-Diethyl thiophene (3,4-EtT) 1.23
3-Thiomethyl thiophene 1.30
(3-SCH;T)
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of 3-methyl thiophene (3-MeT) dropped to 1.35 V in comparison with 1.65 V for
thiophene (see Table 2.3). The conductivity of poly(3-methylthiophene) [P(3-
MeT)] film, prepared in a solution of 0.2 M 3-methylthiophene, 0.03 M Et,NPFg,
PC (removing water carefully) at 5 °C under an Ar atmosphere, reached 450-510 S/
cm [40]. 3-Methoxythiophene can be electropolymerized in an aqueous solution
thanks to its lower polymerization potential with the substitution of strong electron-
donating methoxy group [41].

Poly(3,4-ethylenedioxythiophene) (PEDOT) has drawn much attention recently
because of its broad applications in transparent electrode materials, antistatic
painting, solid state capacitors, and the electrode buffer layer material on ITO
electrodes for PLEDs and PSCs. PEDOT can also be prepared by the electropo-
lymerization of its monomer EDOT. The polymerization potential of EDOT is
1.49 V versus SCE which is lower than that of thiophene. By using dimer of EDOT
as the monomer, the potential can be decreased further to 0.84 V versus SCE [42].

The polymerization potential of bithiophene is 1.20 V versus SCE, decreased by
0.45 V in comparison with that of thiophene. The lower polymerization potential
makes the bithiophene easy to electropolymerize. Therefore, many researchers
prepare PTh by the electropolymerization of bithiophene [43, 44]. The oxidative
polymerization potential of terthiophene decreases further [45]. However, the
molecular weight and conductivity of the PTh films prepared from bithiophene and
terthiophene are lower than that of the PTh films obtained from thiophene, probably
because of lower molecular weight of the conducting polythiophene due to the
larger size of bithiophene and terthiophene.

In 1995, Shi et al. [46] electropolymerized thiophene in very strongly acidic
boron trifluoride/ethylene ether (BFEE) solution, and obtained high quality PTh
films with strong mechanical properties. The polymerization potential of thiophene
dropped to ca. 1 V versus SCE in the BFEE solution. To improve further the ionic
conductivity of the BFEE solution, Li et al. [47] used a mixed solution of BFEE and
acetonitrile. By adding 10-20 % acetonitrile to the 0.1 mol/L Bu,PF; BFEE
electrolyte solution, the oxidative polymerization potential is decreased to 1.2—
1.3 V versus SCE, and a PTh film with conductivity of ca. 120 S/cm was prepared
by such electropolymerization.

The electropolymerization mechanism of thiophene should be very similar to
that of the pyrrole electropolymerization [33].

2.8.2 Chemical Polymerization of Conducting Polymers

The chemical oxidation preparation of conducting polymers is performed in solu-
tion by using oxidants such as FeCl; and (NH,4),S,0g, etc., and it is easy to enlarge
the production scale with the chemical polymerization. Chemical polymerization is
the most important method for the preparation of PAn, and it can also be used to
produce conducting PPy.



2 Conducting Polymers 47
2.8.2.1 Chemical Preparation of PAn

Similar to the electropolymerization of aniline, the chemical polymerization of
aniline also has to be performed in a strongly acidic aqueous solution. A typical
chemical polymerization method for the preparation of PAn in laboratory was
reported by MacDiarmid et al. in 1986 [48]. They performed the chemical poly-
merization in 1 mol/L HCI solution by using (NH,4),S,05 as oxidant. The detailed
preparation processes are as follows: 2 mL (0.022 mol) aniline was dissolved in
120 mL, 1 mol/L HCI solution, and the solution was cooled to 5 °C in an ice-water
bath. At the same time, 0.025 mol (NH,4),S,0¢ was added to 40 mL 1 mol/L HCI
solution to prepare the (NH,4),S,0g solution. Under vigorous stirring of the aniline
HCI solution, the 40 mL (NH,4),S,0g HCI solution was dropped into the aniline
HCI solution drop by drop, then allowed to react for 8 h with vigorous stirring at 0 °
C. The precipitate was collected and dried to obtain the HCl doped conducting
polyaniline (PAn-HCI) powder.

The PAn-HCI powder can be further treated by putting it into 0.1 mol/L NHj;
aqueous solution for 3 h under stirring to get dedoped emeraldine base PAn. The
emeraldine base PAn can be dissolved in NMP, then the solution can be used to
prepare PAn films. The emeraldine base PAn can also be used to prepare con-
ducting PAn solution by appropriate proton-acid doping [9].

2.8.2.2 Chemical Preparation of PPy

PPy can also be prepared by chemical polymerization in aqueous solutions.
However, the product is conducting PPy powder, different from the conducting PPy
film prepared on electrodes by the electropolymerization mentioned above.

He et al. [49] prepared conducting PPy by the chemical polymerization of
pyrrole with FeCl; as oxidant in an aqueous solution. By using 3 % poly(vinyl-
alcohol) (PVA) additive in the solution of 0.18 mol/L dodecyl-benzenesulfonic acid
(DBSA, used as dopant), 0.18 mol/L pyrrole, and 0.26 mol/L FeCl; (used as
oxidant), conducting PPy powder with a conductivity of 43.18 S/cm (for the
compressed pellets of the PPy powder) was obtained.

The chemical polymerization method can also be used to prepare conducting
PPy nanotubes or nanofibrils by performing the chemical polymerization of pyrrole
in polycarbonate template membranes [50].

2.9 Summary

Conjugated polymers possess a doped conducting state and a neutral semicon-
ducting state, which lead to different applications. The doped conducting state could
be found applications in the fields of electrode materials for batteries, electro-
chromics and super-capacitors, anti-static and anti-corrosion materials, electrolyte
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capacitors, transparent electrodes, chemical and biosensors, etc. The neutral
(intrinsic) semiconducting state makes these materials applicable in PLEDs, PSCs,
polymer field effect transistors, etc. Table 2.4 summarizes the properties and
applications of some representative conjugated polymers.

In comparison with inorganic semiconductors for optoelectronic applications,
conjugated polymers possess the advantages of easy structural design, easy syn-
thesis, good film-forming properties, and flexibility. However, there are some
drawbacks to the conjugated polymers, such as poorer stability, lower charge carrier
mobility, difficulty in forming ordered structure, etc. How to overcome the draw-
backs by structural design and to realize large scale applications is the challenge for
researchers in the field of conjugated polymers. At present, the hot research topics
are the design and synthesis of highly stable conjugated polymers with high
luminescent quantum efficiency, broad absorption, narrow bandgap, high charge
carrier mobility, and suitable LUMO and HOMO energy levels for the applications
in PSCs and PLEDs etc.

Since the discovery of conducting polyacetylene in 1977, the studies of con-
ducting polymers have achieved great progress and have developed into a multi-
discipline science. Conducting polymers including intrinsic semiconducting
conjugated polymers are still a hot research fields in polymer science, materials
science, and optoelectronic materials and devices. I am sure the studies on con-
ducting polymers will make further great progress in the near future. Optoelectronic
materials and devices will reach every corner of our lives.
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Chapter 3
Organic Semiconductors for Field-Effect
Transistors

Weifeng Zhang and Gui Yu

Abstract An important application of organic semiconductors is to fabricate
organic field-effect transistors (OFETs) which are essential building blocks for the
next generation of organic circuits. In terms of molecular size or molecular weight,
organic semiconductors can be divided into small-molecule and polymer semi-
conductors, and thus their corresponding OFETs can also be categorized into
organic small molecule OFETs and polymer field-effect transistors (PFETs). On the
basis of the main charge carriers transporting in OFET channels, organic semi-
conductors can be further divided into p-type, n-type, and ambipolar semicon-
ducting materials. According to the characteristic of the organic semiconductors,
the OFETs can be classified into two types: organic thin film transistors (OTFTs)
and organic single crystal transistors. In any kind of OFET devices, organic
semiconductor materials are the core; their properties determine the performance of
the electronic devices. Therefore, the design and synthesis of high performance
organic semiconductor materials are the basis and premise of the wide application
of OFET devices. In the past few decades, great progress has been made in
developing organic semiconductors. Besides organic semiconducting materials,
there are many other factors influencing the performance of OFETs including
device configuration, processing technique, and other devices physical factors, etc.
In the following, a brief review of the development of p-type, n-type, ambipolar
organic semiconductors and their field-effect properties is given. The history,
mechanism, configuration, and fabrication methods of OFET devices and main
performance influencing factors of OFETs are also introduced.
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3.1 Introduction

3.1.1 Overview

Organic conjugated molecules are the basis of the design of new organic functional
materials. These large m-conjugated systems provide chemists with plenty of
inspiration for developing new functional materials. At the beginning of the
twentieth century, McCoy and Moore predicted that “people are likely to produce
organic metal conductors free of metal elements”. In 1970, Wudl successfully
synthesized the organic conjugated electron-donor tetrathiafulvalene (TTF). In
1973, Ferraris et al. found that TTF and organic conjugated electron-acceptor
7,7,8,8-tetracyanoquinodimethane (TCNQ) formed a charge-transfer complex with
high conductive properties, then inaugurated a new era of organic conductors and
superconductors. Organic semiconductors are a new and important extension of the
organic conjugated molecules research field, and their excellent optical, electrical,
and magnetic properties have received close attention in both academia and
industry in recent years.

An important application of organic semiconductors is to fabricate organic field-
effect transistors (OFETs) which are essential building blocks for the next gener-
ation of organic circuits. OFETs have wide potential applications, such as radio
frequency identification tags, flexible displays, electronic paper, electronic skin and
sensors, and so forth [1]. Compared with traditional silicon-based materials, organic
semiconductors have attracted particular attention because of their unique design-
ability of structure and tunability of properties, light weight, and ability to be
flexible and transparent [4—6]. According to the characteristics of organic semi-
conductors, OFETs can be subdivided into two types: organic thin film transistors
(OTFTs) fabricated by thin films of organic semiconductors and organic single
crystal transistors fabricated by single crystal organic semiconductors. OTFTs can
be fabricated over a large area at low cost. This advantage is the reason behind the
rapid progress of OFETs based on thin film technology [7, 8]. However, because
their characteristics are often strongly affected by imperfect thin film structure and
insufficient purity of organic materials, thin film transistors commonly exhibit an
exponential decrease of the mobility of field-effect charge carriers. Therefore, thin
film transistors cannot reflect intrinsic electronic properties of organic semicon-
ductors [9, 10]. On the other hand, because of their perfect molecular arrangements,
free of grain boundaries and minimized charge traps, single crystal transistors tend
to display higher performances than those of thin films counterparts, and are suit-
able to be used as a tool to study intrinsic electronic properties of organic semi-
conductors and the physical limitations in the performance of OFETs. Hence, well-
ordered, continuous films, especially crystalline films, are being seriously investi-
gated for high performance OFET applications.

In terms of molecular size or weight, organic semiconductors can be subdivided
into small-molecule semiconductors and polymer semiconductors, and thus their
corresponding OFETS can also be divided into organic small molecule OFETs and
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polymer field-effect transistors (PFETs). On the basis of the main charge carriers
transporting in OFET channels, organic semiconductors can be further divided into
p-type, n-type, and ambipolar semiconducting materials. The three kinds of organic
semiconductors have made great progress in the past decade. However, in com-
parison to p-type organic semiconducting materials, n-type, and bipolar counter-
parts are still rare.

3.1.2 History and Work Principle of OFETs

3.1.2.1 Brief History

In 1930, Lilienfeld [11] first put forward the principle of the field-effect transistor
(FET). In the patent he proposed that a field-effect transistor behaves as a capacitor
with a conducting channel between a source and a drain electrode. When voltage
was applied to the gate electrode, the amount of charge carriers flowing through the
system could be controlled. In 1960, Kahng and Atalla designed and prepared the
first field-effect transistor using a metal-oxide-semiconductor [12]. Afterwards,
field-effect transistors based on inorganic semiconductors had been expensively
investigated and introduced the world to the age of silicon-based semiconductors.
However, with the rising costs of materials and manufacturing, as well as public
interest in more environmentally friendly electronics materials, scientists also began
the discovering work of organic semiconductor-based electronics in the following
years. In 1982, Ebisawa et al. [13] prepared a capacitor using organic semicon-
ductors . The device was fabricated by using polyacetylene as the semiconductor,
polysiloxane as dielectric, aluminum as gate, and gold as source and drain elec-
trodes. Though the device only showed a few percent current modulations when it
worked, the potential of thin film transistors was recognized. In 1986, Tsumura
et al. [14] developed the first OFETs utilizing an insoluble film of an organic
macromolecule, polythiophene, as a semiconductor. In 1988, a soluble form of
polythiophene was developed by Jen et al. and applied to fabricate OFETs by
Assadi et al. [15]. The report ignited excitement about the possibility of printable
semiconductor systems which could be made with the same economies of scale as
printed paper media.

In recent years, lots of soluble small-molecule and polymer semiconductors have
been developed. The studies related to electrodes and insulators also continue to be
developed and refined. Moreover, better fabrication techniques have contributed to
improved device performance and reduced deposition cost and time. In addition,
continuing effort has led to an improved understanding of the relationship between
material structures and their charge transport properties. Nowadays, OFETs stand at
another new starting point. Remarkable progress has been made. For example,
some polymer-based and small-molecule-based devices both exhibited mobilities
over 10 ¢cm® V! s_l, which can be competitive with amorphous silicon
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semiconductors. However, the overall development of OFETs still lags behind the
demand in the organic electronics field. The inadequacy mainly affects device
stability and replicability as well as mobility.

3.1.2.2 Work Principle of OFETs

An OFET can be regarded as a plate capacitor consisting of a gate electrode and
organic semiconducting layer. The device is operated as follows. When a gate
voltage is pulsed, the carriers accumulate near the dielectric layer/organic layer
interface and form a conductive channel. Carriers are then injected from the source
electrode into the organic layer and transport takes place through the conductive
channel to the drain electrode. The work principle of OFETs is illustrated in more
detail in Fig. 3.1:

a Vp << VY-
(a) Channel B i
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Vp= VeVt
l pinch-off point v
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l pinch-off point v
DS
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Fig. 3.1 Schematic work principles of OFETs: a linear regime; b start of saturation regime at
pinch-off; ¢ saturation regime and corresponding current—voltage characteristics. Reprinted with
permission from [16]; © 2007, American Chemical Society
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1. Linear regime. When no source—drain bias is applied, the charge carrier con-
centration in the transistor channel is uniform. When a small source—drain
voltage (Vp K Vg — Vq) is applied, the charge concentration becomes distrib-
uted as a linear gradient in the channel, in which the current flowing through the
channel is directly proportional to Vp, (Fig. 3.1a).

2. Pinched off. As the source—drain voltage is further increased, a point
Vb = Vg — Vr is reached, at which the channel is “pinched off.” There is no
longer any potential difference between the gate and the drain electrode in the
conductive channel near the drain electrode; this point is regarded as “pinched
off” voltage. A depletion area is also formed near the drain electrode, in which
there are no charge carriers left (Fig. 3.1b).

3. Saturation regime. Further increasing the source—drain voltage does not sub-
stantially increase the current but leads to an expansion of the depletion region
and thus a slight shortening of the channel. Under this circumstance, the tran-
sistor operates in the saturation regime (Fig. 3.1c¢).

Different to inorganic semiconductors, organic semiconductors often show a low
conductivity, and consequently OFETs usually operate in accumulation mode. In
the case of p-channel OFETs, holes should be accumulated in the conductive
channel by injecting holes from the source electrode into the semiconductor, which
requires the semiconductor molecules to be stable as cations [17]. In contrast, in the
case of n-channel OFETs, the electrons should be accumulated in the conducting
channel, and the semiconductor molecules should be stable as anions. Hence, p-
channel OFETs operate with negative gate voltages, whereas n-channel transistors
operate with positive gate voltages (see Fig. 3.2). In fact, an organic semiconductor
can transport holes and electrons in different degrees at the same time; however, it is
difficult to measure both hole and electron transport properties most times.
Moreover, charge transport may be heavily affected by other factors such as work
function of the source—drain electrode, the interface between gate insulator and
semiconducting layer, device configuration, etc., one organic semiconductor
material affording different behaviors in different conditions. For example, pentene
is a common p-type material; however, n-type [18] and even ambipolar charac-
teristics [19] can be observed in FET devices with different configurations. Thus,
deciding one semiconductor is p-type, n-type, or ambipolar should only depend on
the property of the FET device.

3.1.2.3 Performance Evaluation System of OFETs

The electric properties of OFETs are generally gauged by two characteristics and
three parameters. The two characteristics are (1) the output characteristics, Ips — Vp
and (2) the transfer characteristics, Ips — Vg (see Fig. 3.3). The three parameters
are:

1. Charge transport mobility, x«, which is the drift velocity of carriers under unit
electric field. Depending on the nature of the semiconductor and electrodes
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used, the channel formed can be p-type; uy, is used when holes (electron deficient
species) are the charge carriers, or n-type, and u. is used where electrons
function as carriers. Charge transport mobility can be subdivided into u of linear
regime and p of saturation regime which is very often used. The two kinds of
charge transport mobilities are calculated by the following equations.

For linear regime:
WC;

Ips = w(Ve — Vr)Vp

For saturation regime:

i

u(Ve — Vr)?
where W is channel width, L is channel length, C; is capacitance of the insulator,
u is field-effect mobility, Vg is gate voltage, and Vr is threshold voltage.

2. On/off current ratio, I,,/I,g, the ratio of the maximum on state current to the
minimum off-state current.

3. Threshold voltage, V7, the minimum gate voltage required to turn on the
transistor.

I =
DS 2L

A representative output and transfer characteristic of p-type OFET is shown in
Fig. 3.3 [20]. The ultimate goal for organic semiconductors should be application in
electronics, and thus the stability and replicability of OFETs are elements of the
performance evaluation system. In a certain sense, these two elements are the most
important.

3.1.3 Device Configuration and Processing Technique
of OFETs

3.1.3.1 Device Configuration

The device configuration of OFETs can be subdivided into four different types as
shown in Fig. 3.4 [21]: bottom gate/top contact (BGTC—Fig. 3.4a); bottom gate/
bottom contact (BGBC—Fig. 3.4b); top gate/bottom contact (TGBC—Fig. 3.4c);
and top gate/top contact (TGTC—Fig. 3.4d). The device configuration has an
important influence on the performance of OFETs. For thin film transistors, bottom
contact devices typically exhibit less than half the effective drive current of top
contact devices, although bottom contact devices are more easily integrated into
low-cost manufacturing processes, and smaller device feature sizes can be obtained
through photolithographic techniques. The device configurations also have as great
an influence on single crystal transistors as on thin film transistors. Moreover,
besides affording minimal contact resistance, the device configuration adopted also
needs to avoid the adverse effects brought about by subsequent deposition on single
crystals because of their low thermal stability.
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Fig. 3.4 Four types of OFETs device configuration (OSC: Organic Semiconductor). a Bottom
gate/top contact (BGTC). b Bottom gate/bottom contact (BGBC). ¢ Top gate/bottom contact
(TGBC). d Top gate/top contact (TGTC).

3.1.3.2 Processing Technique for OFETs
Processing Technique for Thin Film OFETs

A wide diversity of methods has been adopted to prepare organic thin films for the
fabrication of OFET devices since the first OFET was reported [14, 15]. The
vacuum deposition technique may result in high-quality thin films, and has been
widely adopted for the preparation of small-molecule semiconductor OFETs.
Because of its freedom from solvents, the vacuum deposition method usually
results in high-quality thin films. To avoid decomposition and degradation of small-
molecule semiconductors during the sublimation process, a high-vacuum envi-
ronment, typically lower than 10™* Pa, should be adopted. In addition, deposition
conditions, including sublimation rate, substrate temperature, etc., have an impor-
tant influence on thin film morphology. Solution-processed techniques are widely
used to deposit organic thin films mainly because of the low cost of such processes
and the facility of obtaining large-area films by printing techniques. Moreover,
when either decomposition or degradation happens during the sublimation process,
it is necessary to adopt solution-processed techniques. Many elements such as
solvent, concentration, evaporation temperature and rate, and substrate properties as
well as the organic semiconductor itself can also affect the quality of the thin films.
Solution-processed techniques for the preparation of organic thin films include spin-
coating, dip-coating, drop-casting, zone-casting, the Langmuir-Blodgett (LB)
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technique, printing, and solution-shearing. Of these, spin-coating is the most
commonly used solution-processed technique. The technique can provide uniform
thin films of both the polymers and small molecules. The rotation speed adopted has
a great influence on the thickness and morphology of thin films. Dip-coating, drop-
casting, and zone-casting are three very convenient methods without the require-
ment of complex and/or expensive equipment. The techniques relate to self-
assembled processes and can afford high orientation thin films. The LB technique is
mainly used for amphiphilic molecules. Among the diverse methods used to fab-
ricate organic thin films, the most exciting is the printing technique. Among the
types of printing technique available, microcontact printing and ink-jet printing are
considered to show the most promise. Solution-shearing is a new technique for
organic semiconductors in which lattice strain is used to increase charge carrier
mobilities by introducing greater electron orbital overlap between organic mole-
cules. Using solution processing to modify molecular packing through lattice strain
should aid the development of high-performance, low-cost organic semiconductor
devices [22].

Processing Technique for Single Crystal OFETSs

The growth methods of single crystals can be subdivided into the physical vapor
transport technique (PVT) [23] and the solution-processed technique. The PVT can
be used to provide high-quality organic single crystals. The equipment is very
similar to the tube furnace, which requires a carrier gas to achieve an improved
removal of impurities. Solution-processed techniques are also used to prepare
organic single crystals. The solubility and intermolecular interactions are internal
factors that determine the crystal growth, the solvent, the concentration, the
deposition temperature, and the atmosphere being the major external factors. The
solution-processed techniques could also be subdivided into the single solvent
system and the solvent-exchange system. Of these, the solvent-exchange system
involves two solvents, in one of which the organic semiconductor material is highly
soluble and in the other almost insoluble. In the next step, the single crystals need to
be deposited to obtain the corresponding transistors. There are also several kinds of
techniques, which are different to those of their thin film counterparts. Of these, the
electrostatic-bonding technique is where organic single crystals are placed onto pre-
deposited electrodes to form a contact via an electrostatic force [24]. The technique
could eliminate any potential damage to crystals during device fabrication, and is
also convenient when one needs to change the position of the crystals in order to
investigate the anisotropic properties. Nonetheless, electrostatic bonding always
leads to a poor contact between the crystal and the drain/source electrodes. The
drop-casting technique is where the single crystals grow directly onto pre-patterned
drain/source electrode pairs [25]. Because the technique can improve contact
between the semiconductor and the drain/source electrodes, it is widely used for the
deposition of organic thin films and single crystals. In order to avoid the adverse
effects brought about by subsequent deposition on single crystals, the BGBC
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configuration is usually adopted in FET devices. The deposition parylene dielectric
technique uses parylene as the dielectric layer, avoiding either thermal- or solvent-
based damage to the organic single crystals [26]. Upon this, the device configu-
ration of top gate could be used for organic single crystals transistors. Shadow mask
techniques using a copper grid, gold wire, fiber, or organic ribbon as a shadow
mask are widely adopted to deposit drain/source electrodes of crystal FET devices
with BGTC configuration [27, 28]. This technique could exhibit a better contact
between the organic single crystals and the drain/source electrodes, and between the
crystals and the dielectric layer. Moreover, the technique makes it possible to
investigate the anisotropy on an individual single crystal because it permits sig-
nificant scaling down of the channel length in order to adapt the crystal size and to
form a good contact. The gold layer glue technique involves placing a gold film
directly onto the single crystals as drain/source electrodes [27]. This can eliminate
the thermal irradiation and maintain good contact of the top contact mode. When
using this technique, asymmetric electrodes can be obtained with relative ease using
only two different electrode films.

3.1.4 Factors Influencing the Performance of OFETs

3.1.4.1 Factors Related to Semiconducting n-Conjugated Systems

There are many factors influencing the FET properties of organic semiconductors;
however, there is no doubt that the most important factor is the semiconductor
itself. All factors influencing the charge carrier injection and transport related to
organic semiconductors are discussed in the following content.

HOMO and LUMO Energy Level

The whole motion process of charge carriers in the semiconduting material involves
two stages including charge injection and charge transport. The energy levels of the
highest occupied molecular orbitals (HOMOs) and the lowest unoccupied molec-
ular orbitals (LUMOs) have a large influence on charge carrier injection. In theory,
all organic semiconductors should be able to conduct both holes and electrons, but
the differences in internal reorganization energies or work functions of the elec-
trodes relative to the HOMO and LUMO energy levels of the semiconducting
material in the transistors can favor one type of charge transport [29]. At present,
the most commonly used metal for source and drain electrodes in OFETs is gold,
with a high work function of around 5.1 eV. Some low work function metals such
as calcium, magnesium, or aluminum are also used to help electron injection.
However, these metals are not environmentally stable. Thus, in order to obtain
effective charge injection, p-type, n-type, and ambipolar semiconductors should
have suitable HOMO, LUMO, and HOMO/LUMO energy levels to match with the
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high work functions of source and drain electrodes, respectively. This is because the
mismatch between the HOMO or LUMO energy level and work function of the
electrodes may cause the reduction of the measured mobility, though not affect the
intrinsic mobility directly. The performance of OFET devices depends largely on
the efficiency of the charge-transport processes; at the microscopic level, one of the
major parameters governing the transport properties is the amplitude of the elec-
tronic transfer integrals between adjacent organic semiconducting molecules.
Transfer integral means the splitting of the frontier molecular orbital between
adjacent molecules (the HOMO and LUMO energy levels) and is extremely sen-
sitive to the molecular packing (which is discussed in Section “Packing Mode in
Solid State”). There is no doubt that increasing the transfer integral helps to increase
the mobility. In other words, large splitting of the HOMO/LUMO energy levels
tends to produce the higher hole/electron mobility [6, 30].

In addition, the HOMO and LUMO energy levels also have an important
influence on the device stability. Nowadays, there are fewer accounts of n-type than
p-type organic semiconductors, primarily because of the inherent instability of
organic anions in the presence of air and water [8, 31], and problems with oxygen
trapping within these materials [32, 33]. In most cases, the mobilities of the n-type
OFETs can be one or even several orders of magnitude higher when taking pre-
cautionary measures to exclude atmospheric oxygen and water in vacuum or inert
atmosphere. Thus, in order to fabricate OFETs with high performance, the organic
semiconductors used should have suitable HOMO or LUMO energy levels.
Specifically, when gold is the most commonly used metal for source and drain
electrodes in OFETs, the HOMO energy level of p-type semiconductors should
locate around —5.1 + 0.3 eV, and the LUMO energy level of n-type semiconductors
should locate close to —4.0 eV [6].

Packing Mode in Solid State

The packing mode of organic semiconductors in the solid state also have an
important influence on their FET properties. Besides the transfer integral, reorga-
nization energy can also affect intrinsic mobility of organic semiconductors [34].
The reorganization energy is the energy loss when a charge carrier passes through a
molecule. The reorganization energy must be sufficiently low to facilitate charge
transport. Reorganization energy is also extremely dependent on the the packing
mode of the organic molecules in combination with the conjugation length, degree,
and packing of the organic molecules [30]. A highly dense and ordered molecule
packing motif is beneficial to get a small reorganization energy. A large m-conju-
gated system also exhibits low reorganization energy. The reasons for this are that a
larger m-conjugated system can stabilize the +1 cation, and larger m-conjugated
systems with electron-withdrawing groups can stabilize the —1 anion.

The packing mode of organic small-molecule semiconductors in the solid state
can be divided into four types as shown in Fig. 3.5: (1) herringbone packing
without n—n overlap between adjacent molecules; (2) slipped mn-stacking between
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Fig. 3.5 Molecular packing motifs in crystals. a Herringbone packing without n—m
overlap. b Slipped n-stacking between adjacent molecules. ¢ One-dimensional lamellar packing.
d Two-dimensional lamellar packing [38]. Reprinted with permission from [6]. Copyright 2012,
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Fig. 3.6 a Possible charge transport mechanisms in crystalline polymer films (using P3HT for
illustration): intrachain transport, along the m-conjugation direction, interchain transport, along the
n-stacking direction and alkyl stacking direction. b Face-on and ¢ edge-on orientation of the
polymer molecules on the substrates [39]. Reprinted with permission from [6]. Copyright 2012,

The American Chemical Society

adjacent molecules; (3) one-dimensional lamellar packing, and (4) two-dimensional
lamellar packing. Of the four kinds of packing modes, one-dimensional and two-
dimensional lamellar packing mean main one-dimensional and two-dimensional
charge carrier hopping pathways, respectively. Of these, the two-dimensional
charge carrier hopping pathway is believed to be the most efficient for charge
transport because it can increase the transfer integrals to the maximum and transport
the charge carriers through the shortest route [35—37]. For polymer semiconductors,
the packing modes include face-on and edge-on orientation of the polymer mole-
cules on the substrates (Fig. 3.6). The possible charge transport pathways of
polymer films can be subdivided into intrachain transport, along the m-conjugation
direction, interchain transport, along the m-stacking direction or alkyl stacking
direction. Although high performance FET devices usually adopt an edge-on ori-
entation, face-on orientation can also afford high performance.
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Size/Molecular Weight Related to Polymers

More recently, the influence of molecular weight on the electronic properties of
donor—acceptor conjugated copolymers has been examined, with field-effect
mobilities improving significantly with increasing molecular weight [40]. For
example, the thin film transistors based on (poly[(4,4-dihexadecylcyclo-penta-[2,1-
b:3.,4-b"|dithiophene)-2,6-diyl-alt-(2,1,3-benzothiadiazole)-4,7-diyl] with molecular
weight of 11, 16, 25, and 35 kg mol ! exhibited hole mobilities of 0.28, 0.59, 1.2,
and 3.3 cm® V™' 57!, respectively, displaying a nearly linear increase in transistor
performance with increasing molecular weight [41]. The increased performances
are accompanied by important changes in the thin film morphology: systems with
high molecular weight often exhibit reduced crystallinity and more isotropic films,
potentially leading to larger values for charge-carrier mobility [42]. Many opera-
tions, including optimizing organic and organometallic reaction conditions, have
been used to achieve high molecular weights of polymers [43—45].

Impurities and Purification of Organic Semiconductors

Impurities here refer to compounds that have a different chemical structure than the
compound nominally under investigation and which appear in small concentrations
mainly as side products of the chemical synthesis. The presence of impurities can
have a serious negative impact on the function of organic semiconductors because
impurities can introduce charge carriers or traps within the material, leading to
erroneous results [4]. Thus, from a synthetic perspective, preparative routes that
minimize difficult-to-remove by-products are growing in importance [46]. In order
to remove the impurities or side products effectively, a number of techniques have
been used in the synthetic processing of organic semiconductors. The common
techniques are as follows:

1. Recrystallization: widely used in purification of organic semiconductor samples.
The solubility difference between the target compound and impurities in typical
solvents is utilized to eliminate gradually any impurities. This procedure can be
carried out using hot filtration or solvent evaporation at room temperature.
However, for semiconductor samples showing a minimal association between
temperature and solubility, a kind of “multi-solvent recrystallization” precipi-
tation technique can be adopted, which purifies by slow diffusion of a poor
solvent into a saturated solution of a target compound in a good solvent.

