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Polymeric and Small-Molecule Semiconductors for Organic
Field-Effect Transistors
Hakan Usta and Antonio Facchetti

1.1
Introduction

π-Conjugated small-molecule and polymer semiconductors are of interest
because of their unique optical and electrical properties which will enable
the fabrication of new optoelectronic devices having unique functional-
ities [1–3]. Besides the discovery of new materials, the development of
organic-semiconductor-based optoelectronics requires a much better under-
standing of the electronic structure, charge-transport properties, as well as
light–molecule/polymer and charge–charge interactions in the corresponding
thin films [4]. Although these aspects are fundamental for the optimization of
these materials, the goal in this chapter is to review the very recent achievements
in the development of molecular and polymeric semiconductors for charge
transport in thin-film transistors (TFTs). In particular, we will first introduce
the basic concepts of organic semiconductor structure and organic thin-film
transistor (OTFT) operation and then focus on initial studies and very recent
works. Excellent review articles are available in the literature for the intermediate
period [5, 6].

1.2
Organic Semiconductor Structural Design

Organic semiconductors for OTFTsmust possess two essential structural features
for their successful implementation in printed electronics (Figure 1.1) [7].The first
is a π-conjugated core/chain composed of linked unsaturated units. The extended
π orbitals enable achieving the characteristic charge-transport and optical
properties [8].The second is core functionalization with solubilizing substituents,
which is essential for inexpensive manufacture by solution methods as well as for
enhancing solid-state core interactions [9]. This latter feature was not met in the
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initial studies, as most of the OTFTs were fabricated with the semiconductor film
deposited by vacuum sublimation. Among the most common unsaturated units
used for core construction, there are mono(poly)cyclic aromatic hydrocarbons,
heterocycles, benzofused systems, and simple olefinic and acetylenic groups.
The extent of conjugation/interaction between these units determines the semi-
conductor solution/solid state electronic structure, which in turn controls the
key molecular/polymeric properties such as optical absorption/emission, redox
characteristics, and frontier molecular orbital energy levels. Other important
architecture parameters relevant to polymers are the molecular weight (Mw)
and the polydispersity (PD) index because they influence the solubility, solution
aggregation, formulation rheology, and thin-film formation and morphology for
both pristine and blended materials. Because when going from low (oligomers)
to high (polymer) molecular weights the electronic structure, thermal properties,
and microstructure of polymers generally vary considerably, it is important to
achieve an Mw/PD regime where a certain property stabilizes so that greater
reproducibility of that polymer property can be achieved from batch to batch.
This value is likely to be strongly dependent on the polymer structure, but for
most soluble thiophene-based polymers, a number-averaged molecular weight
value of about 20–30 kDa and a PD of 1.2–1.8 are reasonable for these threshold
values [10].
There are several advantages in using polymeric versus molecular π-conjugated

semiconductors. Thin films of polymeric materials are generally very smooth
and uniform, enabling a great control over a large range of the film struc-
tural and morphological characteristics. Printing requires great control of
the solution rheological properties, which can be tuned efficiently for poly-
meric materials. Polymer crystalline domains are typically much smaller
than the length scale of several optoelectronic devices, resulting in isotropic
transport characteristics. This results in low device-to-device performance
variability, which is particularly important for TFT integration into circuits.
Furthermore, the fabrication of multilayers from solution deposition pro-
cesses requires that each stacked layer is inert to the solvents and processing
temperatures that it is subsequently exposed to during device manufacture.
The reduced solubility parameter window of polymers and their large bulk
viscosity typically increase the options to find orthogonal solvents for solution
deposition on top of polymer layers, thus expanding the choice of materi-
als that can be used in devices. Finally, because polymers do not vaporize
before decomposition and thus have negligible vapor pressure, they are not
susceptible to interlayer diffusion during the typical thermal cycles during
device fabrication, and typically exhibit robust mechanical properties, making
nanometer-thick semiconductor films potentially compatible with roll-to-roll
fabrication on flexible substrates. However, during recent years, several new
approaches have been developed to improve small-molecule processability
from solutions, including the use of spin coating, slot dye coating, and blade
coating.
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1.3
Thin-Film Transistor Applications

OTFTs are a low-cost technology alternative to amorphous hydrogenated silicon
transistors for applications in large-area OTFT-based arrays, for example, back-
plane/driver circuits for active matrix displays, where high transistor density and
switching speeds are not necessary. They may also be attractive for applications
in low-end microelectronics (e.g., radio frequency identification tags and sen-
sors), where the high cost of packaging conventional Si circuits is prohibitive for
everyday items [11]. The advantages of OTFTs stems from the potential lower
manufacturing costs and reduced capital investments thanks to device fabrica-
tion using common solution-based deposition and patterning techniques such as
offset, gravure, screen/stencil, and inkjet printing, to cite just a few. Furthermore,
OTFT-based circuits based on conjugated polymers are compatible with plastic
substrates so that compact, lightweight, and structurally robust and flexible elec-
tronic devices can be fabricated.
Figure 1.2 shows a schematic structure of a bottom-gate top-contact OTFT.