2. Column chromatography and gel permeation chromatography: for soluble
organic small-molecule semiconductors, column chromatography techniques
could be used, which make use of the different polarities of the target compound
and the by-products. Silica gel- and alumina-based column chromatography
provides an efficient means of purifying an individual compound from a com-
plicated mixture. Different eluents and stationary phases are chosen to cooperate
in the separation of different mixtures. With the advancing eluent, individual
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components elute at different rates, and thus are separated from each other. For
soluble polymer semiconductors, the gel permeation chromatography technique
could be used, which makes use of the different molecular size or molecular
weight of the target polymer and the by-products. The technique is necessary to
separate polymers, both to analyze them and to purify the desired product.

3. Vacuum sublimation: for insoluble organic semiconductor samples, vacuum
sublimation technique could be used, which makes use of the different subli-
mation points of individual compounds in vacuum. In most cases, temperature-
gradient sublimation is adopted. Sometimes, an inert carrier gas is used to
facilitate the procedure, as well as to protect the deposition from atmospheric
impurities.

4. Soxhlet extraction: often used in purification of polymeric semiconductors to
remove low-molecular-weight fractions of the material and residual catalytic
metal. Normally, a polymer sample is placed inside a thimble made from thick
filter paper, which is loaded into the main chamber of the Soxhlet extractor. A
warm poor extraction solvent, such as hexane, acetone, methanol, chloroform,
etc., is first used to remove the undesired impurities, then a hot good solvent, for
example, chloroform, chlorobenzene, dichlorobenzene, etc., is used to extract
the desired high molecular weight and soluble polymer. This procedure involves
the repeated dissolution of a particular compound from a mixture, which may be
repeated many times, over hours or days. After the solvent is removed, the
desired polymers is obtained by precipitating the resulting solid residue in
certain solvent(s) by filtering.

3.1.4.2 Factors Related to Device Physics
Device Configuration

The device configuration has an important influence on the performance of OFETs.
Generally, the less the contact resistance, caused by intimate contact between the
semiconductor and the electrodes, the higher the charge transport mobility tends to
be [46]. The device configurations of BGTC and TGBC always give better per-
formances than those of BGBC and TGTC. The better performances were attributed
to the improved contact between the organic semiconducting layer and the elec-
trodes [21]. Bottom contact devices typically exhibit less than half the effective
driving current of top contact devices because of contact resistance and the diffi-
culty in preparing highly ordered films on an irregular surface [8, 47, 48]. Because
of shadowing effects, top contact has a limit as to how small the channel dimensions
can be, and this process is not readily amenable to large-scale manufacturing;
however, bottom contact devices are more easily integrated into low-cost manu-
facturing processes, and smaller device feature sizes can be obtained through
photolithographic techniques. Bottom gate devices are a conventional device
structure for material-testing purposes. Because the organic semiconducting layers
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are exposed to air and easily penetrated by oxygen and moisture, the performances
of this kind of device often degrade during storage. In contrast, in top gate devices,
the active layer is encapsulated by the gate dielectric layer and the gate electrode,
and therefore the device stability is significantly improved.

Morphology

Morphology is a crucial factor in achieving high performance FETs. Specifically,
morphology of high order, continuous thin film with lamellar packing is very
important to obtain high mobility and stability. The reason is that the morphology
leads to better molecular orbital overlap between neighboring molecules, and favors
better carrier transfer; and the morphology can also inhibit the charge carrier
trapping under ambient conditions by H,O or O,, and/or impurities of the atmo-
sphere. The n-stacking distances of lamellar packing are usually in the range of 3.3—
3.6 A for small-molecule semiconductors and 3.6-4.0 A for polymer semicon-
ductors. There are many methods adopted to improve the morphology. For
example, as mentioned above, sublimation rate and substrate temperature have an
important influence on thin film morphology of small molecules. Specifically,
higher substrate temperature and/or low sublimation favors the formation of large
grains. Thus, in order to obtain high quality thin film, varying substrate temperature
or sublimation rate are always used in a single deposition process. Sometimes a low
sublimation rate is used first to form large grains near the interface and subsequently
a high sublimation rate is used to fill the interspaces between grains, leading to
high-quality thin films [49]. Occasionally, a higher substrate temperature is used
first to obtain a large grain size close to the interface, followed by a lower substrate
temperature used to fill the interspaces [50]. Annealing is another important tool in
improving the thin film morphology of both small-molecule and polymer semi-
conductors. Annealing, naturally, is a self-assembly process of organic molecules in
thin film. After annealing the semiconducting layer at selected temperatures, the
performance of OFETSs tends to be substantially improved. The reason is that the
morphology/molecular packing order in thin films becomes more ordered.
However, once beyond an optimal temperature, the mobility is found to decrease
owing to discontinuities in the film created by an increase in intergranular spaces
when the grain size becomes very large [51]. The contact between the organic
semiconductor and the gate insulator are both improved in the process of annealing.

Interfaces and Their Modification

The two major processes, carrier injection and carrier transport, occur at the elec-
trode/organic layer interface and the dielectric/organic layer interface, respectively.
Therefore, the properties of these interfaces influence the device characteristics
dramatically. Modification of the electrode/organic layer or dielectric/organic layer
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interfaces remains the most widely investigated approach to improving device
performance [21].

The electrode/organic layer interface has a key influence on carrier injection.
Many methods are used to modify the electrode/organic interface to improve the
carrier injection. Introduction of a buffer layer between the source—drain electrode
and organic layer is a common approach for modification of BGTC OFETs. The
technique is frequently applied with the aim of both reducing the energy barrier and
preventing metal atom penetration into organic layers. For example, when a very
thin layer of MoOj is inserted as a buffer layer between an Al electrode and
pentacene, the injection barrier of pentacene-based OFETs reduces dramatically,
and thus the hole mobility increases from 2.8 x 1073 t0 0.4 cm? V1 7! [52]. In
addition, the formation of a CuxO buffer layer enabled Cu to be used as an elec-
trode in high performance OFETs. Chemical modification of the electrode is
another effective way to improve OFET performance. For example, Cu and Ag
source—drain electrodes were chemically modified with 7,7,8,8-tetracyanoquinodi-
methane (TCNQ), when the formation of Cu-TCNQ and Ag-TCNQ reduced the
hole injection barrier and improved electrodes/organic layer contact, which reduced
contact resistances. Taking pentacene-based OFETs with Ag-TCNQ modified
electrodes as an example, the mobility increased from 0.02 to 0.18 cm® V™' s7*
[53]. Gundlach et al. [54] demonstrated induced crystallization of an organic layer
by electrode interface modification. By using pentafluorobenzene thiol (PFBT)-
modified gold electrodes, 5,11-bis(triethylsilylethynyl) anthradithiophene is
induced to grow with large grain domains near the source—drain electrodes, indi-
cating that optimization of the source—drain electrodes is an alternative way to
improve carrier transport.

The dielectric/organic semiconductor interface implies an important influence on
device stability in three ways [21]. First, trap density on the dielectric layer surface
affects the device performance dramatically, especially for n-type OFETs. Second,
the dielectric layer can influence the morphology of the organic semiconductor
layers which in turn affect the device stability. The third way that the dielectric/
organic semiconductor interface influences the stability is its influence on the
aggregation of organic grains. For example, N,N-dioctyl-3,4,9,10-perylene tetra-
carboxylic diimide (PTCDI-C8) is generally believed to be unstable in air.
Modification of the SiO, surface with hydroxyl-free polymer insulators, such as
poly(methyl methacrylate) (PMMA), afforded significant improvements in device
stability [55]. For another example, it has been observed that the stability of
pentacene-based OFETs is also strongly related to the dielectric layer [56]. For
pentacene-based OFETs with octadecyltrichlorosilane (OTS)-modified dielectric
layers, the surface energy of the modified surface is much lower than that of the
pentacene layer. As a result, the pentacene layer readily aggregates, leading to rapid
degradation of device performance. In contrast, the high surface energy of poly-
styrene (PS) impedes pentacene aggregation and ensures excellent device stability
for the devices with PS-modified dielectrics. Thus, optimization of the dielectric/
organic interface is an effective way to realize high performance OFETs with
excellent stability.
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There are some other factors affecting the performance of OFETs, for example
channel length/width ratio, and other environmental factors such as light, dust,
ambient temperature, humidity, oxygen, and so forth. In certain cases, each of such
factors could play a decisive role in the performance degradation of OFETs.

3.2 p-Type Semiconductors

As mentioned above, for p-type semiconductors, the charge carriers, holes, migrate
through HOMOs of the molecules. Because p-type semiconductors are always
comprised of electron-rich groups/n-conjugated systems, which are reactive to
electrophilic substitution reactions, the performance of most p-type semiconductor-
based devices exhibits small changes in different test circumstances. Great progress
has been achieved in p-type semiconductors, including p-type small-molecule
semiconductors and p-type polymer ones in past years. Nowadays, because new
materials and forms of known materials are being quickly synthesized and devel-
oped as processing and synthetic techniques improve, it is, to be frank, difficult to
catalog all p-type semiconductors. In the following, selected p-type small-mole-
cules and polymer semiconductors are discussed.

3.2.1 Selected p-Type Small-Molecule Semiconductors

3.2.1.1 Polycyclic Aromatic Hydrocarbons and Derivatives

Polycyclic aromatic hydrocarbons (PAHs) are an important class of small-molecule
semiconductors. These materials are composed of fused benzene rings in a linearly
or nonlinearly constructing manner. The -conjugation of these materials increases
with elongation and expansion of the molecular structures. Linear PAHs always
form a planar and rigid molecular structure, resulting in strong intermolecular
interactions and tight packing mode in the solid state, in which charge carrier
transport is favored, but solubility is poor in common solvents. For that reason,
many substituted linear PAH derivatives were developed in order to improve the
solubility, reactant yields, and chemical stability, while maintaining an efficient
charge transport. Nonlinear PAHs with large m-conjugated systems had also
received attention. Nonetheless, because nonplanar structures could probably be
formed in these kinds of materials, some of them afford low mobilities. In terms of
their molecular structures, PAHs can be further subdivided into acenes, pyrene,
perylene, and other fused aromatic hydrocarbons.
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Acenes and Derivatives

The acenes refer to PAHs that are composed of linearly fused benzene rings (see
Chart 3.1 and Table 3.1). Anthracene, 1 is one of the simplest acenes with three
fused benzene rings. Its FET properties were examined with single crystal devices
exhibiting temperature dependence with the maximum mobility of
0.02 cm? V7' s7! at ~170-180 K [57]. With the expansion of the n-conjugated
dimension to four or five fused benzene rings, the intermolecular overlap of mol-
ecule orbitals is increased, and this results in larger transfer integral and lower
reorganization energy, and thus higher field-effect mobilities in the corresponding
OFETs. Thermally evaporated thin films of naphthacene, 2 showed a mobility of
0.1 cm? V™! s7! with an on/off current ratio over 10° [58]. Studies showed a high
density of submicron-sized grains with a surprisingly high degree of molecular
order in a thin film of acene, 2. Its single crystal transistors were also fabricated by
Reese et al. with the use of a spin-coated poly(dimethylsiloxane) as gate dielectric
and photolithographically defined source and drain electrodes, and it exhibited a
mobility of 2.4 em? Vgt [59]. Pentacene, 3 with five fused benzene rings has
developed into a benchmark material because high-performance thin film transistor
devices are easily obtained from vacuum deposited thin films. Thin film transistors
based on 3 demonstrated mobilities of up to 1.5 cm? V™' s~! with an on/off current
ratio over 10® [60] whereas its polycrystalline films afforded mobility as high as
5.0 cm® V™! 7! with an on/off current ratio over 10° [61]. With thermally evap-
orated pentacene on flexible substrates, a higher mobility of up to 23.2 cm? V™' s7!
was observed [62]. Moreover, with 6,13-pentacenequinone films as gate insulators

n
1 2 3

4:n=1
5n=2
R R 6:R=R=Me R
OOOOO 7:R=Me,R = H 10:R = Br,
R R 8 R=nCgHzyR=H 11:R=CN
9: R=CyHg, R'=H 12: R=CF3

OO0 oo, oo
Br Br R R
13 14

15:R=Cl
16:R=Br
Cl R
Cl R 18:R=Cl,R=H
17

cl
c
19:R=R =ClI 20

Chart 3.1 Linearly acene-based small-molecule semiconductors



3 Organic Semiconductors for Field-Effect Transistors

(ponunuod)

[vs] SLO ‘ISFOISMY DLO™ »-01 x ¥ Sunseo doiq 65— | 8¢
[+8] SI1O IS/FOIS ‘Y D109 ,0T ST Sunses doxq 61'S—| LT
[es] IS/FOIS My DLOd | TT-~01- 01 oWl [e1sK10 Q[3urg

[zs] SANH ‘194d ‘IS/O!S ‘v D409 ,01 8’1 Sunseos-doiq

[18] SLO ‘IS/OISTY Dg0d o0T1 v'0 uonelodeay 9C
[6L] SLO ‘IS/OISTY D1Od 10 uonelodeay €C

50T (oxe-d) 'y

[zl SINAd ‘LY D904 901 (oxe-n) $°G1 [e1sk1o oj3urg (44
[¥L] anyders/ousidred ‘oyryders :DLOL TI- L1~ (re) L1 [e1s£15 2[3uIg 0z
[L€] anyded/ouoiAred oydeis (D101 01 91 e1s£10 9[3uIs 61
[eL] IS/F01S ‘v D1LOd @) 0°6 suoqqu dut[eIski)

[zLl 8-S10 ‘IS/0!S NV :D1LOdg SI'I—| (O0I~,01 (Ire) 9070 uonelodeag 8¢°6— LT
[oL] 8—| L0l x61 €20 uonelodeay 66v—| €I
[oL] SINLO ‘IS/°0'S 0V :DIDd Le—| O x91 0€0°0 uonelodeay ws 4!
[oL] €l-| OI x¢&'¢ 200 uonelodeay Y 11
[oL] SINLO ‘IS/FO!S ‘v :DgDd =] ,0I x¢T €r'o uoneodeay €6’y 01
[89] dHdd ‘IV/0!S ‘nV D1Od g€~ 01 x T ST uonelodeas L
[£9] SANH IS/°0'S 0V :DIDd STl (OI x¢€9 0€°0 uonelodeay vy 9
[¢9] Axodo-3y/Od ‘Axodo-3y DIOL $01 (wnnoea) O [e1sA10 9[3urg

[29] nyAlls ‘ny oL LLO— 01 x € Tee uonelodeay

[09] SLAO ‘I1S/°01S NV :DgDdg 0 01 S1 uoneodeasy €
[6$] SINAd “IS/FO!S ‘LL/aY DEDd | 01-~0v—| 01~ 01 ¥'e [e1s£10 Q[3urg

[8¢] 8-S10 ‘IS/°O!S ‘Pd 0909 € ,01 cro uoneiodeay 4
[LS] SINAd “LaN ‘IS/O!S ‘v Dd0d (wnnoea) 00 [e1sK10 o[3uIg I
NENT 42IMINAS A0TA( (A) A sogfor | (prw) ATm A NEov 7 xeN ssaooxd uonisodaq | (A9) OINOH

S10JoNpuodIWAs dnddouwl-[ews adA1-d 10y eyep 201A9p 1440 T°€ dIqBL



W. Zhang and G. Yu

70

(ponunuod)

[erT] Vd-"1O/* 01V IS/FOIS IV 20104 LT—| 01 x9T TL uoneiodeay s
[oz] SI1O ‘IS/F0'S ‘Y D1Od ,01< 0¢ uonesodear 96— | 0S
[601] IS/O1S Ny D1O9 LT- ,0T SLT Suneoo-udg 26¥
[c11] S1AO ‘IS/OIS NV DLOd $0T~401 6'¢ uonelodeaq

l60T] IS/COIS NV :DLO9 0z— 0T LT Supgeoo-uidg a6¥
[rnl OLI ‘VAH/dAd ‘3V D104 197 Suneoo-urdg

[o11] ny/) sudfAred ny DIOL 01-| ,01~.01 €1¢g Sunurrd jof5ug

[601] IS/OIS ‘Y DLOYF LT ,01 8T Suneoo-uidg 6l
[so1] SI1O ‘IS/FOIS ‘ny D1Od € 001 700 Suneoo-uldg 8Y
[901] 8-S.LO ‘IS/COTS 0y DLOYF SI- 01 » 0T x 91 Suneoo-urdg ws—| 9
[soT] IS/O1S Ny D1LOY9 o) e uonelodeaq St
[vo1l SI1O ‘IS/FOIS ‘Y D109 501 w0 uonelodeag 80— | ¥
[coT] SLO ‘IS/OIS ‘v :D1Od 0T x € 10 uonelodeag or's—| €
[co1] SI1O IS/FOIS ‘Y D109 PI— 00T €1'C [e1sk1o oj3urg €s—|
[ror] SI0 IS/OTS ‘Y DIOd 0T x €T 99T [e1sk1o o[Surg 18%

09— moﬁ x LT {0 SAIIM JJQWOIIIA

[ooT] SI1O ‘IS/FOIS ‘nV D1Od €9—| 01 xT1 S0'0 uonelodeas ov
[96] IS/O1S ‘ny D109 90-| 0T xS 10 uonelodeaq S¥s—| 8¢
[s6] SIO TS/FOIS ‘Y D1Od SLI-| 0T x9L I'C uonelodeay S0S| Lg
[+6] SI1O ‘IS/FOIS ‘Y D1Od 68— | J0Ix€ 110 uoneiodeay 9Ts—| 9¢
[e6] SI1O ‘IS/FOIS My D109 691—| J0I x0¢ 120 uoneiodeag 0S's—| s¢
[L8] S10 ‘IS/OIS Y :D1Od LE- 01< 110 uonerodeaq €rs—| 1€
[98] IS/O1S ‘Y DLOY9 01 750 [e1sK10 Q[3urg 0¢
[s8] V04V 0y D1Od €€0°0 uonelodeag 6C
NENT qRIMdNAS AOTAS( A) Th Yoper | (pw) (s A NEov 7 xeN ssaooxd uonisodaq | (A9) OINOH

(ponunuod) T°¢ AqeL



3 Organic Semiconductors for Field-Effect Transistors

(ponunuod)

[ve1l VINIAd ‘IS/F0IS ‘v 01O 91— o0T (Ire) 6¢°0 [e3s£10 o[3uIg 9€'6—| 18
[zeT] SLAO ‘IS/F01S NV D109 v6— 0T €v'e uonesodeasy 6L
[rer] S1dO ‘IS/OIS ‘ny D1O9 g0T< 08 uoneiodeaq 8¢'S| 8L
lez1] SLO ‘IS/O!S ‘v D1Od S'L— oI x G 61 uoneiodeag 8¢S LL
[0€1]| dOLAD ‘IS/FO!IS :ONDL-ALL/MY D109 S0I< €8 [e1sk10 S[3urg
lezT] SLO ‘IS/OIS ‘Y :D1Od - ,01 6T uoneodeasy vrs—| 9L
[sz1l SIO TS/OIS Y D109 L—| 0T x6T LY0'0 uonerodeaq o0LS—| SL
[zl SLO ‘IS/OIS ‘v :D1Od 6| S0l x66 [SK0] uonelodeag 95— | vL
[zl V1d ‘I1S/01S 0V D104 01 ~,01 S¥0°0 uonelodeay 66— | €L
[9z1] IS/OIS ‘Y D19 6 F TC— ,01 N LT Suneoo-urdg 96— | TL
281 SI0 TS/FOIS ‘Y D109 L| 0T x€T 1€°0 uoneiodeaq LTS—| L9
[ve1l IS/F0IS ‘v DgDd o01 90 [e1sk1o oj3urg 95— 99
[eztl IS/FO1S 0y :DgDd ,01 81 [e3sK10 Q[3uIg

[6¥] SI1O IS/FOIS ‘Y D109 L9—| 0T xS¥ 150 uonelodeay 96— <9
lozT] S1d IS/FO'S ‘Y D109 0z—| 01~,01 'l seiskiokjod 89'6—| 79
let1] SLO ‘IS/O!S ‘v :D1Od 01— o01 (1) 991 SUOQQUOISIA ves—| 19
[s11] SI1O ‘IS/FOIS ‘nV D1Od 01 @) 170 uonesodeas SES—1| 09
[L11] SI1O TS/FO'S NV D1Od 8C— 00T 600 uonelodeaq 6€'S—| 6§
[11] SIO TS/FOIS ‘Y D1Od SI- 50T 10 uoneiodeay ws—| 8S
[L11] SLO IS/0!S 0V :D1O9g 61— o01 ¥1°0 uonelodeay €s—| LS
[ot1] SAH ‘IS/0'S ‘MY D109 61— o0T 0€0 uonesodeasy S| sS
[sT1] SIO TIS/FOIS ‘Y D109 0Z— 50T S10°0 uonelodeaq ¥S
[st1l SLO ‘IS/O!S ‘v D1Od 61— o01 0z'0 uonelodeay €S
b1l SLO ‘IS/OIS ‘v :D1Od o01 ST°0 uonelodeay 0€s—| ¢S
NENT qRIMdNAS AOTAS( A) Th Yoper | (pw) (s A NEov 7 xeN ssaooxd uonisodaq | (A9) OINOH

(ponunuod) T°¢ AqeL



W. Zhang and G. Yu

72

(ponunuod)

losT] IS/FOIS ‘v :D1Od 500 uoneoder 801
(811 SLO ‘IS/OIS ‘Y :D1Od 9°¢ L0T ¥1°0 uonesodear 81'6—| LOI
l6v1] SIO TIS/FOIS NV D109 8—| ,0I xS9 'l [e1skio oj3urg
lov1] IS/0IS ‘v D1Od €| OIxTP (40 uonelodeag ¢'S—| 901
lev1] IS/O1S ‘Y D104 91| 01 xTT ¥$°0 uonerodesy gS—| so1
[s¥1] SI1O IS/FOIS ‘Y D109 T0T- 0T x¢ zro uonerodess Y01
[s¥1] SIO TIS/OIS ‘Y D109 v'€T— 01 x S wo uonerodeaq €01
[Ly1] IS/f0IS ‘v DgDd 01— o01 N ¢ 0T x T uonelodeaq Ts—| o1
[Ly1] IS/O1S ‘ny :DgDd Sh— 001 (N) ¢ 01 x 6 uonesodeas L'S—| 101
[sp1] SI1O IS/FOIS ‘Y D109 o01 TL00 uonelodeay 9T’S—| 66
i1l SIO TS/OIS ‘Y D1Od 6T NI wo [e1sk1o o[3urg 0S| L6
lev1] VININ ‘IS/°0'S ‘1Y D904 L—- 01 xT 1T [e1sk1o 9j3urg 96
[er1] 8-S10 ‘IS/0!S NV :D1Od S6— 4,01 v uonelodeAsy | (W[Y) SE'6—|  S6
[zl SLO ‘IS/OIS My D1Od 67— L0T ¥0 uonerodeasy | (WY) SE'6— |  #6
[1v1] IS/O1S Ny :DgDd £¢— 01 ¥L00 uoneiodeay €8r—| €6
[1v1] IS/F0IS ‘v :DgDd 0€— o01 6100 uoneoder 6= 06
[ov1] SI1O ‘IS/FOIS ‘nV D1Od 01 2100 uonelodeas (wry) LSS | 06
l6€T] IS/O1S ‘ny D109 Y- ,01 ¥0°0 uonelodeaq SeS—| 88
[seTl IS/dAd 0V D104 18°0 uoneiodeaq L8
[Tl IS/dAd 0V D109 9’0 uoneoder I's—| 98
[LeT] SLO ‘IS/0IS ‘v :D1Od PI| 0T x €1 10 uonelodeag €rs—| <8
[LeT] SIO TIS/FOIS ‘Y D1Od 86| OIxS¥ 90 uonerodeay 60S—| ¥8
[oct] IS/FOIS ‘v D1LOd 01 110 uonelodeay €8
[ve1l VINIAd ‘IS/0!S ‘v :D1Od €— 01 (1re) 10 [e1sK10 o[3uIg vIs—| 8
NENT qRIMdNAS AOTAS( A) Th Yoper | (pw) (s A NEov 7 xeN ssaooxd uonisodaq | (A9) OINOH

(ponunuod) T°¢ AqeL



73

3 Organic Semiconductors for Field-Effect Transistors

(panunuod)

[zL1l IS/FOIS ‘v :D1Od S~0 0T SO'1 uonesodear 1T6—| ol
[zL1l SI1O TIS/OIS 'V IO | 0T—~01- LT x T e 0T x L uonelodeaq 8T°6—| 6€1
loL1] SLO ‘IS/FO!S ‘Y :DgDd 01 9 [e1sk1o o[3urg

[691] 1494d ‘IS/F0'S ‘v :DgDd Sl Supgeoo-uidg cel
[891] IS/COIS My Dgnd 0T ¥0 43
[£91] 194d IS/0'S ‘v :DgDd ,01 01 Suneoo-urdg 0€T
[991] IS/0IS ‘v :D1Od 01 S0'0 uoneiodeay 8CI1
[+911 IS/FO1S 0y :D1LOd o0l 600 uoneiodeag 9zl

[8¥] SLO ‘IS/FOIS My D1Od L0T 'l uonesodeasy

[zot] IS/FORL/VININ 0V D104 ST- 4,01 800 uonelodeaq 4!
(1911 IS/SORL/VININ 0V D104 0 O x ¥ 900 uonelodeaq €T1
[oo1] IS/OIS ‘v :D1Od 8T°0 uoneiodeag (44!
[8sT] SLO ‘IS/OIS My DIOd 0T ST uonesodeasy LSS | 61T
[LsT] SANH ‘IS/°0'S ‘Y D109 | ¥I1-~TI— o0T 10 uonelodeay ws—| 81l
[ogT] 8-S10 ‘IS/O!S NV :D1LO9g v'0— 01 [450] uonelodeay 0S—| LIT
491 SLAO ‘I1S/°01S 0V D109 Ov—| 01 x¥'9 L9°0 uoneiodeag €LS—| 911
[esTl SI1O TS/FO'S NV D1Od 9Z—| 0T x 8% 050 uonelodeaq €6°6—| STI1
[esTl SIO TS/FOIS ‘Y D1Od S0z—| 01 x€6 LO00 uoneiodeay ILs—| 11
[l SLO ‘IS/OIS ‘v :D1Od Te— 401 0¢ uonelodeay s—| €11
[zeTl SLO ‘IS/FOIS ‘Y :DgDd P1- ,01 wo uonesodeasy 6€'6—| TIl
[zsT] SLO ‘IS/FO'S ‘v :DgDd S00°0 uonelodeaq 6V'S| 111
k491 SLO ‘IS/O'S ‘v :DgDd 01 80°0 uonelodeay €€ | 001
[te1l IS/OIS ‘v :DgDd S01 €00 uonelodeag 601
NENT qRIMdNAS AOTAS( A) Th Yoper | (pw) (s A NEov 7 xeN ssaooxd uonisodaq | (A9) OINOH

(ponunuod) T°¢ AqeL



W. Zhang and G. Yu

74

(panunuod)
[861] ISFOIS ‘Y 01049 v'6— 01 100 uonesodear vI'S| 891
[861] IS/O1S 0y DLO9 SL 01 200 uonesodeasy TS| L91
[L61] IS/FOIS 1DV DIDd 01 01 [e3sA10 Q[5urg 61°S| 991
[9611 IS/SIN/AUIURd fny D10 €10 uonelodeay S91
[961] IS/SIN/euauad tny DIOg vl uonesodeasy 91
[s61] SIO ‘IS/OIS My DIOd S¥0 uonesodear €9t | €91
[zo1] SANH ISFOIS VY :D1Od 61— 501 LTO uoneoder 16v—| 91
[zo1] SAH ‘IS/F0'S ‘MY D109 LT— 01 ¢ 0l x '8 uonelodeay 06v—| 191
[681 SI1O ‘IS/0'S My DIOd §0T~ 401 0t'0 uonesodeasy ws—| 6SI
l6L1] +01 | (uonnjos) [eiskro o[urg
l6L1] Tl (10dea) [erskio o[3urg 8S1
[981] SAH ‘IS/0'S ‘MY D109 €e—| Ol x€¢ ¥9°0 uonelodeag SLS—| 961
[981] SANH *IS/0'S ‘V :D1Od 0S— O x 0z0 uonesodeasy 0L'S—| SSI
[s81] V04V DMV D109 9¢ o01 70 uonetodear €61
[s81] SLO ‘IS/OIS Y DIOd 4! 01 x9 wo uoneodeay ST
[egT] §9°¢ | (uonnos) [eiskio o3urg 0ST
[z81] IS/YOfIS/OIS ‘MY D1D9 0T 80°0 Sunses-ouoz 4!
[zl IS/FO1S 0y DgDd (eseyd-g) €70 [e3sk1o o[3urg
[zl IS/FOIS ‘Y DgDd (eseyd-n) 7' [e1sk10 o[3uIg 81
[pL1] S1O ‘IS/OIS ‘Y DLOd - 601 T100 uoneiodeag 96| Lyl
[eLT] 194d IS/O'S ‘v :DgDd 81 Sunseo doiq €0S—| SvI
[eLT] 194d 1S/F0IS 0y DI04 0l xS Sunseo doiq SUS—| w1
[eL1] 144d IS/0IS ‘v :DdDd 0l x¢T Sunseo doiq PeS—| evl
NENT qRIMdNAS AOTAS( A) Th Yoper | (pw) (s A NEov 7 xeN ssaooxd uonisodaq | (A9) OINOH

(ponunuod) T°¢ AqeL



75

SpOIDI[R/AIENSANS JO UONBIYIPOW 21ES/OOA[AIP (SOPONIIID (/S ‘UOHBINSYUOD dIAX(,
UONIPUOD JUSWIAINSLIW P U,

[12] IS/F0IS ‘v :D1Od 890 a1 981
[o12] IS/01S NV DLOd SL €10 Supseds doiq 81
[v12] IS/O1S ‘ny D109 6— 01 430 uonelodeay 81
[orz] SI0 TS/FOIS Y :D1Od 8LI-| 01 xT1 Iee uonerodeaq 8L
[60c] IS/OIS ‘v :D1Od S0 [e3sA10 Q[urg

[sozl IS/O1S Ny DgDd 01 x ¥ 200 uonesodeas LLT
[90z] SI1O TS/OIS ‘Y D1Od ,01 S10°0 uonelodeaq S| SLT
[vozl SLO ‘IS/O!S ‘v D1Od Ly— 901 ¢ 01 x €€ uoneiodeay 60°S | VLI
[coz] SLO ‘IS/OIS ‘v :D1Od L'8— ¥80°0 [e3s£10 o[3uIg crs| cL1
[zoz] 8-S10 ‘IS/O1S NV ‘D109 ,01 10 uonesodeasy 9T'S| ILI
(1ol 8-S1O ‘IS/O!S 'y :D1LOYg L— ,01 cro uonerodeay crs| OL1
[ooz] SLO ‘IS/O!S ‘v D1Od L9| (0@ x6'1 9¢ [e1sk1o ojSurg

l661] SLO ‘IS/OIS ‘v :D1Od 8¢—| ,0I~401 €0 uonelodeay S| 691
NENT qRIMdNAS AOTAS( A) Th Yoper | (pw) (s A NEov 7 xeN ssaooxd uonisodaq | (A9) OINOH

3 Organic Semiconductors for Field-Effect Transistors

(ponunuod) T°¢ AqeL



76 W. Zhang and G. Yu

in 3-based FET devices fabricated with TGBC configuration, much higher mobil-
ities of up to 40 cm? V7! s7! were achieved [63].

However, because of the narrow energy gap and high-lying HOMO energy
level, pentacene exhibited high sensitivity to light and high oxidation sensitivity to
oxygen [64]. Moreover, the low solubility of pentacene in common organic sol-
vents makes purification of pentacene highly challenging. For similar reasons, the
higher-order n-conjugated systems based OFETs, such as hexacene and heptacene,
have never been addressed [65, 66]. Encouraged by the high performance of acenes,
many acene derivatives, especially pentacene derivatives, have been synthesized
and examined as the active layer in FET devices with the hope of improving
solubility and high stability while maintaining high performance. Studies on acene
derivatives are usually focused on the improvement of solubility and stability. For
example, alkyl derivatives 2,3,9,10-tetramethyl-pentacene 6, 2,9-dimethylpenta-
cene, 7, and 2,9-dihexylpentacene 8 exhibited mobilities of 0.30, 2.5, and
0.251 ecm® V' 57!, respectively [67—69]. There are some other pentacene deriva-
tives, for example, 2,9-diethylpentacene 9, which showed even poorer field-effect
performance than those of derivatives 6, 7, and 8 [69]. With the introduction of
alkyl substituents, the solubility of the resulting materials has been significantly
improved. However, because of the donating effect of alkyl substituents, the
HOMO energy levels have also been driven up, and thus the stability of these
derivatives becomes worse. For this reason, some electron-withdrawing groups
including halogen, cyano, and trifluoromethyl, etc., had been introduced to the
backbones of acenes as substituents in order to lower their HOMO energy levels
and the reactivity of the resulting acene derivatives. For example, Bao et al. and
Wudl et al. reported series of this kind of pentacene derivatives, 10-16 [70, 71]. Of
these, derivative 13 afforded field-effect mobilities as high as 0.23 cm® Vs !and
improved device stability compared to pentacene. The 13-based FET devices
exhibited no significant decrease in mobility or on/off ratio when stored in air, with
and without light exposure, even after 3 months. In addition, the thin film transistor
based on 6,13-dichloropentacene 17 showed a mobility of 0.21 cem? Vs [72]
and its crystalline ribbons-based FET devices afforded a high mobility of up to
9.0 cm®* V! 57!, which is one of the highest values reported for organic semi-
conducting materials [73]. This kind of naphthacene derivative had also been
reported by several groups [37, 74]. For example, 5,11-dichlorotetracene, 19 has the
slipped m-stacking structure in contrast to herringbone type tetracene between its
neighboring molecules. The single crystal transistors based on derivative 19 showed
high mobility as high as 1.6 cm®* V™' s7! [37]. 5,6,11,12-Tetrachloronaphthacene
20 also has slip m-stacks, and its single crystal transistors exhibited p-type behavior
with a field-effect mobility of 1.7 cm® V7! 57! [74]. 1t is notable that higher
mobilities were afforded in peri-substituted acene derivatives than in their end-
substituted counterparts in combination with improved stability. These changes in
mobility could be attributed to the improved m—m packing in the solid state of
resulting peri-substituted derivatives. Similar phenomena could be distinctly
observed in acene derivatives with alkyl or aryl substituents in the peri-position, for
example, 9,10-diphenylanthracene, 21 and rubrene, 22. Time-of-flight results
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showed that the single crystals of anthracene 21 could afford high hole mobility of
up to 3.7 ecm?* V! s7' and electron mobility of up to 13 ecm® V™' s7' [75].
Moreover, rubrene, 22 is another benchmark material for organic semiconductors.
The single crystal of 22 exhibited higher mobility of 15.4 cm® V™' s™" along the b-
axis and 4.4 cm® V! 7! along the a-axis [24]. These results indicate that sub-
stitutions in the peri-positions of acenes are in fact favorable to strong n—m inter-
molecular interactions and a large n—r overlap. However, it is pity that thin films of
22 could show only low mobilities of 0.07 cm* V™' s™! when using pentacene as
buffer layer [76], and 0.7 cm® V™' s™' when mixed with ultra-high-molecular-
weight polymer [77]. The low mobility could be attributed to poor planarity
structure of 22. In fact, derivative 21 also has a nonplanar structure, in which the
dihedral angle between the planes of substitution (benzene ring) and core
(anthracene) is about 67° [75, 78].

Similar to the effect of phenyl substitution in 21 and 22, 6,13-di(2'-thienyl)
pentacene, 23 showed a strengthened n-stacking mode and exhibited a low mobility
of 0.1 cm?> V1! [79]. To avoid the dilemma, carbon—carbon triple bonds were
introduced into this kind of molecule affording nearly planar acene derivatives
while maintaining strengthened n—m stacking. Several groups synthesized a lot of
peri-alkynyl derivatives and examined their FET properties. Anthony et al. con-
sidered that the length ratio of the substituents and acene cores affected the packing
of the materials [80, 81]. If the length of the substituents was approximately half the
length of the acene core, the acene would form a lamellar n—n stacking mode.
Otherwise, a slipped n-stacking or herringbone packing structure could be adopted.
Indeed, laboratory findings are in good agreement with their assumption. For
example, acene derivative 26 showed a two-dimensional brick layer structure, and
its vacuum deposited technique films afforded high mobilities up to 0.4 cm* V' s~
[82]. Its drop-casting films showed high mobility of up to 1.8 cm?* V' s ! with an
on/off current ratio over 107, and self-assembled ribbons exhibited high mobilities
of 1.42 cm® V' s7! [83]. The tetramethyl-substituted acene derivative, 27-based
thin film transistors fabricated by a solution-processed technique also showed
mobility as high as 2.5 cm® V™! 57! [84]. The results showed that the introduction
of trialkylsilylethynyl groups on the peri-position of acene could afford nearly
planar molecule structures, improved solubility and stability while maintaining
strengthened n—m stacking as anticipated. Arylethynyl group as substituents were
also introduced in acene-based m-conjugated systems affording new acene deriva-
tives such as 29-31. Nonetheless, these derivatives exhibited low mobilities of
0.033 cm? V! s7! for vacuum deposited films of 29 [85], 0.52 cem? V! s7! for
single crystalline micro/nanoribbons of 30 [86], and 0.11 cm? V™' s™" for vacuum
deposited films of 31 [87], although they all formed improved n—r stacking in solid
states. The low mobilities could arise from either the mismatching the lengths of
substituents and acenes, or large twisting molecule structure (Chart 3.2).
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Chart 3.2 Peri-substituted linearly acene-based small-molecule semiconductors

Pyrene and Derivatives

Pyrene is a kind of nonlinear PAH with the same number of benzene rings as
tetracene (see Chart 3.3). Pyrene exhibits n—n stacking mode in crystals. Highly
pure pyrene single crystals showed low mobilities of (3.8 £0.1) x 10> cm* V™' 57"
for electrons and (3.3 + 0.4) x 1072 ecm® V™! s7! for holes at 345 K [88].
Nonetheless, high mobilities of 1.2 cm? V7! s7! for holes and 3 cm® V™' s7! for
electrons were obtained by judging from the transient photocurrent of the pyrene
crystal and calculating from the overlap integrals between two molecules at room
temperature [89]. Because of the nonplanar structure, the tetrasubstituted-deriva-
tives using pyrene as core including 33 and 34 tend to afford low mobilities [90—
92]. However, the derivatives 35 and 36 using pyrene as an end-capped group and
linear pyrene derivative 37 showed high mobilities [93-95]. For example, thin film
transistors based on derivatives 35, 36, and 37 exhibited mobilities of 0.21, 0.11,
and 2.1 ecm? V' 57!, respectively. It is notable that an organic radical-based pyrene,
namely 1-imino nitroxide pyrene, 38 was reported [96]. Vapor-deposited films of
the 38-based FET devices showed excellent p-type FET characteristics, with a
mobility up to 0.1 cm?® V™' s~ and an on/off current ratio at 5 x 10*. The highest
performance of OFETs based on 38 indicates the potential of organic radicals for
the application in OFETs.
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Chart 3.3 Pyrene- and perylene-based small-molecule semiconductors

Perylene and Derivatives

Perylene, 39 is an isomer of pentacene with five benzene rings (see Chart 3.3). The
charge carrier transport property of 39 was investigated by both thin film- and
single-crystal-based FET devices [97-99]. The single crystal of 39 showed a hole
mobility of 0.12 cm® V™' 57!, which is comparable with the mobilities of 0.15—
0.3 cm? V! s7! obtained from time-of-flight measurements. Compared with pyr-
ene, there are relatively less derivatives of perylene synthesized and applied in
OFETs. However, some derivatives exhibited high mobilities. For example, two
chalcogen-heterocyclic perylene derivatives 40 [100] and 41 [101] showed strong
chalcogen—chalcogen and n—n intermolecular interactions in single crystals. Single
crystal transistors based on an individual assembled microwire of 40 showed a
mobility as high as 0.8 cm® V™' s7!. It is worth noting that individual microribbons
of 41 exhibited a high mobility of 2.66 cm* V™' s™'. Furthermore, perylene
derivative, 42 afforded a compressed highly ordered packing mode, and the FET
based on individual nanoribbon exhibited a high mobility of 2.13 cm* V™! s7*
[102]. These results make perylene derivatives particularly attractive for electronic
applications.
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Other Polycyclic Aromatic Hydrocarbons

Besides pyrene, perylene, and their derivatives, other nonlinear PAHs were also
developed and used in FET devices (see Chart 3.4). For example, two novel
phenanthrene-based conjugated oligomers including derivative 43 were synthesized
[103]. Field-effect transistors based on 43 showed a mobility as high as
0.12 ecm®* V7! s7' with an on/off current ratio at 10°. These devices exhibited
excellent stability during long-time ambient storage and under UV irradiation. It is
interesting that o,o-dihexyldithienyl-dihydrophenanthrene 44 also gave high
mobility of 0.42 cm® Vgt [104]. Picene 45, a nonlinear isomer of pentacene,
showed p-channel characteristics with a mobility of 1.1 cm® V™' 5! and an on/off
current ratio of 10° under atmospheric conditions [105]. Moreover, when the
devices are located under 500 Torr of oxygen for oxygen doping, a higher mobility
of 3.2 cm® V™! 57! was achieved. The excellent stability could be attributed to its
high ionization potential of 5.5 eV and large energy bandgap of 3.3 eV. In theory,
larger m-conjugated systems should afford higher mobilities because the increased
transfer integrals, lowered reorganization energies, and strengthened n—m stacking
would be afforded in these systems. However, triphenylenes, coronenes, and their
derivatives with large m-conjugated systems showed low charge transport perfor-
mance. For example, star triphenylene derivative 46-based transistors exhibited
hole mobility of 1.4 x 10* em? Vit [106]. Although hexabenzocoronene
(HBC) derivative 47 formed highly oriented films under magnetic field, FET
devices based on the oriented films showed charge carrier mobilities of
107 cm® V! 57! [107]. Derivative 48-based FETs fabricated by spin casting
technique also afforded a low mobility of 107 cm? V™' 5! with an on/off current
ratio of about 10° [108]. The low performance of the three PAHs was probably

QQO 3 OCQ QQQQQ
43 w“ 5

Chart 3.4 Other polycyclic aromatic hydrocarbon semiconductors
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caused by the nonplanar structure of the compounds concerned. The results also
indicated that there are many other factors heavily influencing the mobility of FETs
besides the size of the m-conjugated systems, such as solubility, stability, planar
property, and molecular packing, etc.

3.2.1.2 Chalcogen-Containing Heterocyclic Aromatic Hydrocarbons
and Derivatives

Sulfur-containing heterocyclic aromatic hydrocarbons and derivatives play an
important role in the development of OFETs. Plenty of these materials tend to
exhibit excellent OFET performance and high stability. The high performance
could be attributed to planar structure and ordering molecular arrangement of
chalcogen-containing PAHs concerned in solid state, which results in an effectively
intra-stack electronic coupling via strong intermolecular n—m, S-S, and CH-=n
interactions. The high stability can be explained by the absence of a Diels—Alder
cyclization active center and low-lying HOMO energy level of these materials. It is
believed that the large atomic radius of sulfur and the high electron densities of the
sulfur atoms in the HOMO are two of the fundamental reasons for these
improvements. As a result, sulfur-containing materials have become one of the
most important semiconductors for OFET applications. Oxygen-, selenium-, and
tellurium-containing derivatives have all attracted a great deal of attention too.

Thienoacenes

Thienoacenes consist of fused thiophene rings in a ladder-type molecular structure
and have been intensively studied in OFETs (see Chart 3.5). For example, Takimiya
et al. used a series of benzothieno[3,2-b]benzothiophene (BTBT) derivatives, 49
and 50 in OFETs [20, 109, 110]. Spin-coated films of derivatives 49 showed
mobilities of over 0.1 cm* V™' 571,

Of these, spin-coated films of 49a exhibited hole mobility of 1.8 cm®* V™! 57!
with an on/off current ratios of 107 [109]. Inkjet printed single crystal films of 49a
gave an average mobility as high as 16.4 cm® V™' s7' [110]. When its thin film was
grown by an off-center spin-coating method, much higher mobilities up to
43 cm? V7! 57! were obtained [111]. Vacuum evaporated films of derivative 49b
also showed high mobility, for example, vacuum evaporated films of the dodecyl-
substituted derivative afforded a mobility as high as 3.9 cm® V! s7' [112]. Spin-
coated films of 49c¢ gave high device performance with mobilities of
2.75 em® V7! s7! with an on/off current ratios of 10’ [109]. Phenyl-substituted
derivative 50 also showed high OFETs performance. Vacuum evaporated films
afforded high mobilities of up to 2.0 cm? V™' s with on/off current ratios of 10%,
and excellent stability [20]. In stability tests of the devices, there was almost no
change in mobility after 250 days for the devices fabricated on the bare Si/SiO,
substrates, whereas the devices on the OTS-treated substrates showed a slight
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Chart 3.5 Selected thienoacene-based p-type small-molecule semiconductors

decrease in mobility. In 2012, Amin et al. reported a mono-substituted BTBT
derivative, 51. The material showed excellent p-type characteristics with large hole
mobilities up to 17.2 cm? V™' 57! [113]. However, linear and angular analogues of
tetracenes, 52-55 showed low mobilities of 0.15, 0.20, 0.015, and
0.30 cm® V' 57!, respectively [114—116]. Thieno[3,2-b]thieno[2’,3":4,5]thieno-
[2,3-d]thiophene, 56 and derivatives, 57-59 showed mobilities larger than
0.1 cm? V! s7! with ideal solubility and environmental stability [117]. The ana-
logues of pentacene with one thiophene unit, 60—62 were synthesized and examined
[118-120]. They show low HOMO energy levels of —5.34 to —5.68 eV, respec-
tively. Thienoacenes 60- and 62-based transistors fabricated by vapor-deposited
methods afforded hole mobilities of 0.41 and 1.1 cm® V™! s7! respectively. A
single crystal FET device of 62 gave a mobility up to 1.5 cm® V' s™"'. It is notable
that phototransistors based on the individual 61 microribbons prepared by a solu-
tion-phase self-assembly process showed a high mobility of 1.66 cm®* V™' 57!, a
large photoresponsivity of 12,000 A W', and a photocurrent/dark current ratio of
6000 even under low light power condition of 30 mW cm 2.
Benzo[1,2-b:4,5-b']bis[b]benzothiophene 63 and its butyl-substituted derivative
64 showed the HOMO energy level of —5.4 eV. Solution-processed devices based
on 63 and 64 showed a hole mobility up to 0.01 cm? V™' s7' [121, 122]. Analogue
of pentacene containing three thiophene rings, 65, showed the HOMO energy level
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of —5.6 eV [49]. The thin film transistors based on 65 exhibited a hole mobility of
0.51 cm® V™' s7" and high on/off ratio of 4.5 x 10°. On the other hand, its single
crystals demonstrated mobility as high as 1.8 cm® V™' s™' and high on/off ratio
greater than 107 [123]. However, isomer 66-based single crystal ribbons FET
devices afforded a mobility of 0.6 cm? V! s7! with on/off ratios over 10° [122].
Bao’s group synthesized tetraceno[2,3-b]thiophene, 67, which showed a mobility of
0.04-0.31 cm? V' 57! [114]. In 1998, Katz’s group reported the synthesis and
application of anthradithiophene 68 and alkylated derivatives 69-71 in OFETs.
They all form highly ordered polycrystalline vacuum-evaporated films with
mobilities as high as 0.15 cm? V771 [125]. Gao et al. [127] reported new five-
ring-fused pentacene analogs, with four symmetrically fused thiophene-ring units.
Employing the hexyl-substituted derivative 72 in solution-processed OFETs pro-
duced mobilities as high as 1.7 cm® V™' 57", and an on/off current ratio of 10" for
long-range ordered thin film [126]. Liu’s group reported the application of penta-
thienoacene 73 in OFETs. The thienoacene has a HOMO energy level of —5.3 eV,
which is lower than that of pentacene, and its energy gap of 3.2 eV, which is much
larger than that of pentacene (1.8 eV). Highly extended thienoacenes were also
synthesized and investigated. For example, thienoacenes, 74 and 75 with six fused
rings were reported [128]. They exhibited hole mobilities of 0.15 and
0.047 cm® V7! s7L respectively. Dianthra[2,3-b:2’,3'-f]thieno[3,2-b]thiophenes
(DNTTs), 76-78 are another kind of high performance semiconductor developed by
Takimiya et al. besides BTBT derivatives. For example, vacuum-sublimated films
of thienoacene 76 exhibited a mobility up to 2.9 cm? V™' s~ with an on/off current
ratio of 107 [129]. FETs based on its single crystal showed a mobility as high as
8.3 cm? V™' s7! with an on/off current ratio of up to 10? [130]. Similarly, derivative
77 showed a mobility as high as 1.9 cm? V™' s7! [127]. Vacuum deposited films of
78 and 79 gave mobilities as high as 8.0 and 3.4 cm® V™' 57!, respectively [131,
132]. The fused seven ring compounds exhibited low charge transport behaviors.
Thin film of compound 80 afforded hole mobility of 0.15 cm® V™' s™' [133] and the
single crystal microribbons of compounds 81 and 82 exhibited hole mobilities of
0.47 and 0.10 cm® V™' 57!, respectively [132].

Highly Fused Chalcogen-Containing Heterocyclic Aromatic Hydrocarbons

Many highly fused chalcogen-containing heterocyclic aromatic hydrocarbons had
also been synthesized and applied as semiconducting layers in OFETs (see
Chart 3.6). For example, fused heteroarene 83, in which the core is isoelectronic
with pyrene, was developed by Takimiya et al. [135, 136]. Compared to pyrene, the
HOMO energy levels of the heteroarene greatly increased, whereas the LUMO
energy levels were lowered. Thin films of 83 demonstrated a mobility as high as
0.11 cm® V™' s7'. Two dioxapyrene-based semiconductors 84 and 85 containing
oxygen atoms formed well-ordered polycrystalline films, the devices affording a
hole mobility as high as 0.25 cm® V™! s™! for 84 and 0.1 cm?® V™' s™! for 85 [137].
Vacuum deposited thin films of 3,9-diphenyl-peri-xanthenoxanthene, 86 and
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Chart 3.6 Highly fused chalcogen-containing heterocyclic aromatic hydrocarbons

3,9-bis(p-propylphenyl)-peri-xanthenoxanthene, 87 showed mobilities as high as
0.4 and 0.81 cm? V™' 7!, respectively [138]. It is notable that these thin film FETs
were also environmentally and thermally stable. Especially, for 86-based devices,
no significant degradation was observed after 5 months of storage in ambient
conditions. The FET devices based on hexathiapentacene, 88 exhibited mobilities in
a range of 0.005-0.04 cm® V™' s7! [139]. Single crystals of 88 showed strong S—S
intermolecular interactions (3.37-3.41 A).

Some “butterfly” shaped fused chalcogen-containing heterocyclic aromatic
hydrocarbons, 89-100 were designed and synthesized with the aim of enlarging n-
conjugated system, thus forming compressed m—m stacking, which is good for
charge carrier transport. However, it is a pity that the thin films of these materials
can only afford mobilities in a range of 10°-10"" em? V™' s™'. The vacuum
evaporated films of 90 showed a mobility of 0.012 cm? V' 57! after thermal
annealing at 230 °C for 20 min [140]. The isomeric hexylated compounds 93
exhibited a mobility of 0.074 cm? V™' s™' [141]. With the extension of m-conju-
gated system, alkyl functionalized chrysene derivatives 94 and 95 exhibited
mobilities as high as 0.4 cm? V™' s™! based on their vacuum deposited films [142].
In addition, the benzo[l,2-b:4,5-b'|bis[b]benzothiophene derivative, 96 showed
good self-assembly characteristics [143]. Transistors based on individual 96 mi-
crowires obtained via slow crystallization showed typical p-channel behavior with a
mobility of 2.1 cm? V™' s~ !, Crystalline nanoribbons of 97 formed through solution
self-assembly also exhibited excellent performance with a mobility of
0.42 cm® V™' s7' [144]. In 2012, a series of larger fused n-conjugated systems, 98—
100 was synthesized upon highly regioselective bromination of naphthodithiophene
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in different solvents. The solution-processed OFETs based on 99 exhibited a hole
mobility of 0.072 cm® V™! s™! with an on/off current ratio of 10° under ambient
atmosphere [145]. In addition, two novel “sunflower” small molecules, 101 and 102
were developed [146, 147]. OFETs using 100 as a semiconducting layer exhibited
mobilities of about 9 x 107> cm? V™' s™!. On the other hand, the tetrathiotetraseleno
[8] circulene, 102 provided a maximum mobility of 1 X 103 ecm? v! s ! about
tenfold lower than that of 101.

Thienoacene-Based Oligomers and Oligothiophenes

Oligomers of the smaller thienoacenes and oligothiophenes were widely investi-
gated because of their high planar structure and property of easy-to-modify with
alkyl substituents. Many oligothiophenes afforded promising FET performances.
For example, oligomers 103—107 gave good mobilities [148, 149]. Thin film FET
devices based on oligomers of 103, 104, 105, and 107 demonstrated mobilities as
high as 0.42, 0.12, 0.54, and 0.14 cm? V! sfl, respectively. The device based on
104 maintained a hole mobility of about 0.1 cm? V! s7! even after 9 weeks [148].
The single crystal transistor based on 106 exhibited a mobility of 1.1 cm* V™' s
with a current on/off ratio of 6.5 x 10* [149]. Although there are similar mobilities
between a,a'-bis(dithieno[3,2-b:2',3"-d]-thiophenes) 108, with mobilities of
102 ecm® V' 57!, and the vinylene-bridged dimer, 110 with mobility of
0.08 cm?>V 1! [150-152] a large difference in mobility exists between dimer 111
and vinylene-bridged dimer 112, which afforded the mobilities of 5 x 10~ and
0.42 cm® V™' 57!, respectively. The similar phenomenon can also be found in
thieno[3,2-b] [1] benzothiophene-based dimers 114 and 115 [153]. The double
bond-linked derivatives 115 exhibited mobilities as high as 0.50 cm® V™' s~ with
on/off current ratios of 4.8 x 10°. Mobility was 10 times larger than the
7 x 1072 cm”® V' s7! of the dimer 114. The results showed that the vinylene bridge
is a useful m-conjugated building block for organic semiconductors. Oligomer, 113
end-capped with phenyl groups, showed mobilities even as large as
2.0 cm? V™! 57!, on/off current ratios up to 10%, and high environmental stability
[154]. No obvious degradation was observed after storing in air for 7 months. In
combination with device stability of other oligomers, for example, 104, a conclu-
sion can be reached that FET devices based on the oligomers end-capped with
phenyl tend to have high stability under ambient conditions. Some other oligomers,
116-119 based on thienothiophene were also investigated. OFETs with 116 as the
active layer showed a mobility of 0.67 cm® V™' s™! in air [155]. OFETSs based on
117-119 showed mobilities as high as 0.12, 0.10, and 0.15 cm? V7! sfl, respec-
tively [156-158]. Planar oligothiophenes 120-122 were also used as semicon-
ducting materials in OFETs. Of these, oligothiophene 121 gave mobility of up to
0.1 cm? V' s7! [159]. In addition, oligothiophene 122 showed a higher mobility of
028 cm?> V't [48, 160]. However, with the increase of thiophene unit number,
the resulting oligothiophenes demonstrated distinctly decreased solubility in com-
mon solvents, which is not good for the synthesis and purification of these materials
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and their application in solution-processed FET devices. Thus, many alkyl-substi-
tuted oligothiophenes were synthesized. Sometimes, oligothiophenes end-capped
with alkyl chain showed highly increased mobilities. For example, dihexyl qua-
terthiophene, 123 afforded a mobility of 0.06 cm® V™' s™!, which is tenfold higher
than the 2.5 x 10~ of quaterthiophene 120 [161]. Dihexyl sexithiophenederivative,
124 showed an increased mobility of 0.08 cm® V™' s7! [162], and even gave
mobilities as high as 1.0 cm® V™' s7' [48]. Besides the linearly alkyl groups,
cycloalkyl groups, the benzene ring, and the naphthalene ring have also been
introduced into the molecular structures as end-capping groups [163—-165]. The
single crystal OFETs based on phenyl-capped quaterthiophene 125 and quinqu-
ethiophene 126 showed mobilities of 0.09 and 0.13 cm? V™! s~!. Naphthalene-
capped quaterthiophene 127 demonstrated a mobility of 0.4 cm® V™' s7!. In
addition, a novel cyclic oligothiophene of tetrathia-[22]annulene[2,1,2,1], 128 was
synthesized and used as active material in OFETs [166]. It adopted a nearly planar
structure and its evaporated films showed a mobility of 0.05 cm* V™' s7!
(Chart 3.7).
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Chart 3.7 Thienoacene-based oligomers and oligothiophenes
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Trialkylsilylethynyl Substituted Thienoacenes

As mentioned above, the introduction of trialkylsilylacetylene groups at the peri-
position of acenes leads to improved n—mn packing as well as increased solubility and
stability. Thus the kind of thienoacene derivatives had also been widely studied by
several groups. For instance, Anthony et al. [167] synthesized a series of anth-
radithiophene derivatives, 129-131 through similar synthetic procedures. Drop-
casted films of 131, a mixture of syn- and trans-isomer, showed high mobilities of
up to 1.0 cm?® V! 57!, which was attributed to its close two-dimensional (2D) n-
stacking arrangement in the solid state. However, when small alkyl groups were
introduced to the m-conjugated backbone of derivative 131, the resulting com-
pounds, 132-134 afforded lower mobilities [168]. Of these, compound 132 formed
one-dimensional (1D) n-stacking arrangement and its solution-casting films showed
hole mobilities in a range from 0.1 to 0.4 cm” V™' s™'. Compounds 133 and 134
adopted 1D and 2D m-stacking arrangement, respectively. Nonetheless, the two
derivatives showed low mobilities, probably because of their poor morphology and
loose m-stacking mode. Partial fluorinated derivatives, 135 and 136 still behaved as
p-type semiconductors but with dramatic increases in thermal and photostability
compared to the non-fluorinated derivatives [169, 170]. Derivative 135 forms
highly crystalline films even from spin-cast solutions, leading to devices with high
mobility up to 1.5 cm? V™' s7!. Its single crystal OFETs showed mobilities as high
as 6 cm? V™' 57! with an on/off current ratios of 10°. The high mobilities could
arise from the non-covalent interactions of F-F and F-S which was observed in
single crystals. Encouraged by the results above, two isomerically pure syn-anth-
radithiophene derivatives, 135a and 136a were synthesized and investigated [171].
The performances of the two syn-isomers 135a and 136a and syn/anti mixture, 135
and 136 in single crystal OFET devices are comparable, showing mobility values of
1.07 cm? V! 57! for 135a and 0.30 cm? V™! s7! for 136a (1.01 cm? V™! s7! for
135 and 0.41 cm® V™' s7' for 136 under the same conditions). The lack of any
difference between devices based on isomerically pure syn-isomer and syn/anti
mixture was attributed to the fact that both materials suffer from similar positional
disorder of the thiophene moieties in the solid state (Chart 3.8).