Note that several other device architectures can be fabricated depending on the
relative position of the contacts and the dielectric/semiconductor layers (not
shown). An OTFT is composed of three electrodes (source, drain, and gate),
a gate dielectric layer, and an organic or polymer semiconductor layer. In this
device, negligible source–drain current (ISD = 0A) flows when the gate voltage

Top-contact, bottom gate

Source/drain contacts

Dielectric layer

Gate contact
Substrate

Bottom-contact, bottom gate

Bottom-contact, top gate

Semiconductor layer

Top-contact, top gate

Figure 1.2 Structure and materials of four thin-film transistor architectures.
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is zero (VG = 0V) independent of the bias applied between the source and the
drain contacts (V SD). The device turns on (ISD ≠ 0A) when a gate field is applied
(VG ≠ 0V), which induces charge carriers in the semiconductor at the interface
with the dielectric layer. The transistor’s performance is evaluated from the
output and transfer current–voltage plots, from which critical parameters such
as the field-effect mobility (𝜇), current on/off ratio (Ion/Ioff), threshold voltage
(VT), and subthreshold swing (S) are measured (Figure 1.3).
Within the metal–oxide–semiconductor field-effect transistor (MOSFET)

gradual channel model approximation, the carrier mobility in the linear and
saturation regimes can be extracted from the following standard MOSFET
equations:

e− e−

e− h+

h+ h+

n-Channel (n-type) operation

p-Channel (p-type) operation

VDS

VGS

VGS < 0 V

VDS < 0 V

VGS > 0 V

VDS > 0 V

Organic semiconductor Source/drain electrode

Insulator

Gate electrode
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Figure 1.3 (a) Top: Schematic represen-
tation of electron and hole transport in
bottom-gate top-contact TFTs. Bottom:
Output plot of the source–drain current

versus the source–drain voltage at a given
VG and (b) transfer plot of the source–drain
current versus the gate voltage at
different VSD’s.
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(
ISD

)
lin =

(W
L

)
𝜇FETCi

(VSG − VT–VSD
2

)
VSD (1.1)

(
ISD

)
sat =

(W
2L

)
𝜇FETCi(VSG − VT)2 (1.2)

where V SD is the drain voltage with the source electrode grounded. W and L are
the transistor channel width and length, respectively, and Ci is the capacitance
per unit area of the dielectric layer. Polymeric semiconductors for TFTs can be
divided into three classes depending on whether the majority charge carriers are
holes (p-channel), electrons (n-channel), or both (ambipolar) under different gate
bias conditions. Until recently, polymeric semiconductors for TFTs were particu-
larly challenging because most of them were difficult to synthesize/reproduce in
optimal batches, poorly soluble, or very sensitive to ambient conditions, and/or
exhibited poor charge-carrier mobility. Insoluble polymers preclude their use
with solution deposition techniques, while air sensitivity requires manufacturing
in cost-prohibitive inert atmosphere. However, during the last 3 years, a few
polymeric semiconductors have been found to exhibit the combination of all
required properties, enabling the realization of OTFT meeting first-generation
market products.

1.4
p-Channel Semiconductors

Themost performing semiconductors for OFETs (organic field-effect transistors)
are p-channel devices. Besides the basic structural requirements discussed previ-
ously, the common strategy to obtain good hole-transporting semiconductors for
TFTs is via a delicate balance of the HOMO (highest occupied molecular orbital)
energy level which should lie somewhere around −5 to −5.5 eV. When EHOMO is
too high (low ionization potential (IP)), easy oxidation by air and acceptor sites
dramatically compromises the TFT’s ambient stability and current on–off ratio.
For EHOMO ≪ −5.5eV (high IP), very large Ion:Ioff and good mobilities can be
achieved, but these devices typically exhibit unacceptably large threshold voltages.
In this section, we will first summarize very briefly the key historical p-channel
semiconductors (Figure 1.4), and then move to more recent studies regarding the
development of polymers and small molecules.