Bao et al. [172] reported a series of trialkylsilylethynyl-substituted thienoacene
derivatives including anthra[2,3-b]thiophenes (ADT), 137-139 and tetraceno[2,3-b]
thiophenes (TDT), 140-142. Of these, derivative 142 showed the highest mobilities
of up to 1.25 cm® V™' 57! on bare SiO, substrate. To investigate the impact of
backbone size on solid-state order and electrical properties, 5-, 6-, and 7-ringed tri-
sec-butylsilylethynyl-substituted ADT, TDT, and pentacenedithiophene (PDT)
derivatives, 143-145 were synthesized by Jurchescu et al. [173]. Studies demon-
strated that increasing the backbone size in fluorinated functionalized acenedithi-
ophenes had a dramatic effect on the structural and electrical properties, leading to
improved crystalline order, better m-stacking, and superior device performance.
Typical field-effect mobilities for drop-cast films were distinctly different over a
large range from 107> cm? V™' s™! for the ADT derivative 143 to 1072 cm® V™' s7!
for TDT derivative 144, and 1.0 cm® V™' s™' for PDT derivative 145. The field-effect
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Chart 3.8 Trialkylsilylethynyl-substituted thienoacenes

mobility correlated well with the solid state order presented in the thin films, where a
2D m-stacking and superior long range order yielded good electronic performance,
and a 1D stacking presented in the derivative 143, as well as film disorder in
derivative 144, were reflected in lower mobilities. Recently, Yu group reported a
series of trialkylsilylacetylene functionalized anthra[2,3-b]benzo[d]thiophene
derivatives, 146 and 147 [174]. Evaporated films of 147 showed hole mobility of
0.012 cm? V™' 57!, which is significantly larger than that of the non-chlorinated
counterpart 146. The improvements in mobility verified that chlorine atoms could
effectively tune intermolecular interaction. It is interesting that by utilizing the
rotation of large isopropyl groups, two types of single crystals of 146 with different
molecular conformation were successfully grown and separated. The related quan-
tum-chemical calculations predicted that the two conformers have nearly 200 times
difference in mobility. The results first demonstrated the important influence of
molecular conformation on charge carrier transport.
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Tetrathiafulvalene and Derivatives

Tetrathiafulvalene (TTF) and its derivatives are sulfur-rich small-molecules, and
have been widely investigated as organic conductors and superconductors (see
Chart 3.9) [175-177]. In 1993, TTF derivatives were first used in OFETs as
semiconducting layers [178]. The FETs based on TTF and its derivatives could
afford high mobilities up to 10 cm® V™' s7* [179]. Of these, the devices based on
symmetrical derivatives tend to exhibit higher mobilities than those of unsym-
metrical ones, which can be attributed to more orderly arrangement in solid states.
Studies on crystals of TTF, 148 have found that the crystals which belonged to
monoclinic a-phase of TTF demonstrated a mobility of 1.2 cm® V™' s7', higher
than the 0.23 cm® V™' 5! of those belonging to triclinic B-phase TTF [25]. This
was attributed to the strong m-stacking along the b axis in the a-phase. Mas-Torrent
et al. had developed a series of TTF derivatives [180, 181]. Because the long alkyl
chains promoted intermolecular n—r overlapping because of their extremely closely
packed nature, TTF-4SC18, 149 easily assembled into one-dimensional stacks and
can be easily solution-processed by zone-casting. The FETs based on aligned films
of 149 showed a mobility up to 0.08 cm® V™' s~ with an on/off current ratios of
10* [182]. The single crystals transistors of 150 exhibited the highest mobility of
3.6 cm? V! 57! [183]. Single crystals of 151 also displayed high mobility up to
1.0 cm?® V7' 57! [184]. As the extension of m-conjugation system, thin films of
derivatives 152-156 showed hole mobilities of 0.42, 0.2, 0.11, 0.2, and
0.64 cm® V™! 57!, respectively. Mobilities of chlorinated derivatives were higher
than the corresponding unsubstituted one which might be attributed to the stronger
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Chart 3.9 Tetrathiafulvalene and derivatives
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intermolecular interactions promoted by chlorine atoms [185, 186]. However, the
spin-coated films of N-alkylsubstituted bis(pyrrolo[3,4-d])tetrathiafulvalenes, 157
only showed a mobility of 0.013 cm* V™' s™! and an on/off current ratio of about
10* [187]. Takahashi and co-workers reported another TTF derivative, 158, whose
single transistor employing thermally evaporated TTF-TCNQ films as the source/
drain electrodes exhibited mobilities over 10 cm® V™' s™! [179]. The high per-
formance was attributed to the close two-dimensional lamellar arrangement and
ideal contact between active semiconducting layer and the TTF-TCNQ electrodes.
A hexyl group-substituted dibenzotetrathiafulvalene bisimide derivative, 159
showed a hole mobility of 0.4 cm® V™' s! with an on/off current ratio of up to 10°-
10® [188]. The derivative, 160 with the TTF units separated by a cyclohexane unit
exhibited a mobility as high as 0.2 cm? V™! s™! for thin films and 4 cm® V™' s~ for
single crystals [189-191]. In addition, TTP derivatives, 161 and 162 were syn-
thesized. The transistors fabricated by vacuum deposited film of 162 showed a
mobility of 0.27 cm* V! s7! [192].

3.2.1.3 Nitrogen-Containing Heterocyclic Aromatic Hydrocarbons
and Derivatives

Azaacenes

The nitrogen atom is a versatile heteroatom, which can be used as an sp® hybrid-
ization form, such as pyrrole-nitrogen and pyridine-nitrogen, sp> and sp hybrid-
ization forms [193]. Because the lone pair of pyrrole-nitrogen is delocalized in
aromatic systems, the related semiconductors have high HOMO and LUMO energy
levels, and thus tend to exhibit p-type transport characteristics. However, because
the lone pair of pyridine-nitrogen does not take a part in a m-electron system in
combination with the stronger electronegativity of the nitrogen atom, the resulting
semiconductors often have low HOMO and LUMO energy levels, and thus could
exhibit n-type characteristics. Nuckolls et al. synthesized a series of nitrogen-
containing derivatives including dihydrodiazapentacene 163 (see Chart 3.10) [194].
The vacuum deposited film FET devices of 163 exhibited low hole mobility of
5x10° cm? VgL Later, Miao et al. found that derivative 163 could form three
crystalline polymorphs according to (001) spacing and the field-effect mobility of
163 is extremely sensitive to the polymorphs with the “12.9 A phase” yielding a
mobility of 0.45 cm? V™! s™', which is over 5000 times higher than those of the
other two phases [195]. Thin film transistors based on 164 and 165 afforded
mobilities of 1.4 and 0.13 cm? V! sfl, respectively, when active films were
deposited on n-nonyltrichlorosilane-modified SiO,/Si substrates using a thin film of
pentacene as the buffer layer [196]. Novel nitrogen-containing heptacyclic bisin-
doloquinoline 166 was synthesized via an intramolecular cyclization of anthrazoline
derivatives. Its single crystal FETs had carrier mobility as high as 1.0 cm* V™' 57!
with on/off current ratios greater than 10* [197]. Tetraazapentacene derivatives, 167
and 168 exhibited mobilities of 0.02 and 0.01 cm® V™' s~ ! in air, respectively [198].
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Chart 3.10 Selected azaacene semiconductors

A thiazine derivative, 169 which contains sulfur and nitrogen atoms was reported
by Zhu and coworkers. A thin film of 169 exhibited a mobility of 0.34 cm®* V™' s™*
[199]. However, its single crystals mobilities afforded high mobilities up to
3.6 cm® V™! 57! [200]. 5,11-Bis(4-octylphenyl)indolo[3,2-b]carbazole, 170 readily
self-organized into highly crystalline layered structures during vacuum deposition.
FET devices based on the thin film of 170 exhibited mobility of 0.12 cm?* V™' s~
[201]. The chlorinated derivative 171 also easily formed highly crystalline films
with large interconnecting terrace-like layered domain structures, and showed a
mobility of 0.14 cm? V™' s™' and an on/off current ratio of 10’ under ambient
conditions [202]. Yu and Tao also reported a similar ditrifluoromethylphenyl-
substituted derivative 172, which possesses a close m—n stacking with an inter-
molecular distance of 3.38 A. The single crystal transistors afforded a hole mobility
of 0.084 cm” V™' s7! [203]. Linear and cyclic carbazolenevinylene dimers 173 and
174 were also synthesized [204]. Multicrystalline thin films were observed from
compounds 174, but only amorphous thin films could be obtained for the linear
compound 173. Another important difference between the cyclic and linear com-
pounds was the reduced reorganization energy for the cyclic compounds. These two
facts have resulted in improved FET mobility for the cyclic compound compared
with the linear counterpart. The FET devices based on 174 gave the highest
mobility of 5.3 x 107> cm® V™! s™'. The similar improvement in FET property
could be found in triphenylamine derivatives. Because the nonplanar structure of
triphenylamine derivatives results in the formation of amorphous films which are
not beneficial for charge transport, these compounds were rarely applied in field-
effect transistors and showed low mobilities [205]. However, cyclic triphenylamine
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dimer, 175 favored the formation of crystalline thin films and hence exhibited a
mobility of 0.015 cm? V™' s™!, which is much higher than 10™* cm? V™' s7! of its
linear analogue [206].

Phthalocyanines, Porphyrins, and Organometallic Complexes

Phthalocyanines and their organometallic complexes have also been investigated as
semiconducting layers in OFETs (see Chart 3. 11) For example, OFETs based on
phthalocyanine, 176 showed low mobilities of 107> cm® V™' s7! [207]. However, its
organometallic complexes such as copper phthalocyamne (CuPc), 177, titanyl
phthalocyanine (TiOPc), 178, and vanadyl-phthalocyanine (VOPc), 179 exhibited
higher mobilities. Highly-ordered CuPc thin films obtained by vacuum deposition
showed a hole mobility of 0.02 cm? V™! s7! and an on/off current ratio of 10° [208].
The mobility of a single crystalline submicrometer-sized ribbon could even reach as
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Chart 3.11 Phthalocyanines, porphyrins, and organometallic complexes
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high as 0.5 cm? V™' 5! [209]. Complexes 178 and vanadyl-phthalocyanine 179 are
nonplanarly polar molecules. Thin film transistors based on 178 showed high
mobilities of 3.3 cm® V™' s7! [210]. High quality films of 179 showed a hole mobility
of 1.5cm? V™! s7' [211]. Likewise, porphyrin and their complexes were also used in
OFETs. Devices of the tetraphenyl porphyrin 180 and tetrabenzoporphyrin 181
exhibited improved field-effect performance with mobilities of 0.012 and
0.017cm?V~! sfl, respectively [212, 213]. Annealing the as-deposited 182 film leads
to the formation of a polycrystalline film which exhibited excellent overall charge
transport properties with a charge mobility of up to 0.32 cm? V™' s7' [214]. In
addition, the spin-coated films of nickel and copper tetrabenzoporphyrins, 183 and
184 demonstrated mobilities of up to 0.2 and 0.1 cm? V™' s 7!, respectively [215, 216].
Two porphyrin analogues, cyclo [6] pyrrole, 185 with a 22-w-electron system, and
cyclo [8] pyrrole, 186 with a 30-n-electron system were developed and used as active
layers of FETs. The thin films of 185 and 186, which were prepared by the Langmuir—
Blodgett (LB) method, exhibited mobilities of 0.014 and 0.68 em? Vgt respec-
tively [217, 218]. In addition, there were some more complex phthalocyanine
derivatives such as rare earth and triple-decker complexes examined [219].

3.2.2 Selected p-Type Polymer Semiconductors

3.2.2.1 Polythiophene-Based Semiconductors
Since the first OFET based on 187 was reported in the 1980s, 3-alkylated poly-

thiophenes were most widely studied as active layers in PFETSs because they were
solution-processable (see Chart 3.12 and Table 3.2) [13—15]. Of these, P3HT, 188 is
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the most famous. Studies on polymer 188 showed that (1) the regioregular form of
P3HT with head-to-tail (HT) coupling affords higher mobilities than regiorandom
forms (HH and TT) in its three kinds of couplings: head-to-head (HH), tail-to-tail
(TT), and head-to-tail (HT) coupling; (2) the regioregular form can adopt two kinds
of arrangements on substrates: face-on and edge-on orientations; (3) edge-on ori-
entation affords mobilities in the range 0.05-0.2 cm? V™' s7!, usually about two
orders of magnitude higher than those of the face-on orientation; and (4) the
practical applications of polymer 188 were limited by its stability, mainly caused by
its higher HOMO energy level. Most FETs based on the polymer were fabricated
and examined in a glovebox with a N, atmosphere [47, 220-224]. Generally, there
are two approaches used to improve the properties of FETs based on polythio-
phenes. One is regioregular introduction of alkyl chain on the n-conjugated back-
bone of polymer 187. Alkyl groups can improve solubility, but also raise the
HOMO energy levels of polythiophenes, making them sensitive to oxygen. Ong
et al. developed a class of polythiophenes, 189, in which only half of the thiophene
rings were substituted by alkyl chains [225, 226]. The thin films afforded high
mobilities up to 0.14 cm?> V™' s! and showed lower HOMO energy levels than that
of polymer 188, and thus better stability. Only slight degradation was observed after
storing its devices in air for 1 month. It is pity that the mobility of related devices
decreases under increasing humidity. However, alkyl groups were introduced with
head-to-head (HH) coupling, the resulting polythiophenes tending to afford low
mobilities. For example, polythiophene 190 exhibited the highest mobility of
around 0.03 cm? V™! 57! though its HOMO energy level was found to be 0.20 eV
lower than that of P3HT [227]. The decrease in mobility can be attributed to torsion
of the polythiophene backbones caused by head-to-head (HH) coupling of side
chains [228].

The other way is the introduction of highly coplanar z-conjugated groups on
polythiophene backbones. The Kim group introduced vinylene groups to the main
chain of polymer 189, affording polythiophene 191 [229]. The increase of rotational
freedom by incorporation of the vinylene group, in combination with the reduction
of the alkyl group, made polymer 191 have lower HOMO energy level. In addition,
the wider side-chain spacing induced a shorter interchain lamellar d-spacing than
that of polythiophene 189. The FETs based on polymer 191 showed a high mobility
of 0.15 cm® V™! 57! with a relatively high oxidative stability. Nonetheless, because
of highly packed molecular structure, polymer 191 exhibited relatively poor solu-
bility in common organic solvents. Two alkyl-substituted conjugated polymers
including 192 were developed by the same group [230]. Both polymers showed
high solubility in common organic solvents as well as thin film crystallinity. Of
these, thin films of the polymer 192 afforded a high mobility of over
1.0 ecm? V7! 7', McCulloch and co-workers synthesized a series of novel poly-
thiophenes, 193-195 by regiospecific incorporation of thieno[3,2-b]thiophene into
the polymer backbone [231-236]. The HOMO energy levels of 193-195 were
—5.1 eV, approximately 0.3 eV lower than that of P3HT. The low HOMO energy
levels arise mainly from the reduced delocalization from the thienothiophene aro-
matic ring in comparison with thiophene, along with reduced electron donation
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from the fewer alkyl groups on the backbone than polymer 188, as mentioned
above. After annealing, the thin films of polymers 193-195 exhibited classical
liquid-crystalline phases, of which crystalline domains are large—up to 200 nm.
Transistors based on polymers 193-195 exhibited mobilities as high as
0.7cm?> V™! sfl, and 1.0 cm? V™! s7! was found for the polymer 195, even using Pt
as the source and drain electrodes. Ong et al. introduced the dithieno[3,2-5:2',3"-d]
thiophene unit to the backbone, affording copolymer 196 [237, 238]. FET devices
based on 196 afforded a decreased mobility of 0.3 cm® V™' s™'. The decrease in
mobilities is probably because of the stronger rigid structure of dithieno[3,2-5:2',3'-
d]thiophene than that of thieno[3,2-b]thiophene. Copolymers based on alkylated
thieno[2,3-b]thiophene cores usually showed lower HOMO energy levels than that
of polymer 195. Thin film transistors based on 197 showed a comparable perfor-
mance to that of polymer 195 with a hole mobility of 0.25 cm® V™' s™' [239, 240].
The Malliaras group developed a series of alkylated thienothiophene-based
copolymers, 198-202 [241-243]. The trithienoacene- and pentathienoacene-based
copolymers, 198 and 201 exhibited mobilities of 0.0017-0.0023 cm? V7! s ! but
the tetrathienoacene-based copolymers, 199 and 200 showed a higher mobility of
0.087 and 0.33 cm? V' 57!, respectively. They ascribed this phenomenon to the
influence of C2 symmetry on device performance. Indeed, when the backbone of
the polymer 199 increased by one thiophene unit, affording the polymer 202, the
FETs based on polymer 202 showed a low mobility of 0.027 cm® V™' s™'. The
results verified the importance of C2 symmetry on device performance.

3.2.2.2 Nitrogen-Containing Heteroaromatic Polymer Semiconductors

In addition to thiophene rings, other fused heteroaromatic building blocks were also
explored and used in organic semiconductors. Of these, nitrogen-containing het-
eroaromatic building blocks including alkyldithieno[3,2-b:2",3"-d]pyrrole, oxadi-
azole, thiazole, and benzobis(thiadiazole) were widely applied in OFETs.
McCullough et al. reported a series of copolymers based on N-alkyldithieno[3,2-
b:2'3'-d]pyrroles (DTP) units [244]. The incorporation of soluble substituted
thiophenes and planar DTP units resulted in low bandgap, highly conductive
polymers. As-cast 203 thin films exhibited a poorly defined and randomly ordered
lamellar structure which improved significantly after thermal annealing. FET
devices based on polymer 203 showed typical p-channel transistor behavior.
Interestingly, the mobilities of as-cast less ordered samples were much higher than
those observed after annealing. The highest mobilities and average values were
observed for the polymer 203 to be 0.21 and 0.13 cm® V™' s respectively.
However, the copolymer 203 has high HOMO energy level between —4.68 and
—4.96 eV, so the related FET device showed low stability. In order to improve the
stability, thiazole units were introduced, affording copolymers 204 and 205 [245].
The thiazole-based copolymers 204 and 205 were expected to possess high stability
because of their donor—acceptor systems. Transistors based on polymers 204 and
205 exhibited mobilities of 0.04 and 0.14 cm® V' 57", respectively. In fact, the
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devices were very stable and no obvious degradation was observed even after the
devices were stored in air for 60 days. A series of thiazolothiazole-based polymers,
206-208 showed hole mobilities of 0.05, 0.23, and 0.3 cm® V™' 57!, respectively
[246, 247]. Liquid-crystalline semiconducting copolymer, poly(didodecylquater-
thiophene-alt-didodecylbithiazole), 209, which contains thiazole units, was devel-
oped by the Bao group [248]. Thin films of this polymer adopt preferential well-
ordered intermolecular m—n stacking parallel to the substrate surface and showed
mobilities as high as 0.33 cm® V™' s™!. Ong et al. synthesized homopolymers 210
and 211 [249]. Polymer 210 showed a mobility of 0.02 cm® V! s7': however, no
FET performance was observed from 211. Osaka et al. [250] reported benzobis-
thiazole-based copolymers 212. FET devices showed excellent environmental sta-
bility in high-humidity air, which is an unusual performance for semiconducting
polymers, along with hole mobilities as high as 0.26 cm”> V™' s™', even with
disordered thin film structures. In addition, polytriarylamines constituted a class of
polymer semiconductors with high stability. The devices based on polymer 213
showed excellent stability under ambient condition with a mobility of
0.04 cm? V' s7! [251] (Chart 3.13).

3.2.2.3 p-Type Donor-Acceptor Copolymer Semiconductors

In recent years, donor—acceptor (D—A) copolymers have been widely developed
and applied in organic optoelectronics (see Chart 3.14) [252-254]. The properties
of D-A copolymers, such as solubility, photophysics, electrochemical properties,
crystallinity, packing mode, and device performance, can easily be modified by
tuning the structures of donor, acceptor, and side chains. Moreover, the intra- and
intermolecular “push-drag” effect between donor and acceptor units could effec-
tively improve the packing mode in thin film of polymers affording close and
orderly m—m arrangements of polymer, thus giving high device performance. In
2007, Miillen et al. reported a D—-A copolymer, 213 based on benzothiadiazole (BT)
and cyclopenta[2,1-b:3,4-b']dithiophene (CDT) [255]. With a number-average
molecular weight (M,) of 10.3 kDa, thin films of 213 gave a mobility of
0.17 cm® V™' s7! with an on/off current ratio of 10° after annealing at 200 °C for
2 h. After purifications of BT and CDT by passing the CDT monomer through a
recycling high performance liquid chromatography/gel permeation chromatography
(HPLC/GPC) system before polymerization, high molecular weight polymers with
M, of 50.0 kDa were obtained, the thin films of which showed a hole mobility of up
t0 0.67 cm® V™! s7! for their spin-coated films. By using a dip-coating method, the
macroscopic organization was further improved, resulting in hole mobilities of 1.0—
1.4 cm® V! 57! along the dip-coating direction and 0.5-0.9 cm® V™' 5! per-
pendicular to the dip-coated direction [256]. In 2011, Miillen et al. [41] further
modified polymers by tuning the molecular weight, side alkyl chain, and mor-
phology of thin film. Mobility was further improved to 3.3 cm® V' s™', which is
the world record for p-type thin film PFETs at that time. D—A copolymer, 215 based
on fused ladder indacenodithiophene (IDT) and benzothiadiazole (BT) units
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exhibited a lack of pronounced thin-film crystallinity, combined with the subopti-
mal orientation of the backbone and relatively large m-stacking distances, which
would not be expected to be favorable for charge transport [257]. However, these
thin film devices fabricated by spin-coating exhibited high mobilities in the range
0.8-1.2 cm® V! 57! with an on/off current ratio between 10 and 10*. The results
demonstrated that the indacenodithiophene (IDT) unit has a huge potential for
application in high performance FETs. Bazan group developed a series of regio-
regular pyridal [1-3] thiadiazole—cyclopenta[2,1-b:3,4-b']dithiophene copolymers
using the unsymmetrical pyridal [1-3] thiadiazole unit [258]. When the transistors
were fabricated by the polymer 216 with an M, of 34 kDa, a high mobility of
0.6 cm® V! 57! was afforded. Similarly, when polymer molecular weight was
increased, the corresponding hole mobilities also increased, from 0.8 cm? Vgt
(M, =100 kDa) to 2.5 cm®* V™' s™! (M,, = 300 kDa) [259]. The mobility of polymer
216 with high molecular weight (M, = 300 kDa) can be further improved to
6.7 cm® V™' s7! using the macroscopic alignment method, by which long-range
orientation of the polymer chains was obtained. The transport is anisotropic in the
long-range alignment of polymer fibers, where the mobility for a direction parallel
to the polymer backbone is six times higher than that for a direction perpendicular
to the polymer backbone. Interestingly, the macroscopic alignment method is a
combination of directional solvent evaporation through a tunnel-like configuration
and slow drying, of the polymer on a nanostructured insulator, and operationally
simple, not requiring sophisticated equipment or instrumentation. Moreover, a
systematic study of OFETs based on polymer 216 with several weight average
molecular weights (M,,) ranging from 30, 50, 80, 160, to 300 kDa demonstrated
much higher mobilities of up to 23.7 cm? V™' 57! [260]. Studies showed that the
high mobility values are relatively insensitive to My, which is consistent with long-
range alignment of the semiconducting polymer chains such that the transport
occurs dominantly along the conjugated backbone with occasional n—m hopping to
neighboring chains.

Isoindigo is a kind of pigment with planar structure and strong electron-with-
drawing ability. In recent years it had also been used as a building block to syn-
thesize polymer semiconductors with high performance [261-264]. In 2011, Pei
et al. reported an isoindigo-based D—A conjugated polymer, 217. Thin film of the
polymer had a low-lying HOMO energy level of —5.8 eV and showed crystalline
fibrillar intercalating networks. Its FET devices exhibited a high mobility up to
0.79 cm® V™' 57!, an on/off current ratio of 107, and good stability. They also
investigated how the branching position of alkyl side chains affects FET perfor-
mance of conjugated polymers 218-220. High mobility of 3.62 cm® V™' s™" was
achieved for polymer 219, in comparison to the 1.76 cm? V™' s™! for polymer 220
and 0.40 cm? V™' s™! for polymer 218. The developed branching position variation
strategy revealed the significance of sophisticated side chain molecular engineering
of conventional alkyl chains and its dependence on the backbone structures. In
addition, the influence of symmetry and backbone curvature of polymers on inter-
chain n—m stacking, lamellar packing, and crystallinity of isoindigo-based polymers
was also investigated by introducing different donor units. Bao et al. introduced a
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novel siloxane-terminated solubilizing group to isoindigo-based conjugated poly-
mer, affording 221. The solution-processed thin film transistors showed an average
mobility of 2.00 cm? V™' s7! (with a maximum mobility of 2.48 cm® V™' s™!). The
improvement in mobility was attributed to a combination of a small zw-stacking
distance, mixed crystallographic orientation (texture), and a large crystalline
coherence length, all of which were induced by the introduction of siloxane-termi-
nated side chains. D—-A polymer 222 containing a co-benzobisthiadiazole-quater-
thiophene unit showed typical p-channel OFET characteristics with a high carrier
mobility up to 2.5 cm® V™' 57!, which was attributed to the effectively long n-
conjugation system, the very tight packing pattern, and the high-order orientation in
the crystalline state [265]. Because of the highly m-extended structure and strong
electron affinity of naphthobisthiadiazole (NTz), polymers 223 exhibited a deeper
HOMO energy level of —5.54 eV. A thin film of 223 exhibited a hole mobility of
0.56 cm”® V™' 57! with an on/off current ratio of ~107 [266] (Chart 3.14).
Diketopyrrolopyrrole (DPP)-based polymers are currently displaying some of
the highest mobilities because of the remarkable aggregating properties of the DPP
moieties (see Chart 3.15) [254]. In 2008, the Winnewisser group first applied DPP-
based polymers as the active layer in OFETs. Solution-processed ambipolar field-
effect transistors based on this material exhibited hole and electron mobilities of 0.1
and up to 0.09 cm® V™! 57!, respectively [267]. DPP-based copolymers, 224
comprising thieno[3,2-b]thiophene moieties was developed in 2010 [268]. The
strong intermolecular interactions led to the formation of interconnected polymer
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networks with an ordered lamellar structure and a small n—7 stacking of 3.71 A,
which established highly efficient pathways for charge carrier transport. Polymer
224-based FET devices showed a high hole mobility of up to 0.94 cm® V™' s,
However, high molecular weight polymer 224, obtained by an optimized synthetic
procedure, afforded a tighter n—r stacking distance of 3.43 A [269]. OTFT devices
fabricated with this polymer semiconductor have exhibited very high mobilities of
up to 10.5 cm? V™! 57! with an on/off current ratio of 10°. Copolymerization of a
more rigid DPP-based building block starting from thieno[3,2-b]thiophene with the
thiophene unit afforded a polymer, 225 with a maximum hole mobility of
1.95 cm? V™' 57! [270]. The D-A polymer, 226 comprising DPP and a f-unsub-
stituted quaterthiophene unit formed ordered layer-by-layer lamellar packing with
an edge-on orientation in thin films even without thermal annealing [271]. The
well-interconnected crystalline grains formed efficient intergranular charge trans-
port pathways. The polymer afforded a high hole mobility up to 0.97 cm* V™' s™" in
FETs with polymer thin films annealed at a mild temperature of 100 °C and
similarly high mobility of 0.89 cm?® V™! s™! for polymer thin films, even without
thermal annealing. When the donor unit was further extended from f-unsubstituted
quaterthiophene to p-unsubstituted quintetthiophene, higher mobilities were
achieved in the resulting copolymer 227 [272]. Its hole mobility of the thin film
without thermal annealing reached 1.08 cm® V™' s™', and a higher hole mobility of
3.46 cm”® V™' 5! was obtained for the film annealed at 200 °C directly in an air
atmosphere. The improved performance was attributed to the longer S-unsubstituted
quinquethiophene unit reducing the steric hindrance of the bulk side-chain groups,
which is favorable to enhance the molecular ordering capability.

In 2012, Yu group developed two new DPP-based copolymers, 228 and 229 by
copolymerization with (E)-2-(2-(thiophen-2-yl)vinyl)thiophene [273]. Polymers
228 exhibited high hole mobilities up to 4.5 cm? V™' s™*. For polymer 229, higher
mobilities up to 8.2 cm? V™' s™! were achieved. The high performance of polymer
229 could be attributed to the strong intermolecular interactions in the solid state.
Corn leaf-like interconnected networks and ordered lamellar structure with inter-
layer distances of 21.11 A, and small n—n stacking distances of 3.66 A were formed
in thin films of polymer 229. Additionally, polymer 229 took predominantly edge-
on orientation, which was regarded as another major reason. A similar DPP-based
copolymer containing (E)-2-(2-(selenophen-2-yl)vinyl)selenophene, polymer 230
was reported by Kang et al. [274]. FET devices based on the polymer exhibited hole
mobilities of 4.97 cm? V™! s higher than the value of 2.77 cm® V! st of the
counterparts containing S atoms under the same conditions. The increased mobility
was attributed to the stronger interaction between neighboring polymers chains,
resulting from the more mobile lone pair of selenophene atoms compared to thi-
ophene. In 2013, the n-conjugated backbones were further modified by a longer
branched alkyl chain with six methylenes spacer between the branching point and
the backbone, affording polymers 231 and 232 [275]. These showed record high
mobilities of 10.54 and 12.04 cm® V™' s7', respectively. The improved perfor-
mances were attributed to the denser main chain packing and stronger
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intermolecular interaction in the two polymers. In thin films, smaller m—n stacking
distances of 3.62 A for polymer 231 and 3.58 A for polymer 232, were obtained.

3.3 n-Type Semiconductors

Compared with the breakthrough progress made in p-type semiconductors, the
development of n-type counterparts is lagging behind, and has been regarded as one
of the huge challenges of organic electronics. As mentioned above, electrons are
charge carriers in channels in this kind of FET. Thus high electron affinities to
facilitate charge injection and ambient stability are necessary for n-type semicon-
ductors. To obtain ideal n-type semiconducting material, many electron-withdraw-
ing groups or systems were synthesized and used to tune the LUMO energy level.

3.3.1 Selected n-Type Small-Molecule Semiconductors

3.3.1.1 Fullerenes

Fullerenes and their derivatives are spherical molecules with cage-like fused-ring
structures. Because of electron affinities, these kinds of molecules can afford n-type
characteristic in OFETs (see Chart 3.16 and Table 3.3). For example, the single
crystal of Cgo, 233 exhibited the highest electron mobility of 0.7 cm? V™' s™" and
the highest hole mobility of 1.9 cm? V™' s~! measured by the time of flight (TOF)
method [276]. Under ultrahigh vacuum conditions, the Cgo-based FET devices
showed electron mobilities of 0.08 cm? V™! s™! with on/off ratios of 10° [33]. It is
notable that when amorphous alumina was used as insulating layer to shield Cgq
film from the air, the FET devices exhibited electron mobility of 0.1 cm® V' !'s!
and improved stability [277]. No degradation had been detected even for more than
1 month. With the introduction of pentacene as buffer layer, the resulting FET
devices based on Cgy demonstrated high electron mobilities of 3.23 cm® V! 57!
[278]. Moreover, when using divinyltetramethyldisiloxane-bis(benzocyclobutene)
(BCB) as the dielectric layer, the corresponding devices gave the highest mobility
of 6 cm®> V™' 57! [279]. In addition, a high mobility of 5.3 cm® V' 57! was
obtained when utilizing crystalline self-assembled monolayers of octadecyltrime-
thoxysilane-modified Si/SiO, substrates [280].
Methanofullerene[6,6]-phenyl-Cg;-butyric acid methyl ester (PCBM), a soluble
Ceo derivative, 234 is usually used as an acceptor in organic photovoltaic cells.
Using Ca as the drain and source electrodes, spin-coated films of PCBM showed a
mobility of 4.5 x 10~ cm? V™' s7' [281]. By optimizing dielectric materials, a high
mobility of 0.2 cm® V™! 5! could be afforded [282]. Long-chain alkyl-substituted
Ceo, Coo-fused N-methylpyrrolidine-meta-C12 phenyl (CsoMC12), 235 exhibited
an electron mobility of 0.067 cm®* V™' s™', whereas 234 showed a mobility of
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235: R'= CyHps, R2=H
236: R' = H, R? = C1,Fy5

237 238

Chart 3.16 Cgy, Cy¢ and their derivatives

0.023 cm® V™! 57! under the same conditions [283]. Fluorinated Cqo derivatives
demonstrated increased mobilities and improved stabilities [284]. For example,
derivative 236 displayed a high mobility of 0.25 cm® V™' s™" in a vacuum and
0.078 cm? V™! s7! in air. Similar to Cgy and PCBM, C-0, 237 and its derivative
PC;,BM, 238 were also used as semiconducting layers in FET devices [285, 286].
Soluble PC,1BM are also widely used as acceptor in organic solar cells. PC;;BM
afforded electron mobility of 0.028 cm® V™' s~! whereas PCBM showed electron
mobility of 0.022 cm? V™' s™! under the same conditions. The FET performance of
other fullerene derivatives had also been examined, affording electron mobilities in
the range 107*-107% cm? V™' 57! [287-290].

3.3.1.2 Diimides

Diimides are electron deficient because of the substitution of an aromatic core with
two sets of strong electron-withdrawing carboxylic imide rings. Aromatic diimides
are one of the classical n-type organic semiconductors with high electron affinities,
high mobilities, and excellent stabilities. These diimides are subdivided into
naphthalene diimide, perylenediimide, and other diimide derivatives, etc.
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Naphthalene Diimide and Derivatives

The precursor, naphthalene tetracarboxylic dianhydride, 239 of naphthalene diimide
is one of the first successes of this generation of n-type materials (see Chart 3.17).
Vacuum deposited films of 239 showed an electron mobility of
3% 1072 em? V7! s7! under vacuum [291, 292]. In air, however, there was one to
two orders of magnitude decrease in the electron mobilities. The naphthalene dii-
mide (NDI), 240a also showed n-channel properties with mobilities of
107 cm? V™' 57!, Although the electron mobility of NDI has obvious decreased,
the nitrogen atoms of NDI could be substituted by alkyls or other groups affording
us versatile ways to obtain solution-processable n-type semiconductors with dif-
ferent electronic properties. Indeed, a lot of alkyls or other groups substituting NDIs
exhibited high electron mobility [293-296]. For example, the hexyl-substituted
NDI, 240b showed a high electron mobility up to 0.7 cm® V™' s™'. The octyl-
substituted NDI, 240c and dodecyl-substituted NDI, 240d showed electron
mobilities of 0.16 and 0.01 cm® V™! 57!, respectively. It is notable that the cy-
clohexylsubstituted derivative, 240e, developed by Shukla et al., afforded high n-
type performance with mobilities of 6.2 cm® V™' s~ with an on/off current ratio of
6 x 10%. In addition, when the 240e-based thin film devices were tested in argon
atmosphere under low humidity conditions, their mobility further increased to
7.5 cm® V™! 57!, which is one of the highest values reported for n-type semicon-
ductors so far. The high performance was attributed to the bulk phase crystalline
packing with two-dimensional lamellar stacking and long axis of the molecule
nearly vertically oriented out of the substrate plane, which results in efficient charge
transport. Alkylphenyl-substituted NDI, 240f was also investigated [297]. Its thin
film FETs showed air stable electron transport properties with a mobility of
0.18 cm® V™' 57!, Fluorinated substituents including fluorinated alkyls and alkyl-
phenyls were also introduced on the nitrogen-positions of NDIs. The resulting
derivatives exhibited improved air stability because of the lowered LUMO energy
levels. For example, fluoroalkyl-substituted NDI, 240g showed the highest electron
mobility of 0.38 cm? V! 57! measured in nitrogen and 0.27 cm® V™' s7! in air,
with an on/off ratio of over 107 [298]. The single crystal OFETSs of 240g exhibited
electron mobility as high as 0.45 or 0.70 cm? V' s~! along different crystal
directions when tested in vacuum [299]. Derivative 240h with a longer fluorinated
alkyl chain afforded electron mobility approaching 0.7 cm® V™' s™" in air [300]. Its
mobilities were stable in air for 1 week. After 100 days in air, the average mobility
of three OTFTs decreased from 0.62 to 0.12 cm?> V! s ! but stabilized thereafter.
In addition, the NDI derivatives with fluorinated phenyl groups or phenyl group-
substituted fluorinated alkyls chain, 240i and 240j afforded the highest electron
mobilities of 0.57 and 0.87 cm® V™' s™', respectively [301, 302]. The chlorine-
substituted NDIs 241a and 241b, which were reported by Oh et al., showed
excellent electron mobilities of 0.86 and 1.26 cm? V™' s~ ! in nitrogen, respectively
[298]. When tested in ambient air, NDIs 241a and 241b showed some degree of
increased electron mobilities of 0.91 and 1.43 cm® V™' s7', respectively. The
improvement in mobilities was attributed to the trapping of the charge carriers by
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Chart 3.17 Naphthalenediimide and derivatives

ambient oxidants. Furthermore, 241a-based OFETs fabricated by solution shearing
technique, afforded electron mobility increased up to 4.26 cm? V™' s~ under bias
stress after 1000 cycles [303], and the single crystal FET devices of 241a showed
higher mobilities of up to 8.6 cm* V' s™! [304]. The cyano-substituted derivative,
242 afforded a low mobility of about 4.7 x 107> cm? V™' 5!, whereas dicyano
substituted derivative 243 exhibited an electron mobility of 0.15 cm® V™' 57!,
which is comparable to that of 240c¢ unsubstituted by cyano groups [305]. However,
because of the low-lying LUMO energy level, derivative 243-based devices
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exhibited improved air stability with electron mobilities of 0.11 cm®* V™! 57! in
ambient air.

Core-expanded NDI derivatives were also synthesized and examined, for
example, symmetrical derivatives 244 and unsymmetrical derivatives 245 and 246.
The 244c-based thin film FETs fabricated by the spin-coating technique exhibited
n-type performance with high mobilities up to 1.2 cm? V™' s~ and an on/off current
ratio of 10% [306]. Moreover, these devices showed excellent stability with the
annealing process taking place in ambient air. The low LUMO energy level of
—4.3 eV and close m-packing in combination with long alkyl chains, which can
inhibit the ingress of oxygen, was thought to be the reasons behind the excellent
performance and stability. In 2013, three similar compounds, 244a, 244b, and 244d
were also synthesized [307]. Of these, 244d-based FETs afforded a electron
mobility of 3.5 cm® V™' s™', which is one of the highest mobilities for solution-
processed air stable n-type OFETs. The kind of core-expanded NDIs with different
functional groups on the nitrogen of imide was also reported and showed similar
performance [308]. More recently, Zhang’s group reported another symmetrical
thiazole-fused NDI derivatives, which gave a mobility as high as 0.15 cm® V™' 57!
with a high on/off current ratio in air [309]. Unsymmetrical core-expanded NDIs,
245 and 246 were also developed by the same group [310, 311]. Derivatives 245-
and 246-based devices showed electron mobilities of 0.22 and 0.17 cm® V™' 57!
with a high on/off current ratio under ambient conditions after annealing. A new
family of NDIs, such as 247 and 248, also showed typical n-type OFET behavior.
For example, NDI derivative 247 afforded electron mobilities as high as
0.35 cm? V™! s7! [51], whereas derivative 248 exhibited electron mobility as high
as 0.10 cm® V™' s7! with good bias stress stability [312]. In 2012, two kinds of
NDI-based oligomers, such as 249 and 250, were synthesized by Kippelen et al.
[313, 314]. Optimized spin-coated OFETs based on 249 showed electron mobility
of up to 0.15 cm® V™! s7'. Inkjet-printed OFETs have also been fabricated in
ambient atmosphere on flexible plastic substrates, and exhibited mobility of up to
0.17 ecm®* V™' s7'. The flexible printed-OFETs exhibited excellent operational
stability. OFETs with a solution-processed derivative 250 showed ambipolar
transistor properties with an average electron mobility value of 1.2 cm® V™' s™! and

an average hole mobility value of 0.01 cm®* V™' 57",

Perylene Diimide and Derivatives

Similar to naphthalene tetracarboxylic dianhydride 239, perylene tetracarboxylic
dianhydride, 251 also showed n-type charge transport properties (see Chart 3.18).
The thin film-based and single crystal-based FETs afforded electron mobilities of
10~ and 1072 cm? V™' 57!, respectively [315, 316]. N-Alkylated perylene diimides
(PDIs) exhibited good electron transport performance and high device stability. For
example, N-pentyl derivative 252a showed mobilities up to 0.1 cm* V' s ! [317].
Polycrystalline films of octyl-substituted derivative 252b afforded a high mobility
of 1.7 cm® V™' s7! [318, 319]. The dodecyl- and tridecyl-substituted derivatives
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252¢ and 252d showed mobilities up to 0.52 and 2.1 cm® V™' 57!, respectively
[320-322]. The high electron mobility of 252d arises from its thin film morphology
of crystallinity and flat and large tile-like grains. A series of N-fluorinated alkyl
substituted PDIs, 252e, 252f, and 252g, were developed by Bao et al. Of these,
252e and 252g showed low mobilities of 0.049 and 0.11 cm? V™' 57!, respectively
[323, 324]. However, derivative 252f exhibited high mobilities up to 1.44 and
1.24 cm® V™' s7! respectively when tested in vacuum and in air. It is notable that
solution-processed FET devices based on 252f exhibited a mobility as high as
1.42 cm? V' s7!, which is much higher than the value of 0.72 cm? V7! s7! of the
vapor-processed technique. In addition, 252g-based OFETs were not air stable in
ambient air until the thickness of semiconducting layer increased up to ten
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Chart 3.18 Perylene diimide and derivatives
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monolayers. The result demonstrated the importance of the thickness of semicon-
ducting layer in OFETs [325]. Different to N-cyclohexyl substituted 240e, the N-
cyclohexyl substituted PDI 252h, exhibited lower mobility of only about
1.9 x 107* em® V™' s7! [163]. The phenyl and perfluorophenyl substituted PDIs,
252i and 252j also afforded low mobilities of 0.017 and 0.068 cm? V7! s L
respectively [326]. Nonetheless, the two derivatives have improved stability. For
example, device performance of 252j exhibited no significant change, even after
storage in air for 72 days. The phenyl-ethyl substituted compounds, 2521 exhibited
n-type charge transport properties with mobility of about 0.11 cm® V™' s™' and
good air-stability [327]. The nanowire FET devices of 2521 showed the highest
mobility of 1.4 cm? V! s7' [328]. Perfluorophenyl-ethylsubstituted derivative,
252m exhibited electron mobility of about 0.62 cm?® V™! s tested in vacuum and
0.37 cm?® V™' s7" in air [324]. Dicyano substituted PDIs were also synthesized and
applied in OFETs [329-331]. For example, the vacuum deposited thin film of 253a
showed mobilities of 0.16 cm”> V™' s!, and its OFETs fabricated by inkjet-printing
technique exhibited a mobility of 0.056 cm® V™' 5! [332]. The evaporated films of
253b and 253c¢ showed mobilities of 0.16 and 0.64 cm® V™' s7!, respectively [333].
The crystalline films of 253c afforded a mobility of 1.3 cm? V™' s™! in ambient air
[334]. Its single crystal transistors exhibited the highest mobilities of 6 cm* V' 5™
under a vacuum and 3.0 cm® V™! s7! in ambient air [335]. The excellent perfor-
mance in air could be attributed to the low-lying LUMO energy level of —4.3 eV in
combination with the dense packed cores and fluoroalkyl chains. Furthermore, its
vacuum-gap single crystal could afford high mobility up to 10.8 cm® V™' s~' [336].
The core-chlorinated and fluorinated PDIs also showed high stability. For example,
tetrachloro-substituted PDI 254 had the low LUMO energy level of —3.9 eV [327].
The 254-based FETs afforded electron mobility as high as 0.18 cm® V™' s™'. After
storage in air for 80 days, the mobility slightly decreased to 1072 cm® V™' s !, N-
Perfluorophenyl tetrachloro-substituted PDI 255 showed electron mobility of
0.38 cm® V™' s™" with an on/off ratio of 107 [324]. Octachlorosubstituted PDI 256
showed a much lower LUMO energy level of —4.23 eV [337]. The 256-based FETs
exhibited electron mobilities of 0.91 cm? V™' s™' when measured in vacuum and
0.82 cm? V™! 57! in ambient air. It is notable that electrical parameters were almost
unchanged even when keeping the devices in air for about 20 months. The high
stability was also attributed to the low-lying LUMO energy level and high packing
density. Difluorinated PDIs usually showed higher electron mobilities than those of
PDIs only substituted at the nitrogen atoms. For example, difluorinated PDI
derivatives 257a, 257b, and 257¢ showed electron mobilities of 0.74, 0.66, and
0.85cm?> V! sfl, respectively [324]. However, the tetrafluorinated PDI derivative
258 showed a decreased electron mobility of 0.056 cm® V™! s™! and an increased
stability. The decreased mobility is probably because of the nonplanar structures
caused by too many substituents in the bay positions, and the increased stability
because of the lower LUMO energy level. In addition, the LUMO energy level of
PDI derivative 259 is located at —3.88 eV [51]. The derivative showed an electron
mobility of 0.15 cm® V™' s™" in vacuum and 0.08 cm?® V™' 5! in air.
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Wang et al. reported series of large m-conjugated systems, such as dimer and
trimer of NDI and PDI derivatives. The extension of n-conjugated systems not only
leads to a dramatically broadened absorption spectrum but also increases the
electron affinities to facilitate electron injection and transport with ambient stability.
Dimers 260 exhibited good solubility in common organic solvents. Of these, 260a
demonstrated excellent thin film electron performance in air with the mobility as
high as 0.70 cm? V! 57! and an on/off current ratio of 4 x 107 [338]. Moreover,
single crystal ribbons of 260b were easily grown by a solvent vapor diffusion
strategy 339. The FET devices based on these individual ribbons exhibited electron
mobilities of over 1.0 cm? V™' s™! with the highest mobility of 4.65 cm® V' s7",
Moreover, the devices exhibited excellent air stability. No obvious degradation was
observed, even after the devices had been stored in air for more than 6 weeks. The
molecular structure of highly fused derivative 261 is composed of two NDI units
and one PDI unit [340]. The spin-coating thin films of derivative 261 showed a
moderate electron mobility of 0.02 cm® V™' s~ under ambient conditions. Thermal
annealing of the thin films led to an improved performance with the highest electron
mobility up to 0.25 cm? V™! 5! and an on/off current ratio of 10.

Other Diimides and Derivatives

Besides NDIs and PDIs, other diimides were also developed and used as semi-
conducting layers in the n-type OFETs (see Chart 3.19). For example, pyromellitic
diimides have a benzene ring in the center, and the tetracarboxylic diimides on both
sides of the benzene ring. In 2008, Kate et al. synthesized a series of N-substituted
pyromellitic diimides [341]. The thin films of pyromellitic diimide 262a and 262b
exhibited electron mobilities of 0.074 and 0.079 cm® V™' s™" when tested in vac-
uum, respectively. In addition, the on/off current ratios of n-channel devices are as
high as 10°. The electrical parameters of the devices had a slight decrease when
measured in air. For example, the mobility and on/off current ratio for 262b
dropped to 0.054 cm? V™' 57! and 10*, respectively, because of the presence of
water and oxygen. The LUMO energy levels of 262a and 262¢ were estimated to be
about —3.9 eV. Angular-shaped naphthalene tetracarboxylic diimide, 263 afforded
the highest mobility of 0.515 cm® V™' s™' [342]. The high electron mobility of the
OFETs was attributed to the improved crystallinity and enlarged grain sizes at the
high substrate temperature. Anthracene diimides have nearly planar structure with
potential application in organic electronics [343]. For example, the single crystal of
anthracene diimide 264 exhibited dense packing with a small n—=n distance of
3.45 A. Linear anthracene diimides 265 were reported in 2007 [344, 345]. Vapor-
deposited films of 265a, 265b, and 265c showed n-type charge transport perfor-
mance with mobilities in the range 0.01-0.02 cm? V™' s™"' with an on/off current
ratio of 10°~107 in vacuum. However, core-cyanated diimide 265d showed a high
electron mobility of 0.03 cm? V™' s7! in vacuum and 0.02 cm? V™' s ! in air with
an on/off current ratio of 10”. The device performance of 265d-based devices stored
in air with exclusion of light remained stable for at least 4 months after fabrication.
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Chart 3.19 Other diimides and derivatives

Core-cyanated diimide 265d also showed improved solubility. The improved per-
formance of 265d was attributed to the low-lying LUMO energy level induced by
the nitrile groups. Angular-shaped tetracene- and pentacene-bisimides, 266 and 267
were synthesized via a similar double-cyclization reaction [346]. Vapor deposited
films of 266b showed low electron mobility of 3.3 x 107> cm? V' s™'. Linear
pentacene-diimides 268 was also synthesized [347]. The core-cyanated diimide
268b showed a low-lying LUMO energy level of —4.15 eV. The thin film tran-
sistors based on 268b showed an electron mobility of 0.08 cm? V™' s™" and a high
on/off current ratio of 10°-10”. The devices exhibited good air stability when
exposed to air for several months. Terylene tetracarboxdiimides (TDI) and qua-
terylene tetracarboxdiimides (QDI), homologues of PDI, were investigated by
several groups [348-350]. For example, 269 and 270 exhibited electron mobilities
of 10722107 em® V™' s7!. It is interesting to note that ambipolar behavior could be
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observed in some FET devices based on these materials. In 2012, Wu et al.
developed a series of large disc-like ovalene diimides of 271 [351]. Because of the
attachment of electron-withdrawing imide and cyano groups, diimide 271¢ showed
a low-lying LUMO energy level of —3.9 eV and a lamellar packing with a small
n—n distance of 3.42 nm existing in thin films. The 271c-based FET devices fab-
ricated by solution processing exhibited high electron mobilities up to
0.51 cm® V™' s " in air and 1.0 cm® V™! s7! in nitrogen atmosphere. Other diimides
had also been reported. For example, the coronene-based diimide 272 exhibited
mobilities as high as 6.7 cm® V™! s7' as measured using the space-charge limited
current method [352]. The tetraazabenzodifluoranthene diimide 273 showed an
electron mobility of 0.12 cm® V™' 57! in solution-processed thin film transistor
devices [353].

3.3.1.3 Cyano-, Halogen-Containing and Other n-Type Semiconductors

Besides diimides, other small molecule semiconductors with electron-withdrawing
groups and/or electron-deficient m-conjugated systems also exhibit good electron-
transporting properties. The electron-withdrawing groups include cyano, halogen,
halogenated alkyl, carbonyl, etc. The electron-deficient m-conjugated systems
involve pyrazine, oxadiazole, thiazole, and benzobisthiadiazole derivatives, etc.

Cyano-Substituted n-Type Small-Molecule Semiconductors

The cyano group has a strong electron-withdrawing ability and is widely used in
constructing n-type semiconductors (see Chart 3.20). The most famous is 7,7,8,8-
tetracyanoquinodimethane (TCNQ), 274, which itself is a very strong electron
acceptor. Later, the tetracyanothienoquinodimethane systems were found to have a
great potential as optoelectronics materials and their versatile functions are
endowed with the extended thienoquinoidal conjugated structures. A great draw-
back of these compounds is, however, that they become insoluble in common
solvents with quinoid extension. Developing soluble terthienoquinoid derivatives
became important in the field. Dicyanomethylene-substituted terthienoquinoid
compound 275 was highly soluble in common organic solvents [354]. Its highly
crystalline thin film showed strong intermolecular interaction and exhibited electron
mobilities up to 0.16 cm® V™' s7!. (Alkyloxy)carbonyl)cyanomethylene-substituted
thienoquinoidal derivatives, for example 276, showed high solubility and low-lying
LUMO energy levels in a range of —4.0 ~—4.2 eV, which is beneficial for injection
and transport of electrons and for getting n-type OFETs with high stability [355].
The solution-processed thin films of 276 afforded the highest electron mobility of
0.015 cm® V™! s7! in air. Zhu et al. also developed a series of pyrrole-containing
quinoids with dicyanomethylene groups [356]. The incorporating pyrrole unit to
quinoidal core structure presented two main advantages: first, N-alkyl substituents
of pyrrole can serve as solubilizing groups for the realization of solution-
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processability; second, the properties of dicyanomethylene derivatives could easily
be modified by variation of N-alkyl substituents. Meanwhile, the retained quinoidal
core structure and the electron-withdrawing end-capped group ensures a sufficiently
low LUMO energy level, meeting the requirement for air stable n-channel organic
semiconductors. For example, the compound 277 showed a low-lying LUMO
energy level of —4.37 eV and its solution-processed thin films exhibited typical n-
channel FET characteristics with the electron mobility of 0.014 cm”* V™' s~' under
ambient conditions. Dicyanomethylene-substituted fused tetrathienoquinoid 278
also showed a low LUMO energy level of —4.3 eV [357]. It means that the com-
pound 278 could form high crystallinity film without thermal or solvent annealing,
and adopts a nearly perpendicular orientation on the substrate in the thin film. The
corresponding thin film transistors demonstrated high stability and high perfor-
mance with an average electron mobility of 0.43 cm” V™' s~" and the highest value
up to 0.9 cm® V7! s7! in ambient conditions. In addition, a novel series of
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diketopyrrolopyrrole (DPP)-containing quinoidal small molecules were developed
[358]. Of these, compound 279 showed a very low LUMO energy level of
—4.51 eV, well within the requirement for air stable n-type OFET materials. Under
ambient conditions, the vapor processed films of 279 afforded the maximum
electron mobility of 0.55 cm? V™! s7! with an on/off current ratio of 106, whereas
the solution-processed films exhibited the highest electron mobility of
0.35 cm?® V™' 57! with an on/off current ratio of 10°~10°. Besides dicyanometh-
ylene, the strong electron-withdrawing tricyanovinyl groups were also introduced
into the m-conjugated systems affording n-type semiconductors [359]. For example,
derivative 280 showed the highest performance with an electron mobility of
0.02 cm?® V™' 57! on hydrophobic C,¢-alkane chain-terminated Al,O5 substrates.
Cyano-groups substituted into the backbone of n-conjugated systems had also been
reported. For example, Park et al. reported dicyanovinyl-substituted DPP based n-
channel organic semiconductor 281 [360]. The strong electron-withdrawing dicy-
anovinyl units in 281 lowered the LUMO energy level to —4.45 eV. The solubility
and crystallinity are slightly higher than those of dicyanomethylene-substituted
quinoidal molecule 279. The crystals of 281 displayed a dense and well-defined
lamellar packing with a uniform terrace step height corresponding to a molecular
monolayer. As a result of outstanding self-assembly characteristics derived from the
conformational planarity, the solution-processed single crystal FET devices of 281
exhibited electron mobility up to 0.96 cm® V™' s™!, whereas polycrystalline OFETs
afforded electron mobility of 0.64 cm? V™' s™!. Cross-conjugated aromatic qua-
terthiophene 282 with strongly electron-accepting tetracyanomethylene substituents
has the HOMO/LUMO energy levels of —5.60/=3.68 eV [361]. The vacuum
deposited films of 282 afforded an electron mobility of 0.34 cm® V™' s'. Core-
cyanated isoindigo 283 showed a decreased LUMO energy level of —3.88 eV [362].
The thin film FET devices of 283 afforded ambient stable electron mobility up to
0.044 cm? V™' 57! 1t is interesting that the isoindigo derivative exhibited ambipolar
charge transport behavior with electron and hole mobilities of 0.11 and
0.045 ¢cm®> V! s7' on FOPA-modified substrates. In 2013, a series of cyano-
disubstituted dipyrrolopyrazinedione (CNPzDP) small-molecules was developed
[363]. By incorporating cyano substituents, the HOMO and LUMO energy levels of
the electron-deficient PzDP 284 can be sufficiently decreased to —5.88 and
—4.04 eV, which facilitate the electron injection and transport. In OTFT devices,
284 showed n-type semiconductor behavior with a high electron mobility of
0.16 cm® V™' s™" and an on/off current ratio of 10°.

Halogen-Substituted and Other n-Type Small-Molecule Semiconductors

The introduction of halogen atoms into organic semiconductor molecules is another
important strategy for the design of n-type semiconductors (see Chart 3.21). Among
halogen atoms, the fluorine atom is the most widely used in the process of realizing
n-type behaviors. The main reason is that the fluorine atom has stronger electro-
negativity compared to other halogen atoms and smaller atomic radius than that of



3 Organic Semiconductors for Field-Effect Transistors 123

the hydrogen atom; therefore, it can be used to tune the molecular properties
without significantly changing the molecular geometry. For example, perfluoro-
pentacene, 285 showed typical n-type charge transport properties in FET devices
[364]. Perfluoropentacene possesses a planar structure as observed for pentacene.
The reduction and oxidation peaks of perfluoropentacene shift positively relative to
pentacene. A vacuum deposited film of 283 exhibited an electron mobility of
0.11 cm? V! s7!. Under the same conditions, pentacene showed p-channel
transport behavior with a hole mobility of 0.45 cm® V™' s™'. The similar change
could also be seen in hexa-peri-hexabenzocoronene (HBC) and its fluorine-
substituted derivative, 286 [365]. The introduction of fluorine atoms made the
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LUMO energy level of derivative 286 lower than that of HBC by about 0.5 eV. A
vacuum deposited thin film of 286 showed an electron mobility of
0.016 cm® V™' s7' with an on/off current ratio of 10*. Fluorine-substituted and
trifluoromethyl-substituted oligomers with n-channel transport behavior were also
developed. Thin film transistors based on trifluoromethyl-substituted oligomer 287
afforded an electron mobility of 0.55 £ 0.05 cm® V™' s~ !, whereas the single crystal
transistors exhibited high electron mobilities up to 3.1 cm? V™' s™! in vacuum on
bare SiO, dielectric [366]. In 2012, a series of tetrathienoacene-based oligomers
were developed by Youn et al. Of these, perfluorophenyl end functionalized
derivative 288 showed an electron mobility as high as 0.30 cm? V™' ™! with an on/
off current ratio of 1.8 x 107 in vacuum [367]. For the phenyl-substituted analogue,
p-channel transport was observed with a hole mobility as high as 0.21 cm? V™' s
under the same conditions. Although halogen atoms could effectively tune the
energy levels and intermolecular interaction of semiconducting materials, and even
change their charge transport type from p-type to n-type, most acenes containing
halogen atoms have relatively high-lying LUMO energy levels, which lead to their
FET devices having low stability in air. In order to obtain high air stability and
high-performance n-type organic semiconductors, other electron-withdrawing
groups and/or electron-deficient n-conjugated systems are also used in combination
with halogen substituents. Shoji et al. [368] synthesized a series of oligomers
containing trifluoromethyl and cyano groups. Derivative 289-based FET devices
fabricated with top contact configuration afforded the highest mobility of
0.30 cm? V7! 57!, when deposited on OTS-treated SiO, dielectric. Similar com-
pounds such as 290-292 were also developed and used in OFETs [369, 370].
Compound 292 showed an electron mobility of 0.03 cm® V™! s™' for OFET with
evaporated film and 0.16 cm® V™' s™' for single crystal OFET. However, com-
pounds 290 and 291 showed high transport performances. The thin film FET
devices based on 290 and 291 exhibited electron mobilities as high as 0.61 and
2.14 cm® V™' s7! with on/off current ratios higher than 10°. The high performances
of 290 and 291 were attributed to tight molecular stacking and optimized energy
levels, caused by incorporating these electron-withdrawing groups. Besides cyano
group, carbonyl groups were also used in combination with halogen atoms
affording n-type semiconductors. For example, indenofluorenediones, 293-295
with different numbers of fluorine substituents were synthesized and investigated as
active layers of n-type OFETs [371]. Of them, the 295-based FET devices fabri-
cated on polystyrene (PS) substrates showed n-type performance with a field-effect
mobility of 0.16 cm? V™' s™" and an on/off current ratio of 10°. The 293-based
FETs exhibited a dramatic decrease in the electron mobilities from 0.14 to
0.003 cm? V™! s7! after 40 h of storage in air. However, the electron mobilities of
295-based FETs decreased from 0.15 to 0.07 after 40 min of storage in air, but
showed negligible changes even in the following 3 months. The high environmental
stability of 295-based FETs was attributed to the lower LUMO energy level, rel-
ative to that of 293. Fluorinated pentacenequinone 296 was reported by Miao et al.
[372]. X-ray crystallographic analysis revealed the molecular packing of 296 fea-
tures weak C—H:--O/F hydrogen bonds and n—mn stacking with a small distance of
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3.32 A. Vacuum deposited film showed electron mobility up to 0.18 cm? V! s7!
when measured in vacuum. In addition, oligomer 297 containing both carbonyl and
fluorohexyl groups showed the highest mobilities up to 2 cm® V' s™" on the PS
modified Si/SiO, substrate in nitrogen [373]. Using Au as top contacts, oligomer
297 afforded higher electron mobility up to 4.6 cm® V7! 57! [374]. Electron-
deficient n-conjugated systems, such as oxadiazole, thiazole, etc., were also used in
combination with halogen atoms for getting n-type semiconductors. For example, a
series of thiazolothiazole derivatives were developed by Ando et al. [375]. Of these,
thiazolothiazole derivative 298 has a nearly planar geometry, in which two thio-
phene rings take all-frans conformation. The thin film of 298-based FET devices
fabricated with top contact configuration exhibited an electron mobility of
0.30 cm? V™! 57! with an on/off current ratio of 10°. The high mobility was related
to the n-stacking structure with a distance of 3.53 A and intermolecular short S---S
contact of 3.25 A. By employing a self-assembled monolayer on a SiO, gate
insulator, the highest electron mobility of 1.2 cm® V™' s™' and on/off current ratio
of 107 were achieved in 298-based FET devices [376]. Thiazole-thiazolothiazole
conjugated molecule 299 also showed a nearly planar geometry [377]. However,
the HOMO-LUMO energy gap of 299 obtained from its absorption edge was
2.57 eV, larger than the 2.48 eV of 298. The thin film of 299-based FET devices
fabricated with top contact configuration exhibited high electron mobility of
0.64 cm?> V' sl Benzo[1,2-b:4,5-b']-dithiophene-4,8-dione derivative 300 has a
deeper LUMO energy level of —4.1 eV, leading to efficient charge-carrier injection
and air stability [378]. A columnar structure with efficient intermolecular n-n and
horizontal direction interactions, leading to high electron mobilities, is formed in its
thin film. The 300-based OFET devices showed n-type characteristics, where the
electron mobility was 0.15 cm? V™' s™' under vacuum conditions and above
0.1 cm® V™' 57! in air. Oligomer 301 containing an electronegative unit, 4,9-
dihydro-s-indaceno[1,2-b:5,6-b"]dithiazole-4,9-dione, formed an almost planar
geometry with inter-ring dihedral angles less than 2° [379]. The C2-symmetric
oligomer 301 showed a cross-oriented layer-by-layer packing and dense n-stacking
with a distance of 3.38 A in each layer. Moreover, the 301 film showed crystal-
shaped submicrometer-sized grains with no observable grain boundaries, which are
advantageous to electron transport. Its thin film showed electron mobility as high as
0.39 cm? V™! 7! and good stability. Under air-exposed conditions there was only a
slight change in the mobility even after 3 months. In addition, Yu and coworkers
developed two air stable n-type trifluoromethyl-substituted triphenodioxazines, 302
and 303 [380]. The vacuum deposited thin films of compounds 302 and 303
exhibited electron mobilities of 0.07 and 0.03 cm® V™' 5™, respectively. Although
the two compounds had relatively high-lying LUMO energy levels of —3.67 eV, the
two compound-based FET devices exhibited outstanding environmental stability.
For example, the mobility of compound 302 varied from 0.05 to 0.047 cm” V™' s~
even after its devices were stored for 30 days in air. The close molecular packing
resulting from trifluoromethyl groups could be responsible for the high stability of
these devices. Some pyrazine derivatives also afforded n-type characteristics. For
example, pyrazine derivative 304, which was synthesized by Islam et al., showed
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high n-type performance [381]. Single crystal FETs using 304 as the active semi-
conducting material and graphite as source/drain electrodes exhibited a very high
electron mobility of 3.39 cm® V' s™! in ambient conditions. A vacuum deposited
film of silylethynylated tetraazapentacene 305 exhibited an electron mobility of
3.3 cm® V! 57!, which is one of the highest values for n-type organic semicon-
ductors [382]. The high electron mobility of 305 was attributed to its low-lying
LUMO energy level of —4.01 eV and highly ordered and denser two-dimensional
brickwork arrangement with a small n-stack distance of 3.28 A. Another pyrazine
derivative 306 showed an electron mobility of 0.12 cm? V™' s7' [365]. X-ray
diffraction patterns revealed that derivative 306 formed polycrystalline film.