1.4.1
Polymers

Poly(3-substitutedthiophene)s are one of the most studied polymer families for
(semi)conductor/optical applications [8b, 12]. These systems have the advantage
that the presence of the 3-substituent strongly enhances solution processability
and thin-film-forming capacities. The performance of poly(3-alkylthiophene)-
based OFETs, particularly Poly(3-hexylthiophene) (P3HT) (P1), has been
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Figure 1.4 Chemical structure of the p-channel semiconductors P1–P14.

investigated by various groups considering the effects of the molecular weight
of Poly(3-alkylthiophene) (P3AT) [13–15], film deposition solvent [16], film
morphology [17, 18], film thickness [19], and fabrication process [20], as well
as humidity [21] and length of the core substituent (alkyl chain) [22]. These
studies have deepened our understandings of the charge-transport properties of
polymeric semiconductors as a whole. However, it was challenging to achieve
good control over the regioregularity in several poly(3-alkylthiophene) synthesis,
and exposure of P3AT films to air usually caused an increase in the carrier
density, thus degrading the transistor’s Ion/Ioff ratio. Therefore, high Ion:Ioff ratios
for P3AT are consistently achieved by preparing and testing the devices in dry N2
[23]. To address these problems, new polythiophenes have been developed. Ong
et al. reported a class of solution-processable regioregular polyquaterthiophenes
(PQTs) that affords excellent FET performance under ambient conditions. This
class of polythiophenes was designed on the basis of the following structural
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considerations: (i) presence long alkyl side chains for solution processability; (ii)
structural regularity to induce and facilitate molecular self-assembly; and (iii)
control of the π-conjugation extension to achieve a delicate balance between
transistor functionality and oxidative doping stability. These semiconductors
exhibit unique self-assembly ability and form highly structured thin films when
deposited from solution under appropriate conditions. FETs fabricated in air
with PQT-12 (P2, Figure 1.4) channel layers have provided high field-effect
mobility of up to 0.14 cm2 V−1 s−1 and high Ion/Ioff ratios of >107 [24]. Chabinyc
et al. investigated the effects of humidity on unencapsulated P2-based OFETs.
The field-effect mobility of P2 TFTs decreases and the rate of trapping of charge
carriers increases under increasing humidity [25], pointing out that not only
n-channel semiconductors are H2O sensitive.
Instead of increasing the IP of polythiophene by sterically twisting the repeat

units in the backbone, McCulloch et al. [26, 27] synthesized polymers incorporat-
ing thieno[3,2-b]thiophene (P3) as co-monomers. The delocalization of electrons
from the fused aromatic units into the backbone is less favorable than from a
single thiophene ring, which is due to the larger resonance stabilization energy of
the fused ring over the single thiophene ring. The decreased delocalization along
the backbone lowers the polymer HOMO level. The charge-carrier mobilities
of P3 are high, with values of 0.2–0.6 cm2 V−1 s−1 obtained on annealed devices
in a nitrogen atmosphere and up to 0.7 cm2 V−1 s−1 for devices of 5 μm channel
length. DeLongchamp et al. [28] investigated in detail the origin of the enhanced
crystallinity of this polymer. From first-principles energy minimization using
density functional theory (DFT), the authors predicted that the conjugated
polymeric planes of P3 are substantially tilted within their crystalline lamellae.
This prediction was confirmed experimentally using a combination of polarized
photon spectroscopies including near edge X-ray absorption fine structure
(NEXAFS) and IR. Other important first-generation polymeric semiconductor
families are those based on 9,9-dialkylfluorene-alt-bithiophene (e.g., F8T2, P4)
[29, 30], triarylamine (P5) [31], and carbazole (e.g., Polycarbazole (PCB), P6) [32,
33] units (Figure 1.4).
During the last 3 years, several new structures, particularly based on fused

units, have been developed, resulting in even greater p-channel TFT per-
formances (Figure 1.5). Rasmussen and coworkers [34] pioneered the use of
N-alkyldithieno[3,2-b:2′,3′-d]pyrrole (DTP) as a very promising fused aromatic
building block for electronic materials. This core exhibits a completely flat
crystal structure, indicating good π conjugation across the fused rings. Upon
polymerization, poly(N-alkyl dithieno[3,2-b:2′,3′-d]pyrrole)s exhibit excellent
stability in their oxidized state, have low band gaps, and show efficient red
fluorescence in solution [35]. However, some Poly(dithieno[3,2-b:2′,3′-d]pyrrole)
(PDTPs) have low solubilities and low molecular weights, which greatly limit
their use in devices. To improve the solubility of PDTPs and to create a number
of DTP-based copolymers, McCullough et al. [36] described the synthesis,
characterization, electrical conductivity, and field-effect mobility of a series of
novel soluble N-alkyl DTP–thiophene copolymers (P7–P12, Figure 1.5) and
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Figure 1.5 Chemical structure of fused thiophene-based p-channel semiconductors
P15–P26.