3.3.2 Selected n-Type Polymer Semiconductors

3.3.2.1 Selected Diimide-Based n-Type Polymer Semiconductors

In the same way that the development of n-type semiconductors is lagging behind
that of p-type counterparts, the development of n-type polymer semiconductors has
lagged far behind that of p-type counterparts. Most n-type semiconducting poly-
mers exhibit low electron mobilities below 0.1 cm®* V™' s™" under ambient con-
ditions. Despite this, many new n-type polymer semiconductors have also been
reported recently and some of them exhibit high n-type charge transport properties
(see Chart 3.22). Jenekhe et al. reported a ladder-shaped polymer, poly(ben-
zobisimidazobenzophenanthroline) (BBL), 307. The polymer has highly rigid
structure and strong intermolecular interaction, with extremely high glass transition
temperature up to 500 °C. The thin films of 307, which were prepared by spin-
coating from methanesulfonic acid solution, showed an electron mobility up to
0.1 cm®* V™' s7' under ambient air conditions and excellent air stability. The
electrical parameters of 305-based transistors were found to be constant over
4 years. In addition, self-assembled nanobelts with tight m-stacking of 3.36 A of
polymer 307 showed electron mobilities of 7 x 10> ecm® V™! s7'. The high
mobility and stability can be attributed to the low-lying LUMO energy level of
—4.2 eV, highly crystalline morphology, and tight n-stacking. However, polymer
307 is insoluble in common solvents, which limits its wide application [383-385].
A solution-processable ladderized novel n-type NDI-based copolymer, 308 showed
average electron mobilities of 0.0026 cm? V™! s ! and on/off current ratios on the
order of 10* [386]. In 2009, Facchetti et al. reported a solution-processable polymer
309 containing NDI and 2,2'-dithiophene unit. The N3-based transistor device with
top gate configuration showed high n-type performance with an electron mobility
up to 0.85 cm? V™' s7' and remarkable stability [387]. Because of high perfor-
mance, afterward, the polymer 309 became one of the most widely investigated n-
type polymer semiconductors. Upon the polymer, the relationship between
dielectric layers, morphology (molecule packing), device geometry, and electron
transport was widely studied. In 2010, Luscombe et al. further synthesized another
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three NDI-based polymers differing only in the number of thiophene units, being
zero, one, and three [388]. Of these, polymer 310-based FET's with bottom gate top
contact configuration afforded the highest electron mobility of 0.076 cm® V™' 57",
whereas 309-based FETs showed a mobility of 0.039 cm® V™' s™! with the same
device geometry.

The NDI-based polymer, 311 containing electron-neutral (E)-1,2-diethoxy-1,2-
di(thiophen-2-yl)ethene as donor unit, showed a low-lying LUMO energy level of
—4.0 eV, which favors the injection of electrons and portends transistor device
stability [389]. The 309-based FET devices fabricated with bottom gate top contact
configuration ~ without  annealing  exhibited electron  mobility  of
23x 107 ecm? V™' 57!, consistent with the low crystallinity. However, annealing at
200 °C increased the mobility to 0.2 cm® V™' s™'. When 311-based FET devices
were fabricated with top gate bottom contact configuration, an increased electron
mobility up to 0.5 cm®* V™' s7' in ambient was achieved. The copolymer 312
comprised of NDI and phenothiazine (PTZ) units showed a slightly high LUMO
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energy level of —3.8 eV [390]. The copolymer 312-based FETs with bottom gate
top contact geometry exhibited electron mobility of 0.05 cm?® V™' s! and on/off
current ratios of 10° in nitrogen. In 2008, Letizia et al. developed a series of novel
N-alkyl-2,2'-bithiophene-3,3'-dicarboximide-based m-conjugated homopolymers
[391]. Of these, homopolymer 313 exhibited extremely high crystallinity and an
electron mobility of over 0.01 cm® V™' s~ with on/off current ratios of 107, which
is remarkably independent of film-deposition conditions. It is notable that thin films
of 313 also exhibited terracing in AFM images with a step height matching the X-
ray diffraction d-spacing, a rare phenomenon for polymeric organic semiconduc-
tors. Similar to NDI-based polymers, PDI-based polymers can also afford n-type
performance. For example, the first soluble PDI-based copolymer 314 was reported
by Zhan et al. [392]. Polymer 314 showed high thermal stability and solution-
processable properties. Its LUMO energy level locates at —=3.9 eV. The FET devices

with a bottom gate configuration afforded electron mobility of 0.013 cm? V™' s7!,

whereas top gate devices showed high electron mobility up to 0.06 cm® V™' s7",
These top gate devices exhibited high stability, affording electron mobility of
0.005 cm? V™' s7! after being kept in air for 3 months. PDI-based copolymer 315
gave an electron mobility of 0.05 cm® V™' s~! with an on/off current ratio of 10° in
nitrogen [390]. Another PDI-based copolymer 316-based PDI incorporating planar
electron-deficient fluorenone exhibited an air stable n-type performance with an

electron mobility of 0.01 em? Vgt [393].

3.3.2.2 Other n-Type Polymer Semiconductors

Besides NDI- and PDI-based n-type polymers, other high performance polymers
have been developed (see Chart 3.23). For example, poly(pyridiniumphenylene)s
are water-soluble and display high degrees of electroactivity [394]. When n-doped,
these materials displayed in situ conductivities as high as 160 S/cm. The high
conductivity was attributed to the planar structure, which was enforced by the cyclic
structures of the polymer. Of these, poly(pyridiniumphenylene) 317 showed high
electron mobility up to 3.4 cm? V™' s7'. In recent years, DPP-based conjugated
copolymers 318 and 319 were designed and synthesized for n-channel OFETs. For
DPP-DPP copolymer 318 based on the DPP units functionalized with triethylene
glycol side chains, spontaneous chain crystallization was induced, providing
maximum solubility and allowing the synthesis of high molecular weight DPP-DPP
copolymers [395]. Polymer 318 showed extended absorption characteristics up to
1100 nm. The thin films of 318-based FETs with a top gate configuration and using
CYTOP as dielectric layer showed high electron mobilities exceeding
3 cm? V7! 57! DPP-based polymer 319 was reported by the Jo group [396]. The
polymer has a low-lying LUMO energy level of —4.18 eV, which favors the
injection of electrons and means high air stability. The 319-based transistor devices
exhibited high electron mobility of 2.36 cm® V™' s™*. Both the face-on and edge-on
packing orientation on the substrate was observed in thin films. The electrical
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characteristics of 319-based OFETs did not change significantly after 7 months
storage in ambient atmosphere.

In 2013, a novel electron deficient unit, (3E,7E)-3,7-bis(2-oxoindolin-3-yli-
dene)-benzo[1,2-b:4,5-b"]difuran-2,6(3H,7H)-dione was synthesized by Lei and by
Li et al. by different synthetic procedures [397-399]. The two groups had highly
electron-deficient large fused aromatic backbones with electron-withdrawing car-
bonyl units, and contributed to intermolecular interaction and the overlaps of
intermolecular frontier orbitals, thus facilitating interchain transport. Cyclic vol-
tammetry (CV) curves displaying the electron deficient unit with 4-octadecyl-
docosyl groups has low HOMO/LUMO energy levels of —6.21/—4.24 eV.
Moreover, Lei et al. thought that the aromatic backbone was an almost planar
backbone with small dihedral angles of ~7.6°, which was attributed to the carbonyl
groups forming intramolecular hydrogen bonds to prevent the conformational
transformation of the double bonds, affording a giant “locked” aromatic plane
through careful analysis of the optimized structure and 'H NMR spectra of the new
aromatic unit and its precursors. Based on the new aromatic unit, a series of
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copolymers including 320-323 were synthesized and used in OFETs. For example,
copolymer 320 with 4-octadecyldocosyl groups, synthesized by Lei et al. [397],
exhibited significantly lowered HOMO/LUMO levels of —6.12/—4.10 eV. Its FET
performance was investigated with a top gate/bottom contact (TG/BC) device
configuration. Copolymer 320 showed electron mobilities up to 1.1 em? Vst
with an average mobility of 0.84 cm® V™' s™' under ambient conditions. The
devices had high stability, affording an electron mobility of 0.31 cm? V™' s™! after
being stored for 30 days under room light and ambient conditions. Li et al. syn-
thesized the copolymers 321 and 322 [398]. The HOMO and LUMO energy levels
of 322 were estimated to be —5.79 and —4.11 eV, which favors the injection of
electrons. The 322-based FET device encapsulated by PMMA with a bottom gate,
bottom contact configuration showed n-type characteristics with an electron
mobility of 5.4 x 107 cm® V™' s7' even though the polymer films are rather
disordered. It is interesting that the non-encapsulated devices exhibited ambipolar
charge transport behavior with balanced electron/hole mobilities of up to
8.2 x 107%1.0 x 1072 cm® V! s7'. However, the polymer 321 is essentially
insoluble in any solvent, although bearing very large branched 2-decyltetradecyl
side chains. Lei et al. [399] synthesized polymer 323 with the same n-conjugated
backbone of 321 and longer alkyl chains of 4-octadecyldocosyl groups. The cyclic
voltammetry (CV) measurement of 323 gave HOMO/LUMO energy levels of
—5.72/—4.15 eV. Polymer 323 had better solubility, for example, 3 mg/mL in 1,2-
dichlorobenzene. The 323-based FET devices fabricated in a glovebox with top
gate/bottom contact configuration showed high electron mobilities up to
1.74 cm® V' 57" and an average mobility of 1.42 cm? V™' s™! under ambient
conditions. As with polymer 322, ambipolar charge transport behavior could also
be observed for polymer 323. For devices fabricated under ambient conditions, the
hole mobilities of 323 significantly increased. The highest hole mobility of
0.47 em?® V™' 57! and an average mobility of 0.20 cm® V™' s™! were obtained,
whereas the highest electron mobility of 323 only slightly decreased to
1.45 cm? V7! 57! (average: 1.20 cm? V™' s7"). From the results above, two points
could be concluded. First, the new electron-deficient unit is an effective building
block in tuning the energy level of polymers. Second, alkyl side chains have a huge
influence on FET performance of the related polymers.

3.4 Ambipolar Semiconductors

Ambipolar semiconductors can provide both n- and p-channel performance in a
single device. Upon these, large-area manufacturing of complementary integrated
circuits can be obtained without requiring micro-patterning of the individual p- and
n-type semiconductors. In addition, light emission can be achieved by recombi-
nation of holes and electrons within the transistor channel. To be efficient in pro-
ceeding with injection and transport of electron and hole, this kind of
semiconductor should both satisfy the requirement of p-type semiconductors for the
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HOMO energy level, and satisfy the requirements of n-type semiconductors for
LOMO energy level. Specifically, the semiconductors are required to have a
HOMO energy level below —5.0 eV and the LUMO level needs to be below or at
least close to —4.0 eV.

3.4.1 Selected Ambipolar Small-Molecule Semiconductors

In 2008, Bao et al. introduced fluorine atoms to asymmetric silylethynylated tet-
raceno[2,3-b]thiophene affording thienoacene 324 (see Chart 3.24 and Table 3.4).
The 324-based thin film showed a balanced ambipolar performance with a hole
mobility of 0.12 cm® V™' s7" in air and an electron mobility of 0.37 cm® V™' 5"
inside the nitrogen glovebox [400]. The introduction of fluorine atoms at the ter-
minal rings exhibited a reduced n— stacking distance of 3.32 A in a 2D brick layer
structure of thienoacene 324. Similarly, silylethynylated N-heteropentacene 328,
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Chart 3.24 Ambipolar small-molecule semiconductors



W. Zhang and G. Yu

132

(panunuod)

[S1v] 8-S10 ‘IS/FO!S ‘Y :D1Odg (*ND 9500 (N 200 89'¢— 0r's— Suneo) urdg e
[y1v] (N T€'1 N LT'1 6'¢— SSy— £ve
[r1v] SLd ‘IS/O!S ‘v DgDd (N 9¢'1 (*N) €80 6'¢c— SSy— Suneod urdg e
[eTy] SLA ‘IS/O!S ‘v Dgnd (N sTo (*N) 6T°0 ge— SOv— Suneod urdg 1ve
[z1v] nY/VINIAC 0V ‘D9DL (N +8°0 (N 9%°0 ¥8'€— 91°6— Suneod uidg ore
[11¥] 8-S10 ‘IS/CO!S ‘Y :DIOYg (*ND 950 (*N) €20 vLE— LEG— Suneod urdg 6¢¢
[60t] 8-S10 ‘IS/FO!S ‘Y DIOYg (N ov'0 (N €0 0v— (4% Suneod-urdg 8¢¢
[L97] SLO ‘IS/O!S ‘1v/ed 20109 (N 600 N TO0 0v— G'6— Sunseo-urdg LEE
[8ov] SLAO ‘IS/FO!S ‘Y DIDY (1) €€0°0 (1) 990°0 vLE— Sv's— Suneod-urdg 9€€
[11€] SLO ‘IS/O!S ‘v D4Dd (*N) 9100 (N L¥0'0 16°¢— EL'S— Suneod-urdg gee
[80t] SLO ‘IS/O!S ‘v D909 (Ire) €00°0 () €0 £r— I's— Suneod-urdg ree
[90v] 170 cro 0'¢— L'S— £ee
[90t] 600 LT°0 L'C— 96— (423
[90t] eD/MV DLOM €100 cro 8'C— 86— [e1s£1o o[3urg Iee

(re)
[sor] IV/XOIV/JLL ‘0V DL S10°0 (wnnoea) €0°0 (1re) 0z°0 (wnnoea) zz°0 0v— 86— uonetodeaq | 0gg
[vor] IV/XOIV/OLL 0V ‘D109 (wnnoea) 10°0 (are) 10°0 (wnnoea) 10°0 8'¢— ¢ - uonerodeAy 6C¢
[vov] (wnnoea) 10°0 10 gee— rs— 8C¢
[eov] SILLO ‘IS/C0!S MY ‘01O (wnnoea) O1°0 01°0 L9E— ces— uonerodeay LTE
[zov) SLO ‘IS/O!S ‘ny D1Od N v1°0 (N ¢1°0 A §e— uonerodeAs | 9z¢
[1ov] SINLO ‘IS/O!S ‘v D1Od (wmnnoea) 1°1 () z°0 89'¢— 6v'S— uonerodeAy gce
[oov] SLO ‘IS/O!S ‘v :D1Od (N LE0 () z1°0 See— 6¢'6— uonerodeaq | 4z¢
P (A9) (A?) $59001

s}y qIMONIS 1A ATm A NEov o1 Xe]N (;_s A NEov W xep ONN1 OWOH uonisoda(g

s10)onpuodrwds dwesio Suntodsuen rejodique 10j elep 201A9p 1940 '€ dIqeL



133

3 Organic Semiconductors for Field-Effect Transistors

(panunuod)

Y47! Ny/VINING 0V :D9DL (are) €00 (1) €000 Le- 10°6— Suneoo uidg £9¢
[6zv] ny/VININd 0V :D4dOL (1) €0 (1) +0°0 Le- 9¢°6— Suneoo urdg 9¢
[82y] IV/VINIA “LL/0V 2DEDL (Ire) /6T (Ire) 0g'0 06'¢— 96— Suneoo urdg 19¢
[8zvl IV/VINING ‘LY -DIDL (e) ¢1°1 (Ire) €20 £6'¢— 19°6— Suneod uidg 09¢

8
[9zv] -S.LO ‘IS/CO1S “1D/MY DI04 8€00°0 [440X0) 6L'€— LTS— Suneoo urdg 65¢
[Y47! Ny/VININ 0V :D9DL (N #1°0 (N 91°0 8- Suneoo uidg 86¢
[veyl IV/dOLAD 0V DgDL () 210 (1) ¢o'1 ¥8'€— LS S— Suneoo uidg LSE
(Ire) 160 (1) ¢T'1
[eTyl IV/dOLAD ‘v :D4dOL (N €+'0 (N s8'1 96'¢— o'S— Suneoo urdg 96¢
[12y] (N 0T'C (N L6°¢ Iv'e— 60'S— 943
[zeyl SLO ‘I1S/01S ‘Y :DIO9d N vy (N 78'8 6¥'€— 01°6— 1232
[zey] (N L0°€ (N 919 96°¢€— LT'G— Surreays £6¢
[12v] SLO ‘IS/f0IS ‘Y :DIO™G (N €+'0 (N €5°C (4 2% LO'S— uonnjog (433
[ozy] SLO ‘IS/°QIS ‘Y :DIOd N #1°0 N 729'1 9t c— 60'S— Suneoo uidg 16¢
[61¥] (wnnoea) 1°Q (wnnoea) ¢°1 4% £6— 0S¢
[61¥] SLO ‘IS/F0IS ‘Y :DIO9d (wnndea) 180°0 (wnnoea) 17°0 4% 65— Suneoo urdg 6¥¢
[81¥] ny/VININ 0V :D9OL 8¢°1 9¢'1 LOY— €es— Suneod uidg ¥ee
[96¢€] 9T°0 0¢0 LSE— Sv'6— 8¥¢
[96€] SLAO ‘IS/FO1S ‘v D109 Y20 LEO 96 ¢€— 9¢°6— Suneoo uidg Lye
[o1¥] IV/dOLAD 0V D4dOL 170 9¢'0 Y- L9°S— Suneoo urdg e
[S1vl (*ND 0100 (N €100 89°¢— or'S—
Cpw) (A9 (A9) 559001

s}y qIMONIS 1A ATm A NEov o1 Xe]N ATm A NEov W e ONN1 OWOH uonisoda(g

(ponunuod) ¢ e,



W. Zhang and G. Yu

SpONAI[R/RIENSANS JO UOHEIYIPOW (3)e5/0LOR[RIP (S3PONIIS (1/S (UOHBINSYUOD 30143,
UOTIPUOD JUSWIAINSLAU P,

[9¢y] IV/dOLAD ‘v DIOL 010 10 Yv— LTS— Suneod urdg 99¢
VININd
[zev) S1d “1S/°01S ‘ny :DgDd (1) 120°0 (Ire) €60°0 LT'v— 6v'S— Suneod urdg So¢
[og] SLd ‘IS/O!S ‘v DgDd N L0 N 01 8'¢— 9¢v— Suneod urdg 9¢
Pw) (A9) (A9) §590014
s}y qIMONIS 1A (8 {_A mEov o1 Xe]N (s A NEov W xep ONN1 OWOH uonisoda(g

134

(ponunuod) ¢ e,



3 Organic Semiconductors for Field-Effect Transistors 135

with N atoms on the terminal rings of the pentacene backbone, exhibited a hole
mobility up to 0.22 cm®* V™' s7' as measured in ambient air and an electron
mobility up to 1.1 cm? V™! s7! as measured under vacuum. It is worth noting that
molecules of 325 form bilayer m-stacks with C-H-N hydrogen bonds, which
enabled the herringbone packing mode to retain a possible pathway for charge
transport [401]. When measured in ambient air, the electron mobility of 325
decreased to the region of 107> cm? V™! s™', suggesting that most of the mobile
electrons were trapped by oxygen or water. In 2011, two azapentacene derivatives
were synthesized [402]. Of these, derivative 326 exhibited high and balanced
ambipolar transport properties in the glovebox, with the hole and electron mobilities
reaching up to 0.12 and 0.14 cm? V™' s™" using Au as source/drain electrodes,
respectively, and average electron and hole mobilities of 0.10 and 0.11 cm* V™' s7*
were also obtained by using Ag as source/drain electrodes, respectively. The high
performance of 326 was attributed to the unoccupied 3d orbital in the chlorine atom
which can delocalize electrons from the conjugated core and thus the chlorine
atoms act as an additional electron pathway. More recently, Miao et al. reported a
series of cyclopenta-fused anthracenes 327 and 328 [403]. The 327-based devices
showed ambipolar transport properties with balanced hole and electron mobilities of
0.1 em* V' 57! and 328-based devices afforded a hole mobility of
0.21 em®* V™' 57", but lower electron mobility in the region of 0.01 cm® V™' s~ L.
Natural dye isoindigo, 327 and Tyrian purple, 330 were also used as semicon-
ducting layer in OFETs [404, 405]. Sariciftci and coworkers fabricated 329-based
devices on AlOx passivated with tetratetracontane. Upon encapsulation, the devices
showed mobilities of around 1 x 1072 cm® V™! s™! for electrons and 5 x 107 to
1 x 1072 em? V™' s7! for holes, and good operational stability in air. The 330-based
FET devices with similar composites demonstrated high hole and electron mobil-
ities of 0.22 and 0.03 cm? V™! 57! and air stable operation. The good operational
stability in air of 329 and 330 could be attributed to their low-lying LUMO energy
levels. The ambipolar behavior of linearly oligo(p-phenylenevinylene) derivatives,
331-333 were reported by Nakanotani et al. [406]. Of these, the single crystal
OFETs of 333 exhibited balanced hole and electron mobilities of higher than
0.1 cm? V7' 57!, Recently, a series of naphthalene-based semiconductors with
ambipolar transport properties were developed by Zhang et al. [311, 407]. For
example, compound 334-based devices exhibited relatively high hole and electron
mobilities in air, reaching 0.03 and 0.003 cm® V™' s™', respectively. Compound
335-based devices also showed relatively balanced hole and electron mobilities of
0.047 and 0.016 cm® V™' 57!, respectively. More recently, Wang et al. reported a
cyano-terminated dithienyldiketopyrrolopyrrole dimer 336. The thin film transistor
devices based on 336 fabricated by solution processing showed ambipolar perfor-
mance with hole and electron mobilities of 0.066 and 0.033 cm? V™' s™', respec-
tively, under ambient conditions [408].
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3.4.2 Selected Ambipolar Polymer Semiconductors

3.4.2.1 DPP-Based Ambipolar Polymer Semiconductors

DPP-based polymers showed high p-type or n-type charge transport properties, and
high ambipolar properties were observed in some DPP-based polymers (see
Chart 3.25). The first ambipolar DPP-based polymer, 337 was reported by the
Winnewisser group [267]. The FETs based on 337 exhibited hole and electron
mobilities of 0.1 and 0.09 cm? V™' 57!, respectively. Ambipolarity in this material
was not limited to one particular transistor architecture, but had been observed in five
different configurations including transistors with solution-processed gate dielectrics
in bottom gate as well as top gate structures. Copolymer 338, containing DPP and
electron-withdrawing benzothiadiazole units has ideal HOMO (5.2 eV) and LUMO
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Chart 3.25 Ambipolar DPP-based polymer semiconductors
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(4.0 eV) energy levels for the formation of electron and hole accumulation layers
[409]. 338-based transistor devices exhibited high and balanced ambipolar perfor-
mance with a hole mobility of 0.35 cm® V™' s™' and electron mobility of
0.4cm? V~'s™!. Adopting a top gate configuration, 338-based OFETs afforded even
higher mobilities with both holes and electrons of over 0.5 cm?V st [410]. Beside
the suitable energy levels, semicrystallinity and highly ordered lamellar packing also
favor the high and balanced ambipolar performance in 338-based OFETs. The
counterparts containing furan and selenophene were also synthesized and examined
[411, 412]. For example, with replacing the thiophene unit with the furan unit, the
resulting polymer 339 has HOMO and LUMO energy levels of —5.37 and —3.74 eV,
respectively. 339-based transistor devices with bottom gate top contact configuration
demonstrated a hole mobility of 0.20 cm® V™' s™" and electron mobility as high as
0.56 cm® V™' s7'. The selenophene-substituted polymer, 340 afforded increased
mobilities, with hole and electron mobilities of 0.46 and 0.84 cm? V! s7!,
respectively. The improvement in mobilities of 340-based FETs was attributed to the
small n—r stacking distance of 3.64 A.

Mohebbi et al. [413] developed a novel DPP-based copolymer 341 containing
the emeraldicene (EMD) unit. As anticipated, enhanced intermolecular interaction
forces were formed because of the m—n stacking of the fused rings and the D-A
interaction between EMD and DPP units. The strong intermolecular interaction is
better for getting high charge mobility. The thin films of polymer 341 showed
equivalent hole and electron mobilities of 0.29 and 0.25 cm® V™' 57!, respectively.
Copolymers 342 and 343 comprised of DPP and benzobisthiadiazole (BBT) units
showed high and balanced ambipolar performance [414]. Because of the strong
electron-withdrawing ability, it is the BBT unit, not DPP, which plays ‘acceptors’ in
the D—A copolymers, which have narrow bandgaps of 0.65 eV. Thin films of
polymers 342 and 343 showed equivalent hole and electron mobilities above
05cm*>V'isln particular, 343 demonstrated both hole and electron mobilities
exceeding 1 cm? V™! 57!

DPP-bithiophene polymers 344 and 345, reported by Li and coworkers, have
HOMO and LUMO energy levels of —5.40 and —4.20 eV, respectively, which are
suitable for injection and transport of both holes and electrons [415]. 345-based
devices also showed ambipolar characteristics with balanced hole mobility of
0.024 cm® V™' s7! and electron mobility of 0.056 cm®* V™' s™'. A new DPP-based
polyazine 346 was developed by the same group [416]. The azine linkage was
found to be a strong electron-withdrawing moiety, which is useful for lowering the
LUMO energy level to achieve good electron transport characteristics. The FET
devices based on 346 showed equivalent ambipolar performance with an electron
mobility up to 0.41 cm®* V™' s7" and a hole mobility up to 0.36 cm> V™' s™*. The Jo
group synthesized four alternating copolymers composed of DPP and a fluorinated
phenyl unit, where the number of fluorine substitutions on phenylene varies from
zero, one, two to four for n-type OFET application as mentioned before. When the
number of fluorine substitutions is zero and one, the resulting polymers, 347 and
348, both showed high ambipolar performance with hole and electron mobilities of
about 0.30-0.40 cm” V™' s™' [396].



138 W. Zhang and G. Yu

Copolymer 224 was previous reported by Li et al. and showed only hole
transport performance [417]. In 2012, Chen et al. fabricated the 224-based FETs
using top gate and solvent-cleaned gold contact instead of previously reported
bottom gate and O,-plasma-cleaned gold contact [418]. The devices exhibited
balanced ambipolar performance with a hole mobility of 1.36 cm® V™' s™! and
electron mobility of 1.56 cm? V™' 5! under nitrogen atmosphere. The main reason
for this is that the work function of solvent-cleaned gold (4.7-4.9 eV) is more
suitable for electron injection compared with O,-plasma-cleaned gold (5.0-5.5 eV).
Zhao and coworkers also fabricated the FET devices based on 224 with high
molecular weight. Ambipolar characteristics were observed in these devices under
vacuum. The highest hole and electron mobilities at 373 K were respectively 13.5
and 1.58 cm? V™' s7! [269]. Similar copolymers 349 and 350 containing DPP and
another fused ring, naphthalene, have optical bandgaps of ~1.4 eV. The highest
hole and electron mobilities achieved in polymer 350 were as high as 1.3 and
0.1 cm? V7' 57!, respectively [419].

A series of selenophene-DPP copolymers were developed by Chen et al. and Oh
et al. The copolymer 351-based FET fabricated by spin-coating process from 1,2,4-
trichlorobenzene exhibited a dense nanofiber morphology with lamellar chain
packing, leading to the relatively high hole and electron mobility up to 1.62 and
0.14 cm® V7' 57!, respectively [420]. The copolymer 352 substituted by longer
branched alky chains, 2-octyldedecyl groups, afforded similar ambipolar perfor-
mance with those of 351 [421]. However, hybrid siloxane-substituted polymers,
353-355 showed higher ambipolar performance. For example, 355-based FET
devices fabricated by a solution shearing process showed balanced hole mobility as
high as 3.97 cm® V' s7' and electron mobility as high as 2.20 cm® V™' s\,
Furthermore, Oh et al. systematically studied the -conjugated system with different
alkyl spacer length of hybrid side chains [422]. The annealed films of 354 with
pentyl spacer exhibited extraordinary hole and electron mobilities of up to 8.84 and
4.34 cm® V' s7!, respectively. These hole and electron mobilities are the highest
reported ambipolar mobilities measured in organic or polymer-based semiconduc-
tors to date. The high performance of these polymers with hybrid siloxane side
chains was attributed to the formation of efficient n—n stacking and three-dimen-
sional conduction channels in thin films.

3.4.2.2 Other Ambipolar Polymer Semiconductors

As well as DPP-based ambipolar polymers, some other polymers with ambipolar
performance were discovered (see Chart 3.26). For example, Lei et al. [423] syn-
thesized a fluorinated isoindigo-based polymer 356. The introduction of two fluo-
rine atoms to the -conjugated backbone effectively lowered the LUMO energy level
to —3.96 eV, and led to the formation of highly ordered thin film with lamellar
structure and low m-stacking distance of 3.53 A. The 356-based devices showed a
significant increase of electron mobility to 0.43 from 0.07 cm® V™! s™! obtained by
unfluorinated polymer, while maintaining a high hole mobility of up to
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Chart 3.26 Other ambipolar polymer semiconductors

1.85 cm® V™' s7'. Then the group developed a chlorinated isoindigo-based
copolymer 357, in which 2,2'-diselenophene was used as donor unit [424]. The
polymer 357-based FETs demonstrated a rather balanced hole mobility of
1.05 cm? V™' 57! and electron mobility of 0.72 cm® V™' s™'. The results verified
that chlorination and fluorination are useful methods for tuning the properties of
organic semiconductors. Ashraf et al. [425] developed a novel copolymer, 358-
based on a new thienopyrrolone building block, in which the outer phenyl rings of
isoindigo were replaced with thiophene rings. The thiophene—thiophene links along
the backbone optimize planarity, thus maximizing m-conjugation and further
enhancing close intermolecular contacts, which also promotes the polar function-
ality. The strong D—A character created a highly hybridized frontier molecular
orbital system leading to low-lying LUMO and high-lying HOMO orbitals, optimal
for ambipolarity. This polymer 358 exhibited high ambipolar charge transport with
hole and electron mobilities of over 0.1 cm®* V™' 57",

Some naphthalene diimide (NDI)-based copolymers also showed ambipolar
performance. For example, copolymer 359 is comprised of 2,2'-dithiophene as
donor unit and naphthalene diimide (NDI) as acceptor unit [426]. The alkoxy
groups successfully raised the HOMO energy level to —5.28 eV and kept the
LUMO energy level at about —3.9 eV. Thin film FET devices based on the polymer
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359 afforded ambipolar performance with hole and electron mobilities of 0.04 and
0.003 cm? V™! 57!, respectively. Other NDI-based copolymers containing different
thiophene moieties with varied electron-donating strength and conformations
showed LUMO energy levels of —3.9 to —3.8 eV [427]. Ambipolar OFETs with
electron mobilities of 0.006-0.02 cm”® V™' 5! and hole mobilities of greater than
107 cm?® V™' 57! were observed in the NDI copolymers with high-lying HOMO
energy levels higher than —5.4 eV. More recently, the Yu group reported two NDI-
based copolymers, 360 and 361 [428]. The incorporation of vinyl linkages into
polymer backbones maintains the LUMO energy levels at —3.90 eV, and the
HOMO energy levels between —5.82 and —5.61 eV. The energy levels ensured the
efficient injection of holes and electrons. The 360-based devices exhibited good
ambipolar characteristics in ambient conditions (20 ~40 % air humidity) with hole
mobility up to 0.30 cm® V™' s7! and electron mobility up to 1.57 cm* V' s\,
These mobilities are among the highest values observed to date for NDI-based
polymers. Based on polymer 361, ambipolar inverters had been realized in ambient
conditions, exhibiting a high gain of 155. The results provided important progress
in solution-processed ambipolar NDI-based copolymeric FETs and complementary-
like inverters. In addition, Usta and coworkers synthesized a class of new highly
extended m-electron deficient diimide building blocks, coronenediimide (DTCDI)
core [429]. The HOMO and LUMO energy levels of the DTCDI core are ~0.3—
0.4 eV higher than those of well-studied PDI cores. DTCDI-based copolymers 362
and 363 demonstrated charge carrier mobilities up to 0.30 and 0.04 cm®> V™' s™! for
electrons and holes in ambient conditions, respectively. The efficient charge
transport of the DTCDI-based polymer system was attributed to a highly planar
polymeric backbone and enhanced regioregularity, which may facilitate intrachain
charge delocalization, interchain charge transport, and thin-film microstructure.

A new BBT-based polymer 364 with a bi(thiophen-2-yl)-thieno[3,2-b]thiophene
unit located between each pair of BBT units along the chain has the LUMO energy
level of —3.8 eV, which is advantageous to the injection and transport of electrons
[430]. The 364-based FETs showed balanced ambipolar transport performance with
hole mobility of 0.7 cm® V™' s™" and electron mobility of 1.0 cm?* V™' 5!, The
highly ordered thin films with lamellar structure and low -stacking distance of
3.53 A were responsible for the high charge transport performance. Other ambi-
polar copolymers containing the strongly accepting BBT moiety were also syn-
thesized [431]. Hong et al. [432] developed two new low bandgap conjugated
polymers, for example 365, containing dipyrrolo[2,3-b:2',3'-e]pyrazine-2,6
(1H,5H)-dione (PzDP). The stronger electron-withdrawing inherence of the PzDP
unit was expected to bring about strong intermolecular interactions and a short -
stacking distance. The resulting polymers have HOMO energy levels of around
—5.50 eV, and LUMO energy levels in the range —4.17~—4.31 eV, which is
favorable to the injection of electrons and shows the potential for ambipolar
semiconductors. The 365-based devices showed ambipolar transport with hole
mobility of 0.053 cm® V™! s~ and electron mobility of 0.021 cm® V™' s™", and high
on/off current ratios up to 10°. In recent years, a series of phenyl-flanked benzo-
dipyrrolidone (BPP)-based copolymers were synthesized by several groups
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[433—435]. However, because the phenyl moieties of BPPs are often responsible for
introducing steric twisting along the backbone, leading to large dihedral angles
between linked units, the relating polymers often afforded low charge mobilities. In
2013, Rumer et al. [436] developed a thiophene-flanked benzodipyrrolidone (BPT)
building block and synthesized a series of BPT-based copolymers, which all
showed HOMO/LUMO energy levels of —5.4 eV and below —3.8 eV, respectively.
The electrochemical data indicated that BPT is an effective unit for constructing
low-bandgap polymers and the injection of electrons and holes is favorable in these
polymers. 366-based FETs with top gate configuration showed balanced ambipolar
transport behavior with hole mobility of 0.2 cm® V™' s~ and electron mobility of
0.1 cm? V7! 57!, respectively.

3.5 Outlook

During the past 20 years, especially the past 10 years, interdisciplinary research
focused on the design and synthesis of organic semiconductors, analysis of various
elemental mechanisms involved in charge carrier transport processes, and fabrica-
tion technology of organic field-effect transistors has made remarkable progress:
plenty of semiconducting materials with mobility higher than that of amorphous
silicon, and demonstration systems and products based on OFETs becoming
available on a commercial basis. Nonetheless, the electrical parameters and stability
of the OFETs still lag far behind that of their inorganic counterparts.

For semiconducting materials, new m-conjugated molecules with high stability
and high performance still need to be developed. More clear relationships between
molecular structure, aggregation structure, and properties still need to be set up. In
addition, a general charge transport mechanism need to be put forward, although
various types of transport mechanism have been proposed. For processing tech-
niques, low cost fabricating techniques, mainly printing technique, for use in large-
area production of OFETsS, need to be constantly improved. The technique related to
flexible OFETs devices also need to be studied further.

In brief, exploiting the properties of OFETs and translating them into killer
applications are common goals of the OFET research community. Great opportu-
nities exist in the field of OFETSs; however, there are also a lot of challenges that we
have to face on the road to success.
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Chapter 4
Organic Semiconductor Photovoltaic
Materials

Zhi-Guo Zhang

Abstract Organic solar cells (OSCs) are an emerging alternative photovoltaic
technology and thus they have recently gained much attention. In this chapter,
recent developments in organic photovoltaic materials, involving small molecule
donors and non-fullerene acceptors for vacuum and solution-processed photovoltaic
cells, are summarized. A general overview of the structure—property relationships of
these organic photovoltaic materials and the design rules for such materials is
presented. Critical factors which determined their photophysical properties such as
energy levels, absorption, and carrier mobilities are also highlighted.

Keywords Small molecule donors - Non-fullerene acceptors - Donor—acceptor
systems - Organic photovoltaic properties

4.1 Introduction

In the past few decades, intensive research effort has been devoted to the development
of organic solar cells (OSCs) based on solution-processed small-molecule (SM)
donors or acceptors [1-5]. These materials are competitive alternative to widely used
conjugated polymer-based donors or acceptors because of their potential advantages
over conjugated polymer systems. The advantages of organic photovoltaic materials
are easier purification and synthesis, defined structures without end group contami-
nants, and better batch-to-batch reproducibility [2—4]. With these advantages, a
substantial amount of research in both academic and industrial circles has been
directed towards OSCs in an effort to improve their processability, power conversion
efficiency, and stability. Power conversion efficiency (PCE) is the most important
parameter used to evaluate solar cell performance. PCE is determined by open-circuit
voltage (Voc), short-circuit current density (Jsc), and fill factors (FF), as shown by the
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formula PCE = (Js¢ * Voc x FF)/P;,, where P;, is the input light power [6]. Recently,
PCE of OSCs approached 8 % by synthesizing planar Acceptor-Donor-Acceptor-
based conjugated molecule donor materials [7, 8], which makes solution-processed
OSCs comparable to polymer solar cells (PSCs).

For device fabrication, two main approaches have been explored: (1) vacuum
deposition for the planar-heterojunction (PHJ) and bulk-heterojunction (BHJ) solar
cells and (2) solution processing (spin-coating, doctor blade, and dip-coating) for
BHI solar cells. The so-called BHJ represents the ideal case as bicontinuous donor-
acceptor composites for large surface area.

In this chapter, the latest developments in SM donors are examined, namely,
donor—acceptor SMs for vacuum, solution-processed OSCs and non-fullerene
acceptors. By summarizing the structure—property relationships of representative
photovoltaic materials, the design rules for such materials are highlighted. Chemical
strategies for tuning their photophysical properties such as the optical bandgaps,
energy levels, and charge mobilities are also discussed. For the donor materials,
representative classes of materials include dyes (squaraine, boron dipyrromethene,
porphyrin, and diketopyrrolopyrroles), triphenylamine derivatives, oligothiophenes,
and push-pull type oligomers; for the non fullerene acceptor, those constructed from
D-A structure and naphthalenediimide (NDI) and perylene diimide (PDI) deriva-
tives are summarized.

4.2 Organic Solar Cells by Vacuum Deposition

Compared with solution processing, a distinct advantage of vacuum deposition is
the ability to prepare multi-layer thin films. With this virtue, the interfaces for
carrier collection can be carefully tuned, and multi-junction structures are easier to
realize. For example, Heliatek GmbH reported certified PCE of 12.0 % for a tandem
device fabricated by the connection of two BHIJ devices, rendering OSCs more
competitive [9].

Acenes are formed by fused benzene rings. Because of their intriguing photo-
physical and electronic properties, these materials have the potential to be used as
organic electronics [10]. However, the numbers of higher order polyacenes reported
so far are still limited because of their poor stability and solubility. Based on a
pentacene (la, Fig. 4.1)/Cg, heterojunction, Kippelen and coworkers have fabri-
cated an efficient OSC [11]. The efficiency is 2.7 % with a Jsc of 15 mA cm 2 and
an FF of 0.50, but a low Vg of 0.36 V. Briitting et al. reported vacuum deposited
OSCs based on diindenoperylene (DIP, 1b) as a new donor material and the ful-
lerene Cgp as an electron acceptor. The high HOMO of DIP and the favorable
energy level offset with Cgo produced large Vo values close to 1 V and PCEs of
about 4 % in the planar heterojunction and planar-mixed heterojunction cell
architectures [12]. Adachi and coworkers fabricated vacuum deposited OSCs with
tetraphenyldibenzoperiflanthene (1C) as donor and Cgo as acceptors. To prevent
exciton quenching, a layer of tris[4-(5-phenyl thiophen-2-yl)phenyllamine was
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Fig. 4.1 Chemical structures of small molecules for vacuum deposited solar cells
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deposited between the donor layer and the PEDOT:PSS layer, and a high PCE of
5.24 9% was reached together with a Ve of 0.94 V, Jgc of 7.25 mA cm 2, and a
high FF of 0.77 [13]. To make the less soluble organic materials compatible with
solution processable techniques, Nakayama et al. reported the photoprecursor
method. In addition, this approach enables the formation of multi-layer device
structures using solution processes.

Structurally well-defined oligothiophenes have attracted much attention in terms
of high mobility, environmental/thermal stability, and, most importantly, synthetic
versatility. Without any chemical modifications or substitutions, o-sexithiophene
(1d) was easy to crystallize by poor miscibility with C;o. BHJ OSCs using a blend
of a-sexithiophene (1d) [14] and C;, were fabricated by the vacuum co-evaporation
method. At a 1d:Cq ratio of 1:5 (w/w), the OSC devices showed a PCE of 2.38 %.
Notably, the wide bandgap and relatively high HOMO level of 1d are the two
factors limiting its efficiency. Bauerle prepared a family of terminally acceptor
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Table 4.1 Properties and device characteristics of molecules in Fig. 4.1

Molecules | HOMO/LUMO E, Voe Joe FF PCE Reference
(eV/eV) @v) (V) |mAem™® |(%) |%)
la -3.0/-4.9 1.77 0.36 15.0 0.50 |2.70 [11]
1b N.A. N.A. |091 8.40 0.52 |4.10 [12]
1c N.A. 1.90 0.94 7.25 0.77 5.24 [13]
1d -3.1/-5.3 N.A. |0.58 9.20 0.45 |2.38 [14]
le —3.7/-5.7 1.69 0.97 11.1 0.49 |5.20 [15]
1f-1 N.A. N.A. 1.00 8.90 0.51 3.40 [16]
12 N.A. N.A. 1.00 8.40 0.40 |2.50 [16]
1g —3.73/-5.64 2.01 0.61 9.60 0.63 |4.80 [17]
1h -3.71/-5.61 2.03 0.95 9.40 0.62 |4.80 [17]
1i —3.73/-5.62 1.99 0.95 11.5 0.63 6.90 [17]
1j N.A./ =5.10 1.77 0.76 7.01 0.56 |3.10 [18]
1k —3.70/-5.30 1.75 0.90 10.0 0.64 |5.70 [19]
11 —3.44/-5.30 1.86 0.79 15.08 0.48 5.70 [20]
1m —3.36/-5.50 2.14 0.93 13.48 0.53 6.60 [20]
In —3.35/-5.43 2.08 1.00 11.28 0.45 |5.00 [20]

dicyanovinyl-substituted oligothiophenes (1e) without solubilizing side chains, and
implemented them in vacuum-deposited planar heterojunction solar cells.
Optimization of BHJ devices based on a 40-nm active layer of 1e and Cgq in 2:1
ratio resulted in a PCE of 5.2 % for a 5.06 mm?>-sized and masked device [15].
Alkyl side chains of butyl groups and ethyl groups were appended on the backbone
le and tested in PHJ solar cells. Compared to the ethyl-substituted analogue 1f-2
(2.5 %), devices with butyl-substituted SMs (1f-1) showed a higher PCE (3.4 %).
The differences in the molecular packing and the hole mobilities of the two oli-
gothiophenes [16] was acceptable as the hole injection between the hole-transport
layer and the oligothiophene are the reasons for the differences in their device
performances (Table 4.1).

To improve the efficiency further, Biuerle synthesized a series of methyl-
substituted 1e oligothiophenes. In these materials, the positions of methyl substit-
uents were systematically varied [17]. These oligomers exhibited PCEs of 4.8—
6.1 % in vacuum-deposited p-i-n-type BHIJ solar cells. The PCE of oligomer
li-based device was improved to 6.9 % by device optimizations. The authors point
out that the morphology of D-A blends and consequently the device performance
can be effectively tuned by the methyl substitution in oligothiophenes.

Squaraine (SQ) dyes have a unique aromatic four-membered ring with reso-
nance-stabilized zwitterionic structures, and are characterized for their high
absorption coefficients and broad absorptions which can extend from the green to
the NIR region [18, 19, 21-24]. Forrest, Thompson, and coworkers reported a
squaraine-based molecule (1j), for structure see Fig. 4.1) as a photovoltaic donor
(Cgp as acceptor) in vacuum-deposited BHJ OSCs [18]. Under AM 1.5G simulated
solar irradiation, devices exhibited a PCE of 3.1 % with a Voc of 0.76 + 0.01 V,
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a Jsc of 7.01 + 0.05 mA cm 2, and an FF of 0.56 + 0.05. The attaching of N,N-
dialkyl groups can produce soluble squaraines, although the carrier transport can be
hindered. To improve the molecular stacking and hence charge transport, Forrest,
Thompson, and coworkers synthesized 1k by substitution of isobutylamines in the
common “parent Squaraine” with arylamines. The strong electron-withdrawing a-
rylamine group results in a lower HOMO of —5.3 eV, compared to —5.1 eV for the
parent SQ (1j), thereby leading to an increased Voc. Heterojunction 1k/Cgo/
bathocuproine solar cells shows an improved efficiency of 5.7 % with a V¢ of
0.90 V, FF of 0.64, and Jsc of 1.1 mA cm 2 [19].

Organic dyes with a D-A-A (donor—acceptor—acceptor) structure have both a
smaller bandgap and lower-lying highest occupied molecular orbital (HOMO) level
as compared with their analogs. Wong, Lin, and coworkers recently reported a new
D-A-A donor materials 11-In. In these materials, an electron-donating ditolylami-
nothienyl group and an electron-deficient dicyanovinylene group are bridged by
another electron acceptor of benzothiadiazole unit [20].

Using 11 as donor and C;, a vacuum-deposited solar cell as acceptor gives a
PCE of 5.81 %. This respectable PCE value is attributed to its broad solar response
range extending to the near-IR region and the ultra compact absorption dipole
stacking of 11 in a thin film. This delicate molecular structure tuning along with
device engineering allows manipulation of the trade-off between the V¢ and Jsc.
Planar heterojunction cells using 1m as the donor and C;, as the acceptor dem-
onstrated the best performance with a PCE of 6.6 + 0.2 % (the highest PCE of
6.8 %), along with a Vo of 0.93 + 0.02 V, and a Jgc of 13.48 = 0.27 mA cm 2.

4.3 Organic Solar Cells by Solution Processing
4.3.1 Dyes

Boron dipyrromethene (BODIPY) dyes are characterized by unique chemical and
photochemical stabilities, redox activities, and optical features. Their photophysical
properties can easily be tuned by chemical modification, allowing them to act as
prominent donors in BHJ solar cells. In 2009, Roncali and coworkers described the
first examples of solar cells using boron dipyrromethene (2¢-1 and 2¢-2 Fig. 4.2)
donors involving one (2¢-1) or two styryl units (2¢-2) in the structure [25]. The
more extensively conjugated compound 2c¢-2 has a lower oxidation potential and
red-shifted absorption. The absorption onset corresponds to the bandgap (Eg) of
1.95 and 1.70 eV for 2¢-1 and 2¢-2, respectively. The solar cell using donor 2c-1
shows a Vo of 0.796 V, together with an FF of 0.34, and a resulted PCE of 1.17 %.
However, 2¢-2 has a higher efficiency of 1.34 % with a Jsc of 4.14 mA cm 2 and a
Voc of 0.753 [25]. Later, Roncali and coworkers connected a 5-hexyl-2,2’-bithienyl
to the axial phenyl ring of compound 2c¢-2, thus producing 2d. This structural
modification has little effect on the energy levels and absorptions of 2d but
improves its charge-transport properties, as supported by the electrochemical,
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optical, and mobility data. Thus improved efficiency of 2.17 % was obtained with a
Voc of 0.75 V and Jgc of 7.0 mA cm 2 [26]. Ziessel and coworkers reported a new
series of thienyl-BODIPY dyes (2e-1 and 2e-2) and studied their photophysical and
electronic properties as well as their performances as donor component in OSCs,
with a special focus on the influence of the solubilizing chains. In THF solution, 2e-
1 and 2e-2 show two strong absorptions in the 430—450 and 560—750 nm ranges,
with extinction coefficients of about 100000 M~' cm™". In contrast to the mono-
thiophene styryl units, red-shifted absorption by 47 nm can be found in 2e-2. This
could be explained by its more conjugated styryl bithiophene arms. With 2e-1 as
donor and PCBM as acceptor, a PCE of 1.4 % was obtained with a Jgc of
5.84 mA cm 2 and Voc of 0.76 V, whereas for 2e-2, a higher PCE of 4.7 % was
obtained with a Jsc of 14.2 mA cm 2 and a Ve of 0.70 V [27] (Table 4.2).

Nakamura demonstrated new solution-processable three layered p-i-n OSCs (the
i meaning an inter-layer contains donor and acceptor components), composed of
tetrabenzoporphyrin (BP, 2f) and silylmethyl [60] fullerene acceptor (SIMEF). The
thermally transformable phthalocyanine enables formation of an “ordered” het-
erojunction rather than BHJ. A impressive PCE of 5.2 % was obtained [28]. The
controllable trilayer cells deliver a large Jsc (10.3 mA cm %) and FF (65 %),
leading to a respectable overall PCE of 5.2 %.

The diketopyrrolopyrrole (DPP) structure is an ideal aromatic building block for
organic electronic materials because of its good photochemical stability, intense
light absorption, and an extended m-conjugated framework. In addition, the
accessibility of the lactam nitrogens for chemical modification provides a versatile
handle for altering its physical properties, such as solid-state packing and solubility
[37-40].

Table 4.2 Properties and device characteristics of dyes in Fig. 4.2

Molecules | HOMO/LUMO E, Ve Jse FF PCE Reference
(eV/eV) V) | (V) (mA cm™?) | (%) (%)

2c-1 —3.66/-5.69 195 |0.796 | 4.43 340 |[1.17 [25]
2¢c-2 —3.75/-5.56 1.70 |0.753 | 4.14 440 |1.34 [25]

2d —3.70/-5.61 1.70 |0.750 | 7.70 0.38 | 2.17 [26]
2e-1 —3.81/-5.46 1.60 |0.760 | 5.84 31.0 |1.40 [27]
2e-2 —3.84/-5.34 145 |0.700 |14.30 47.0 [4.70 [27]
2f-2 N.A. N.A. [0.750 |10.50 65.0 [5.20 [28]
2g-1 —3.00/-5.03 1.51 |0.670 | 8.42 450 |2.33 [29]
2g-2 —3.70/-5.20 1.55 0.750 | 9.20 44.0 [3.00 [30]

2h —3.40/-5.20 N.A. [0.920 [10.0 48.0 [4.40 [31]

2i —3.60/-5.33 1.65 |0.940 | 8.55 0.50 |4.02 [32]

2j —3.60/-5.31 1.70 0.63 14.6 0.58 |5.30 [33]

2k —3.68/-5.40 1.72 10.84 |11.27 0.42 | 4.06 [34]

21 —3.90/-5.50 1.67 |0.66 2.40 0.36 | 0.55 [35, 36]
2m —3.80/-5.50 1.76 | 0.95 7.80 0.45 |3.31 [35]
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Nguyen et al. synthesized a series of SM (2g-1, 2g-2, and 2h). In molecule 2g-1,
the lactam nitrogens of the DPP unit were protected by tert-butyloxycarbonyl (Boc)
groups to increase the solubility. This molecule delivers intense absorption in the
visible and near-infrared regions and exhibits a hole mobility of ~10~® cm*/V s, as
determined by the SCLC (space-charge limited current) model. A 7:3 weight ratio
of donor/PCBM ([6]-phenyl Cg,-butyric acid methyl ester) provided a PCE of
2.3 % under simulated AM 1.5G solar irradiation of 100 mW/cm? [29]. To improve
the thermal stability and solubility, the Boc groups on the DPP structure in 2g-1 was
replaced by ethylhexyl chains, affording 2g-2. Compared to the Boc derivative, this
structure modification does increase its thermal stability and solubility, lowers the
HOMO level, and further enhances film forming properties. The high degree of
ordering in the pristine donor film is maintained in blended films, and thus good
hole motilities were obtained. After thermal annealing (100 °C for 5 min), devices
prepared from a 2g-2: PC;,BM (1:1, w/w) blend gave a PCE of 3.0 % with an FF of
0.45 [30]. To tune the electronic and optical properties further, the terminating
group of hexylthiophene units in 2g-2 was replaced by benzofuran units, thus
affording 2h. After thermal annealing (100 °C for 10 min), devices prepared from a
2h 5:PC;oBM (6:4, w/w) blend gave a PCE of 4.4 % with an FF of 0.48 [31]. Chen
and coworkers reported an ethyl thiophene-2-carboxylate group end-capped DPP
molecule, 2i. Benefiting from its narrow bandgap and lower-lying HOMO, the
OSCs based on 2i showed a broad photovoltaic response range extending to around
750 nm and a very high V¢ of 0.94 V, affording a PCE of 4.02 % [32]. Using
triazatruxene as the end-capper group and DPP as the central group, Ziessel, Leclerc
and coworkers reported the synthesis and photovoltaic properties of dumbbell-
shaped solution-processable 2j. The result suggested that the triazatruxene core is
an effective electron-donating unit for OSCs, providing a good trade-off between
planarity and solubility. It shows end-to-end n—m interactions in the solid phase and
leads to favorable active layer morphologies with low ratios of fullerene acceptors.
With a 1:0.75 2j:PC,0BM weight ratio, solar cells demonstrated a high PCE of
5.3 % with a Ve of 0.63 V and Jsc of 14.6 mA cm™ 2 after thermal annealing (110 °
C for 20 min) [33]. Using a naphthadithiophene donor group as the core and DPP as
terminal arms, an alternative A-D-A (Acceptor-Donor-Acceptor) structure (2K) was
employed by Marks et al. Solar cells prepared from a 2K:PCBM (1.5:1.02) deliver
a high PCE of 4.06 %, with a Vo of 0.84 V, Jsc of 11.27 mA cm ™2, and FF of 0.42
by annealing at 110 °C for 10 min [34].

Inspired by the prominent device performance of using diketopyrrolopyrrole dyes
as photovoltaic donors in BHJ OSCs, isoindigo-based dyes have also been inves-
tigated as donor materials in OSCs in recent years. The unique structure of isoindigo
delivers a strong electron-withdrawing character and this character benefits from the
conjugation of the lactam rings in conjunction with an extended large m-system
under the bis-oxindole framework. In 2010, Reynolds and coworkers first utilized
isoindigo dyes in OSCs. Using donor-acceptor-donor (D-A-D) and acceptor-donor-
acceptor (A-D-A) structures, isoindigo-based dyes (21 and 2m) were synthesized in
conjunction with bithiophene as an electron donor. Annealed photovoltaic devices
(100 °C) of 2m deliver modest PCEs of 0.55 %, with a V¢ of 0.66 V, Jgc of
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2.4 mA cm” 2, and a low fill factor of 0.36. The BHJ cells made from 21 performed
significantly better than devices made from 2m. After annealing at 100 °C, solar cells
made from 21 showed a PCE of up to 1.76 %, with a Voc of 0.74 V, Jsc of
6.3 mA cm_z, and fill factor of 0.38 [35]. By combining solvent additives with
complementary effects, further refinement of the device processing conditions was
achieved, and the PCE of 2l was further increased to near 3.7 % [36].

Inspired by the natural photosynthetic systems that utilize chlorophylls to absorb
light, Peng and coworker explored porphyrin derivatives as the donor materials for
OSC studies [41-43]. To facilitate the intramolecular charge transport, they intro-
duced ethynylene to link a porphyrin core with different acceptor units. High PCEs
of 7.23 % for 2n with a Jsc of 16 mA cm 2, Voc of 0.71 V, and FF of 0.63 were
achieved for the solution-processed BHJ OSC [43]. This value is the highest PCE
for solution-processed BHJ OSCs based on porphyrin dyes. This result also ranks as
one of the best PCEs (over 7 %) for solution-processed BHJ OSCs.

4.3.2 Triphenylamine Derivatives

Organic molecules containing triphenylamine (TPA) units have good solubility
because of the propeller structure of TPA units, and high hole mobility. Therefore,
the studies of TPA-containing molecules for OSCs, pioneered by Roncali and
coworkers [44, 45] attracted wide attention. Here we have divided the TPA-con-
taining molecules into two categories, namely, linear (Fig. 4.3) and star-shaped
(Fig. 4.4). With this classification, the structure-property relationships are
discussed.

Li and coworkers reported D-A-D type molecules with TPA as donor, benzo-
thiadiazole (BT) as acceptor, and vinylthiophene as the bridge [46]. Based on the
blend of 3a and PCBM (1:1), the PCE was only 0.26 % for the device with a Ba/Al
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Fig. 4.3 Triphenylamine derivatives with D-A-D or D-A structures
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COOCsH;,

Fig. 4.4 Star-shaped organic molecules with TPA as central unit

cathode. Higher efficiency of 1.44 % with a V¢ of 0.74 V was realized by using a
fused thiophene as bridge because of a larger conjugation in 3b [47]. Under the
molecular architecture of 3a, removing of the vinyl group also affords 3c. This
chemical modification brought a larger Vo of 0.86 V together with an improved
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efficiency of 1.06 % [48]. Replacing the acceptor unit of benzothiadiazole with
thiazolothiazole (TTz), another D-A-D type molecule was obtained (3d). Because
of the weak electron-accepting ability of the TTz unit, 3d demonstrated a wide
bandgap with an optical bandgap of 2.31 eV in film [49]. By tuning donor/acceptor
blend ratio variation, OSCs with PC,oBM as acceptor delivered perfect phase
separation sizes of 10-20 nm and balanced carrier transport, leading to a PCE as
high as 3.73 % under thermal annealing.

By combining a triphenylamine electron donor unit with a dicyanovinyl thiophene
electron acceptor group, Roncali reported D-A type SM donors 3e and 3f. In 3f, the
dicyanovinyl group has been fused to the thiophene by a phenyl ring to modulate the
absorption. In bilayer PHIJ solar cells (with C;q as acceptor), the reference molecule
3e demonstrated an efficiency of 2.53 % with a Vo 0f 0.92 V, an FF of 0.42, and Jsc
of 5.77 mA cm 2, whereas for the molecule 3f with larger conjugation, a higher
efficiency of 2.97 % was obtained with a Jgc of 5.32 mA cm 2, a Vo of 0.97 V, and
FF of 0.52 under the illuminaiton of AM 1.5G at 90 mW c¢m 2 [50].

Early in 2006, with TPA as core, a family of star-shaped SMs was first reported
as donor materials by Roncali and coworkers. For the molecule with TPA as the
core derivatized with dicyanovinyl group (4a), a PCE of 1.02 % together with a
Voc of 0.96 V was obtained [44]. Later, Li et al. reported two star-shaped D-n-A
molecules (4b and 4c¢) as donor components in solution-processed OSC [51]. These
materials contain triphenylamine (TPA) as core and donor unit, dicyanovinyl
(DCN) as end group and acceptor unit, and bithiophene or 4, bithiophene vinylene
as the conjugated bridge. PCE of the OSC based on 4b as donor is 1.4 %.
Benefitting from the vinylene bridge, the absorption profile of the 4¢ film covers a
wide wavelength ranging from 380 to 750 nm, and its absorption is red-shifted by
ca. 40 nm compared to that of the 4b film. With a Jgc of 7.76 mA cm 2 and a Voc
of 0.88 V, the PCE of the BHJ OSC based on a composite of 4¢c and PC7,BM (1:2,
w/w) reached 3.0 %. The removing alkyl chain in the bithiophene bridge to the
DCN acceptor end group afforded molecule 4d with improved planarity [52]. By
addition of a new additive 4-bromoanisole, devices based on a blend of 4d and
PC;,BM demonstrated a PCE of 3.1 % without any post-treatment and further
improved to 3.6 % under simulated AM 1.5G. Similar to the alkyl DCN group, the
alkyl cyanoacetate acceptor group is another interesting electron-deficient group
containing both cyano moiety and alkyl chain, Thus the greatest advantage of this
alkyl cyanoacetate acceptor group is to induce internal charge transfer and
improved solubility simultaneously [53]. With alkyl cyanoacetate acceptor group as
the acceptor end group, Zhan reported another new star-shaped molecule 4e [54].
Specifically, the use of alkyl cyanoacetate acceptor group can avoid tedious and
time-consuming multi-step reactions. Without any post-treatment, the BHJ OSCs
based on a 4e:PC;,BM (1:2, w/w) blend afforded a PCE of 3.60 % and an FF of
0.56 (Table 4.3).

Another star-shaped TPA-containing molecule is based on the D-A-D archi-
tecture arms. Recently, Li and coworkers reported such a type of molecule con-
taining TPA as core and benzothiadiazole-(4-hexyl) thiophene as arms (4f), for
application in solution-processed OSCs [55]. A thin film of 4f shows broad and
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Table 4.3 Properties and device characteristics of triphenylamine molecules in Figs. 4.3 and 4.4

Molecules | HOMO/LUMO E, Voe Joe FF PCE Reference
(eV/ieV) @v) (V) |mAem™® |(%) |%)
3a —3.30/-5.10 1.80 0.74 0.619 33.0 |0.19 [46]
3b —3.42/-5.10 1.64 0.74 5.71 34.0 1.44 [47]
3c —2.99/-5.16 2.03 0.86 3.23 38.0 1.06 [48]
3d —2.91/-5.39 2.31 0.91 9.39 437 |3.73 [49]
3e —3.79/-5.96 2.03 0.92 5.77 42.0 |2.53 [50]
3f —4.22/-5.96 1.59 0.97 5.32 52.0 297 [50]
4a N.A. 1.78 0.96 3.65 29.0 1.02 [44]
4b —3.34/-5.22 1.88 0.84 5.21 30.8 1.40 [51]
4c —3.42/-5.03 1.61 0.88 7.76 439 |3.00 [51]
4d —3.41/-5.32 1.89 0.96 7.81 50.0 |3.60 [52]
4e —3.41/-5.32 1.95 0.88 7.30 56.0 |3.60 [53]
4f —3.08/-5.19 1.96 0.85 8.58 32.7 2.39 [55]
4g —3.11/-5.28 1.90 0.87 9.51 52.0 |4.30 [56]
4h —3.66/—4.94 1.75 0.74 11.34 50.0 |4.16 [57]

intense absorptions in the range 300-630 nm. The OSC device based on a blend of
4f and PC;oBM (1:3, w/w) exhibited a Jsc of 8.58 mA cm™ 2, a Ve of 0.85 V, and
an FF of 0.327, leading to a PCE of 2.39 %, under the illumination of AM.1.5G,
100 mW cm 2. Similar to 4f, the removing of the vinyl group affords 4g with higher
efficiency. BHJ OSC cells based on 4g:PC,oBM (1:2, w:w) deliver a Jgc of
9.51 mA cm_z, Voc of 0.87 V, FF of 0.52, and PCE of 4.3 %. The PCE value of
4.3 % is among one of the highest reported values for solution-processed BHJ
OSCs containing TPA-based small molecules [56]. In the above examples, the TPA
unit plays an important roles as electron donor and hole transport mediator, but its
propeller structure aroused the issue of intermolecular packing and resulted in lower
hole mobility in BHJ active layer of the OSCs. To improve the planarity, Ko, Li,
and coworkers introduced dimethylmethylene-bridged TPA core to replace TPA
and synthesized 4h. Relative to its counterpart with TPA as core, the planar star-
shaped 4h showed a slight redshift absorption and stronger absorbance. A note-
worthy PCE value of 4.16 % was recorded with a Jsc of 11.34 mW cm 2 [57).

4.3.3 Oligothiophenes

For oligothiophenes, one synthetic advantage is to be relatively readily extended to
longer oligomers. The other is to be appropriately functionalized at the terminal o-
positions or the side P-positions. Under these chemical approaches, versatile
structures can be obtained and their characteristics relevant to solar cells applica-
tions (such as mobilities, energy levels, and solid state packing) can be well
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controlled. To broaden absorption and improve solubility, branched oligothioph-
enes were developed [14].

Roncali et al. developed a tetrahedral oligothienyl silane derivative Sa [58].
Compared with parent linear terthiophene, a 19-nm red-shifted absorption was
observed. In blending with PCBM at 1:3 w/w ratio, a moderate PCE of 0.3 % was
obtained under the simulated irradiation of AM 1.5G, 80 mW cm™ 2. Although the
device performances are mainly limited by the narrow absorption of the donor,
results obtained with this short chain model compound confirmed the interest of the
3D approach. By changing the core to a phenyl group, a four-arm dendrimer with
longer thiophene chains was developed [59]. The better conjugation in Sb brought
an improved PCE of 1.3 % using PCBM as acceptor under simulated AM 1.5G
illumination. Under the 3D architecture, all-thiophene dendrimer (5c Fig. 4.5) with
highly branched arms was reported by Peter Biuerle [60] and used in BHJ solar
cells as donor in combination with PCBM as acceptor. BHJ solar cells using
dendrimer Sc in a D-A ratio of 1:2 generated a PCE of 1.7 % with a high Voc of
0.97 V. In order to improve the photon harvesting ability further, acceptor groups
have been incorporated into the core or the terminal of the branched oligothioph-
enes. Under such an approach, Béuerle et al. introduced an electron-deficient
pyrazino[2,3 g]quinoxaline as core into the dendritic structure [61]. Dendrimer 5d
showed a broad absorption in the range 300-700 nm and a reduced bandgap of
1.7 eV, giving an efficiency of 1.3 %. Kopidakis and coworkers have developed
such an oligothiophene (5e) with electron-deficient tricyanobenzene as core and
electron-rich dendrons [62]. Compared to the control dendrimer with the same
structure but without the electron-deficient core (Se-1), the appending electron-
deficient core in Se-2 planarizes the structure and lowers the bandgap, thus leading
to enhanced structure order in bulk heterojunction films. The optical bandgap of
Se-2 was reduced to 1.8 eV, compared to 2.4 eV for Se. Oligomer Se-2 showed a
much higher PCE of 1.1 % compared to only 0.4 % for Se-1. Notably, despite its
lower bandgap, an expected larger Jgc for Se-2 as comparison to Se-1 was not
recorded. The electron trapping effect in the cyanobenzene core can account for its
lower Jgc, impeding electron transfer to the acceptor [62]. Another approach for
broadening the absorption is introducing acceptors into the terminal of oligothi-
ophenes. Wong et al. incorporated dicyanovinyl units to the terminal branched
oligothiophenes in thin films and, accompanied with a strong spectral broadening,
the optical bandgap of the dendritic oligothiophene 5f was reduced to 1.74 eV [63].
Together with a Jgc of 4.19 mA cm 2, Voc of 0.97 V, and FF of 0.42, device
optimization produced a PCE of 1.72 %. Compared to linear D-A small molecules,
however, this family of oligothiophenes usually delivers low FF values in solar
cells because of the low mobility, and therefore more studies are needed to improve
their FF values and solar cell performances.
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Fig. 4.5 Chemical structures of oligothiophenes

4.3.4 Linear D-A Oligothiophenes

Thin-film deposition using solution-processed methods have many advantages
leading to simplicity, low cost, low temperature, and large area device fabrication,
meaning high throughput that enables the fabrication of high-performance, low-cost
electronics. Chen and coworker developed solution-processed linear oligothioph-
enes with terminal acceptors (6a—6d). They systematically varied the position and
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density of the alkyl side chain or the terminal acceptor group as well as the core in
the as-developed oligothiophenes. Because of the efficient conjugation of the aro-
matic skeleton and intramolecular charge transfer (between the terminal acceptor
unit and the central donor unit), the SMs obtained exhibited high hole mobilities
and wide absorptions with high coefficients.

In 2010, Chen and coworkers reported DCV-substituted oligothiophene and
used it as donor component for solution-processed OSCs. The BHJ solar cell with
(6a-1 (Fig. 4.6) and PCBM at the ratio of 1:1.4 exhibited a PCE as high as 3.7 %
under AM 1.5G illumination in air [64]. Instead of a DCV terminal group, they
incorporated the alkyl cyanoacetate terminal group in the oligothiophenes. In these
oligothiophenes, by changing the ethyl group to longer octyl and 2-ethylhexyl
groups, their absorption maxima in thin films are gradually blue shifted. These SMs
all demonstrate high PCEs (4.46-5.08 %) for solution-processed BHJ OSCs. A
high PCE of 5.08 % was recorded based on a blend of 6a-2 and PCBM without any
special treatment [65]. However, this molecule contains a weak acceptor end unit of
cyanoacetate group, which could not contribute too much to the overall light
absorption. The change of cyanoacetate group to a stronger acceptor group of 3-
ethylrhodanine, oligothiophene of 6a-3 with broader absorption was obtained [66].
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Fig. 4.6 Linear D-A oligothiophenes
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The broad absorption resulted in a higher Jsc of 13.98 mA cm 2. Together with a
Voc 0f 0.92 V, a high PCE of 6.10 % was obtained by using a blend of 6a-3:PCBM
as the active layer. Also, based on the molecular architecture of 6a-2, Chen replaced
the thiophene core with benzodithiophene (BDT) [67] and dithienosilole unit (DTS)
[68] under the consideration of their large and rigid planar aromatic skeleton.

For the oligothiophene containing BDT units [67], this material (6b) showed
high PCEs for solution-processed BHJ cells. With a high Voc of 0.93 V and an FF
of 0.599, a PCE of 5.44 % was recorded in a 6b/PCBM blend with 1:0.5 weight
ratio without any special treatment. For the DTS based oligothiophenes (6¢), a
higher PCE of 5.84 % was obtained along with a high fill factor of 0.64 [68].

With the success of the molecular architecture of 6b, Chen and coworkers
further modified the terminal acceptor group and the soluble side chains. Thus the
small molecule, 6d, was designed and synthesized [69], this molecule containing
BDT as the central building block, 3-ethylrhodanine as terminal acceptor group,
and dioctylterthiophene as the bridge. A PCE as high as 7.38 % (certified 7.10 %)
for the device using 6d as donor under the illumination of AM 1.5G irradiation,
100 mW cm 2 has been realized using the solution process. The efficiency is also
comparable with that of the most highly efficient PSCs. This result demonstrated
that highly efficient SM BHIJ devices could indeed be realized through rational
molecular design and device engineering (Table 4.4).

Table 4.4 Properties and device characteristics of oligothiophenes in Figs. 4.5 and 4.6

Molecules | HOMO/LUMO E, Voe Joc FF PCE Reference
(eV/eV) eV) [(V) (mA cm™?) | (%) (%)
S5a N.A. 2.65 |0.85 1.13 240 10.29 [58]
5b N.A. 2.10 |0.94 335 40.0 |1.30 [59]
Sc —3.07/-5.28 228 097 4.19 420 |1.70 [60]
5d —3.90/-5.40 1.70 1.00 3.30 0.38 |1.30 [61]
Se-1 —2.80/-5.40 240 |0.75 2.00 28.0 [0.40 [62]
Se-2 —3.30/-5.40 1.80 |0.95 2.50 47.0 |1.10 [62]
5f —3.21/-5.06 1.74 097 4.19 420 |1.72 [63]
6a-1 —3.40/-5.10 1.68 |0.88 |[124 340 |[3.70 [64]
6a-2 —3.29/-5.13 1.74 |0.86 |10.74 55.0 |5.08 [65]
6a-3 —3.68/-5.21 1.72 1092 |13.98 474 16.10 [66]
6b —3.54/-5.11 1.83 10.93 9.77 59.9 |5.44 [67]
6¢ —3.26/—4.95 1.73 [0.80 |[11.51 64.0 |5.84 [68]
6d —3.27/-5.02 1.74 1093 |12.21 65.0 |7.38 [69]
6e-1 —3.72/-5.22 1.50 |0.78 |144 59.3 [6.70 [70]
6e-2 —3.72/-5.26 1.50 |0.73 |12.70 60.0 |5.56 [70]
6e-3 —3.78/-5.30 1.52 [0.72 9.80 45.0 |3.16 [70]
6e-4 -3.57/-5.15 1.58 [0.83 0.90 25.8 [0.19 [70]
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Bazan et al. developed a series of isomorphic, solution-processable molecules,
comprising electron rich 2-hexylbithiophene and dithienosilole as the donor
[70, 71]. In these molecules, electron-deficient acceptor groups of 2,1,3-benzo-
thiadiazole (BT) and [1, 2, 5] thiadiazolo[3,4-c]pyridine (PT) were employed as the
building blocks (6e). In their study, by comparing BT- and PT-based SMs, the
effect and significance of the pyridyl N-atom in the acceptors (BT or PT) was
indentified, and the role of the regiochemistry on the device performance was
disclosed. In solid film, when blended with fullerene acceptor (PC;0BM), the BT-
based SM of 6e-4 shows no observable crystalline phase, and thus a poor efficiency
of 0.18 % was obtained. For PT-based SMs, the PT regiochemistry within the
aromatic skeleton was found to be close related to the solid state packing and BHJ
cell efficiency.

When the pyridyl N-atoms in 6e-1 (6e-2) is symmetrically located at the prox-
imal/proximal position (distal/distal position) relative to the central DTS donor unit,
when blended with fullerene acceptors (PC;oBM), the composite film delivers a
highly ordered nanomorphology, leading to high PCEs up of 7 % (5.6 %).
However, relative to the central DTS donor unit, when the position of the pyridyl
N-atoms (6e-3) changed from favored proximal/proximal configuration (distal/
distal position) to less symmetric distal/proximal configuration, the self-assemble
ability of the materials were reduced. Together with a low Jsc and FF value, the
best PCE was only 3.2 % [70, 71].

Notably, the high efficiency of 6e-1 was achieved by employing metal oxides,
i.e., MoOx, as an anode buffer layer. Diminished performance was obtained using a
PEDOT:PSS interlayer which is because of the protonation of the PT pyridyl
nitrogen caused by the acidic nature of PEDOT:PSS. To remove this site sensitive
group, 5-fluorobenzo[c] [1, 2, 5] thiadiazole (FBT) was used as the acceptor unit,
affording 6e-5 [72]. With no lone pairs of electrons, the advantage of FBT is that of
providing an electron-deficient functionality and being prone to participate in acid/
base reactions. With PEDOT:PSS as anode buffer layer, a high efficiency of 7.0 %
was obtained (Voc = 0.81 V, Jsc = 12.8 mA cm 2, and FF = 0.68), with the
treatment of solution additive of DIO (0.4 vol. %), followed by thermal annealing at
70 °C [72]. By inserting an optical spacer (zinc oxide) between the active layer and
the top Al electrode, its efficiency can be further improved to 8.9 %, which is
comparable to that of polymer counterparts. The function of the ZnO buffer layer is
to improve the light-harvesting of the active layer, increase the carrier collection
efficiency, serve as a hole blocking layers, and reduce the carrier recombination at
the interlayer [73]. To improve the efficiency further, Li and coworker extended the
two-dimensional-conjugation concept to small molecule-based solar cells. Their
motivation is inspired by the advantage of two-dimensional (2D)-conjugated
polymers, such as main chain and side chain constructed broad absorptions (con-
tributed by both the main chains and conjugated side chains) and 2D charge
transport features [74-76] (Table 4.5).

Thus, with thiophene (7¢) or bithiophene (7a) as conjugated-bridges, two
solution-processable A-D-A-type SMs containing thienyl-substituted benzodithi-
ophene (BDTT) as central and donor building block, and indenedione (ID) as
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Table 4.5 Properties and device characteristics of oligothiophenes in Fig. 4.7

Molecules | HOMO/LUMO E, Voe Jse FF PCE Reference
(eV/eV) €ev) [(V) |mAem™® |(%) |%)

Ta —3.52/-5.16 1.60 |0.92 11.05 664 |6.75 [77]
7b —3.52/-5.16 1.60 |0.92 8.58 64.8 |5.11 [77]
Tc —3.56/-5.19 1.61 1.03 10.07 547 |5.67 [77]
7d —3.56/-5.18 1.59 091 9.47 482 | 4.15 [77]
Te —3.56/-5.18 1.83 10.92 6.89 63.0 |4.00 [78]
7f-1 —3.27/-5.02 1.74 ]0.93 12.21 65.0 |7.38 [71
7£-2 —3.29/-5.06 1.77 ]0.96 11.92 594 |6.79 [7]
7f-3 —3.27/-5.02 1.72 1093 13.17 66.3 |8.12 [7]
7f-4 —3.29/-5.07 1.76  [0.92 12.09 72.1 |8.02 [7]
g —3.45/-5.23 1.65 |0.84 11.97 57.6 |5.79 [79]

acceptor end groups, were designed and synthesized as photovoltaic donor mate-
rials in OSCs [77]. Their results show that solution absorptions of 7a and 7¢ with
thiophene conjugated side chains are significantly enhanced in comparison with
those of 7b and 7d without conjugated side chains. Further investigation shows
that, the photovoltaic performance of 7a and 7c is also better than that of the
corresponding molecules (7b and 7d) with alkoxy side chains on BDT units. Solar
cells were fabricated based on the organic molecules/PC;0BM (1.5:1, w/w), the
PCEs of the solar cells being 6.75 % for 7a, 5.67 % for 7¢, 5.11 % for 7b, and
4.15 % for 7d under the illumination of AM 1.5G, 100 mW cm 2. Instead of
attaching the conjugated side-chain to the central BDT unit, Cui et al. [64] modified
the thiophene linkage with conjugated side chains to synthesize the molecule 7e.
The BHJ OSCs based on 7¢/PCBM (1:0.5, w/w) delivers a PCE of 4.0 % together
with a high V. of 0.92 V and a relatively high FF of up to 0.63 without any post-
treatment [78].

Chen et al. also synthesized a series of SMs with conjugated side chains on the
central BDT unit and investigated the effect of different conjugated side chains on
the photovoltaic properties [7]. Among these molecules, 7f-3 gave the highest
efficiency of 8.12 %. Notably, compared with the other three molecules, the highest
Jsc is consistent with its most red-shifted absorption and lowest
bandgap. Compared to 7f-3, the bulkier bithiophene substituents in 7f-4 on BDT
units side chains caused blue shift absorption. The OSC devices based on 7f-1 or
the other three SMs all deliver high Ve values over 0.9 V. For 7f-2 with long-
alkyl-chain substituent on the thiophene units, the bulk effect of long alkyl chains
can account for its especially high Voc of 0.96 V. Also, based on the BDTT units,
Lin et al. [79] and Huang et al. [21] independently reported a linear D-A SMs (7g)
containing 5-alkylthiophene-2-yl-substituted BDT as core and DPP as arms.
Although the device fabrication process for both sets of work is slightly different, a
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Fig. 4.7 A-D-A structured molecules with conjugated side chains

high efficiency of over 5 % was achieved for both cases, demonstrating that 7g is
also a promising photovoltaic donor material for solution-processed BHJ OSCs.

4.3.5 Organic Molecule Acceptors

The widely used photovoltaic acceptors are fullerene derivatives, such as PCBM
and newly developed ICBA (fullerene bis-adducts) [80]. The unique features of
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fullerene acceptors include deep lower-lying LUMO (~3.70—4.2 eV), high elec-
tron mobility, reversible reduction with the ability to accept up to six electrons, and
ultra-fast three-dimensional charge transfer. The aim of developing non-fullerene
acceptors is to overcome their shortcomings associated with the fullerenes [81, 82].
Fullerene derivatives have disadvantages because of the weak absorption capacity
in the visible range, high cost, and the limited variation range of LUMOs. Another
motivation for developing n-type small molecules for photovoltaic acceptors is to
overcome its Vo limitation (ca. 1.1 V) [83]. In order to improve the PCEs of OSCs
further, scientists have started to utilize n-type molecules with strong and broader
absorptions and/or tunable LUMO energy levels as photovoltaic acceptors.

Current n-type organic semiconductors used for acceptors can be roughly clas-
sified into two types: (1) D-A structured molecules with a strong electron-with-
drawing (A) unit and (2) naphthalenediimide (NDI) and perylene diimide (PDI)
derivatives [84]. The first bilayer PHJ cells were reported by Tang, using Cu-
phthalocyanine as the donor component and perylene-3,4,9,10-bis-benzimidazole
(8a) as the acceptor component using the vacuum deposition method. Under AM2
conditions (75 mW cm?), an efficiency of 0.95 % was obtained with an impressive
FF of 65 % [85]. By incorporating soluble alkyl chain on the imide nitrogen atoms,
the pentyl substituted PDI derivative (8b) was obtained. By blending with P3HT,
corresponding OSC devices showed a Jgc of 1.65 mA cm 2, Voc of 0.45 V, FF of
0.34, and PCE of 0.25 % [86]. Notably, by changing the donor material with a
narrow bandgap small molecule (6e-5), a high efficiency of 3.0 % was obtained
with a Voc of 0.78 V, a Jgc of 7.4 mA cm™ 2, and an FF of 0.52 [87]. This efficiency
value is one of the highest PCEs for a BHJ OSCs utilizing a non-fullerene acceptor
at that time. The dramatic change in efficiency induced by the donor components
indicated that the compatibility between donor and acceptor is very important.

To improve the performance of perylene diimides (PDI)-based acceptors further,
one issue to be overcome is the over-strong aggregation behavior. This behavior
leads to formation of phase separated acceptor domains (typically over 100 nm) in
the active layer. This large domain size is largely beyond the efficient exciton
diffusion length (normally 20-30 nm) [88, 89]. Thus, within these large domains,
the excitons generated are strongly trapped, and this behavior leads to poor device
performance. Reducing the aggregation size of the acceptor domains is thus very
important to improve the efficiency of the PDI-based OSCs. To reduce the over-
strong aggregation, Zhan et al. [90] recently developed twisting PDI derivative (8c-
2). Compared to its monomeric counterpart 8c-1, the twisting PDI of 8c-2 dem-
onstrated significant reduction in its aggregation size. With 2D conjugated polymer
PBDTTT-CT as donor, BHJ OSC was fabricated with 5 % DIO as additive. PDI
acceptor of 8¢-2 gave a best PCE of 4.03 %, whereas 8c-1 demonstrated a poor PCE
of 0.13 %. This high PCE value is an outstanding result for non-fullerene photo-
voltaic acceptors. The result showed that, by just using n-type materials as pho-
tovoltaic acceptors, highly efficient OSC cells can also be fabricated by the
modification of the structures of the PDIs (Table 4.6).
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Table 4.6 Properties and device characteristics of oligothiophenes in Fig. 4.8

Molecules | HOMO/LUMO E, Voe Joe FF PCE Reference
(eV/eV) €evV) |(V) |mAcem® [(%) |%)

8b N.A. N.A. |0.78 |7.40 52.0 |3.0 [87]
8c-1 —3.74/-5.98 2.03 0.97 0.33 41.8 0.13 [90]
8c-2 —3.84/-5.65 1.69 0.85 8.86 54.1 4.03 [90]
8d —4.10/-5.50 1.57 0.82 |3.51 52.0 |1.50 [91]
8e —3.49/-5.87 N.A. |0.67 1.80 37.0 |0.45 [92]
8f —3.30/-5.8 N.A. |0.96 4.70 56.0 |2.54 [93]
8g —3.44/-6.27 2.83 0.95 6.35 0.48 |2.90 [94]
8h —3.70/-5.30 1.59 0.79 |5.14 440 |[1.80 [95]
8i —3.70/-5.40 N.A. |0.54 4.85 54.7 1.43 [96]
8§j —4.10/-5.90 N.A. |0.48 5.72 0.57 | 1.57 [97]
8k —3.26/-5.26 1.85 1.18 | 2.68 37.9 1.20 [98]
81 —3.28/-5.30 1.83 0.97 491 43.0 |2.05 [99]
8m —3.75/-5.95 2.10 0.95 3.92 67.0 |2.43 [100]
8n —3.79/-5.40 1.73 0.65 3.09 60.0 1.21 [101]

As a structural analogue to PDI, naphthalene diimide (NDI) is also attractive for
constructing n-type molecular acceptors. One of the challenges for developing NDI-
based acceptors is to overcome their absorption limitations. To broaden the
absorption of NDI-based acceptors, Jenekhe and coworkers incorporated oligothi-
ophene at the 2,6-positions of NDI to afford: 8d. With this D-A motif, its absorption
was extended to 790 nm. After thermal annealing of the cells at 100 °C for 10 min
and using diiodooctane (0.2 %) as additive, the optimized cells with P3HT as donor
and 8d as acceptor showed a PCE of 1.5 % [91].

Besides the organic molecule acceptors based on PDI and NDI, some other n-
type non-fullerene acceptors have also been designed in recent years. In order to
function as n-type semiconductors, electron-deficient groups such as cyano and
imide groups are introduced into the molecular architectures. Sellinger et al.
reported non-fullerene acceptor based on aromatics (biphenyl, benzothiadiazole,
fluorene) flanked with 2-vinyl-4,5-dicyanoimidazole [92]. Of the imidazole-based
materials, 8e has the most promising properties for OSC applications. With P3HT
as donor, a PCE of 0.45 % was obtained with a Vo of 0.67 V. Later, they modified
the 2-vinyl-4,5-dicyanoimidazole group with vinylimides (phthalimide and naph-
thalimide). Of these two imide acceptors using P3HT as donor component, the
phthalimide derivative of 8f delivered a high Voc of 0.96 V together with a
maximum PCE of 2.54 %. This value is greater than the device (PCE = 0.1 %)
using NI-BT (8e) as acceptor [93]. Pei and coworkers developed a series of fluo-
ranthene-fused imide derivatives (8g) as non fullerene acceptors [94, 102]. With
P3HT as donor, the PCEs vary from 2.14 to 2.89 %. The highest PCE of 2.89 %
was achieved when 8g-2 served as the acceptor. Further studies show that the Jsc
values of the inverted BHJ OSCs is determined by electron mobility of the blends



186 Z.-G. Zhang

C1oHa21

C12Hazs

Fig. 4.8 Non-fullerene organic molecule acceptors

containing different acceptors [94]. Jenekhe and coworkers reported a series of
tetraazabenzodifluoranthene diimides (BFIs), molecules containing a structure-
tunable tetraazaanthracene core and two naphthalene imide units [95]. The 11-ring
BFI system has an even larger aromatic skeleton than NDI and PDI. This larger
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aromatic skeleton is beneficial to extend the m conjugation, promote orbital over-
lapping, and improve carrier mobilities. By changing the substituents connected at
the core position, the BFIs delivered large electron affinities (3.6—4.3 eV) with
attractive low optical bandgaps of 2.5-1.6 eV. Using 8h as acceptor and P3HT as
donor, a PCE of 1.80 % was realized together with a Vo of 0.79 V, a Jgc of
5.14 mA cm72, and an FF of 0.44.

Dicyanovinylene (DCV)-substituted arenes recently received focused attention
as acceptors. Meredith and coworkers prepared the DCV-substituted fluorene-
benzothiadiazole-based oligomer (8i) as a non-fullerene acceptor [96, 103]. 8i has
an optical gap of 1.7 eV and an electron affinity close to the standard fullerene
acceptor (PCBM). The P3HT:8i bulk heterojunction solar cells give an efficiency of
1.43 % with a Vo of 0.54 V, Jsc of 4.85 mA cm 2, and FF of 0.547 [96].

Wang developed a class of DCV-substituted quinacridone derivatives [97]. This
family of SMs showed intense absorption in the region from 650 to 700 nm where
the donor component P3HT has a weak absorption. Among the quinacridone
acceptors, 8j demonstrated a best PCE of 1.57 % (Jsc = 5.7 mA cm 2,
Voc = 0.48 V, and FF = 0.57).

In search of non-fullerene materials, chemical modified DPP units also produced
promising acceptors. Under a 3D star-shaped structure, Lin et al. reported a new
acceptor containing triphenylamine as core and diketopyrrolopyrrole as arm. Using
P3HT as donor, solution-processed BHJ OSCs-based 8k delivered a PCE of
1.20 %, and a high Vo of 1.18 V, among the highest values reported for sin-
gle junction organic solar cells [98]. Higher efficiency non-fullerene acceptor (8l)
was realized by replacing the triphenylamine unit in 8k with the dibenzosilole
(DBS) unit. With the solvent annealing approach, solution-processed OSCs based
on the P3HT:DBS-2DPP blend showed a PCE of 2.05 %, indicating that 8l is a
promising non-fullerene acceptor [99]. Watkins et al. presented an indandione-
derived small molecule (8m) as acceptor [100]. With P3HT as donor, a PCE of
2.4 % with high Vo of 0.95 V was realized. In particular, their findings show,
besides the energy offset, that the electronic coupling should be considered, which
is an extremely important parameter in the design of non-fullerene electron
acceptors [100]. Thayumanavan et al. reported a series of A-D-A molecules con-
taining 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene as terminal acceptor moieties
connected at the meso position. Deep LUMO energy levels and strong visible
absorption make them good photovoltaic acceptors in BHJ OSCs. With P3HT as
acceptor, inverted cells based on 8n as acceptor shows a PCE of 1.51 %.

To use the multiple complementary absorbers better, Cnops et al. [104] devel-
oped multilayer cascade architecture. The three-layer structure contains two n-type
non-fullerene acceptors (80 and 8p) and a donor (1d). In the device, an efficient
two-step exciton dissociation process was facilitated by this energy-relay cascade.
All the three complementary absorbing materials contributed to the photocurrents,
thus leading to a quantum efficiency above 75 % between 400 and 720 nm. For a
fullerene-free device, the PCE of 8.4 % obtained (with a Vgc of 0.96 V, Jgc of
14.5 mA cm™ 2 and FF = 0.61) is extraordinarily high. This value even exceeds the
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PCEs of previously reported fullerene-based OSCs. For improving the performance
of non-fullerene-based devices, the new device architecture is an important alter-
native to conventional device structure.

4.4 Conclusion and Future Perspectives

In this chapter we have summarized the recent progress of OSCs involving small
molecule donors, non-fullerene organic molecule acceptors, and donor—acceptor
dyad systems for vacuum and solution-processed OSCs. The disclosed structure—
property relationships of representative photovoltaic materials is beneficial for new
material development. Some chemical strategies used for tailoring the photophysics
properties, such as energy levels, the absorption, and charge mobilities, are also
discussed. However, further challenges for developing SM OSCs are in-depth
understanding of the relationship between their molecular structures, solid state
packing, and photovoltaic properties. At the same time, the synthesis of photo-
voltaic material with high yields and large scale and good processability without
using chlorinated solvents (such as chloroform, chlorobenzene, and dichloroben-
zene) is also important for practical applications. Under the disclosed structure—
property correlations, developing new small molecules in the context of device
durability would certainly facilitate widespread application of this photovoltaic
technology.
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