compared them with the well-studied regioregular P3HT. These polymers were
synthesized using a Stille coupling reaction, and exhibited molecular weights of
10–50 kDa. The incorporation of planar DTP units extends the π conjugation,
and the introduction of thiophene subunits imparts good solubility, high conduc-
tivity, and high charge-carrier mobility. Optical characterization revealed that
the bandgaps of P7–P12 were between 1.74 and 2.00 eV, which is lower than
the value for regioregular poly(3-alkylthiophenes), and the HOMO energy levels
were between −4.68 and −4.96 eV. When doped, these polymers exhibited high
conductivities up to 230 S cm−1 with excellent stability. The microstructure and
surface morphologies of, for instance, poly(2-(4,4′-didodecyl-2,2′-bithiophen-
5-yl)-4-octyl-4H-bisthieno[3,2-b:2′,3′-d]pyrrole) (P10) thin films were studied
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by X-ray diffraction and atomic force microscopy (AFM). The as-cast P10 thin
films exhibited poorly defined, randomly ordered lamellar structures, which
improved significantly after thermal annealing (Figure 1.6). FET devices showed
typical p-channel transistor behavior. Interestingly, the mobilities of the as-cast,
less ordered samples were much higher than those observed after annealing. The
highest values of the maximum and average mobilities were observed for as-cast
P10 (0.21 and 0.13 cm2 V−1 s−1, respectively). The authors’ goals were to test the
idea that high mobility and excellent electrical and structural reproducibility
could be achieved in amorphous π-conjugated materials that could possess
long-range π connectivity on the microscopic scale.
To improve the air stability of these materials, the authors included electron-

deficient units into the polymer backbone to increase the IP [37]. To this end,
the same group used the electron-deficient bithiazole (Tz) unit, which is known
to increase IP [38]. The new polymers P13 and P14 (Figure 1.4), defined as
“transistor paints,” achieved excellent FET performance with hole mobilities
as high as 0.14 and 0.10 cm2 V−1 s−1 and current on/off ratios up to 106 with-
out post-deposition thermal annealing. Furthermore, these devices exhibited
excellent air stability, showing no significant degradation over 60 days.
He, Malliaras, and coworkers [39] recently reported a family of fused-ring

thiophene copolymers (P15–P20) as materials of interest for TFT applications.
In an initial study, a comparison of the properties of P15 to P17 showed that
the polymer with the even-numbered fused-thiophene core exhibited a much
smaller lamellar spacing than the polymers featuring odd-numbered fused-
thiophene cores. As a result, transistors fabricated from the polymer with the
even-numbered fused-thiophene core (P16) yielded a much higher field-effect
mobility than the other two (P15 and P17). To obtain further insight into the
structure–property relationships in these polymeric semiconductors, more
recently they included additional polymers, which were used to elucidate the role
of symmetry of the polymer repeat unit on structure and device performance
(Figure 1.7). Devices made from the polymer with four fused rings (P17) showed
a hole mobility of 0.087 cm2 V−1 s−1, whereas devices made from the polymers
with three (P15) and five fused rings (P19) showed hole mobilities of 0.0017 and
0.0023 cm2 V−1 s−1, respectively. Devices made from P16 and P20 showed a hole
mobility of 0.042 and 0.022 cm2 V−1 s−1, respectively, which is ∼10 times lower
than that achieved with P18 (0.33 cm2 V−1 s−1) [40].
These results strongly suggest a correlation between a repeat unit that pos-

sesses a C2 axis perpendicular to the conjugation plane, a minimum attainable
lamellar spacing, and high field-effect mobility. Ong and coworkers [41] reported
a new dithienothiophene-based copolymer, P21, which is structurally similar to
P15 and shows mobilities of ∼0.01 cm2 V−1 s−1, corroborating these symmetry-
driven trends.
Mullen et al. developed benzo[2,1-b;3,4-b0]dithiophene-containing homo- and

copolymers (P23–P26) having solubilizing alkyl chains attached to the benzo unit
[42] as an alternative to the classic Benzo[1,2-b:4,5-b‘]dithiophene (TBT)-based
copolymer P22 [43]. The homopolymer P23 is very soluble in dichlorobenzene,
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(a1)

(b)

Substrate Substrate

180°

Substrate Substrate

SubstrateSubstrate

(a2)

Figure 1.7 Possible configurations of the
repeat unit with respect to the substrate,
for repeat units (a1 and a2) without and (b)
with C2 symmetry. Judging from the family
of closely related conjugated polymers that

we have investigated, C2 symmetry seems
to enable a very small lamellar period and
promote high mobility [40]. (Reproduced
with permission. Copyright © 2010 American
Chemical Society.)

and top-contact TFTs exhibit low charge-carrier mobility of ∼10−4 cm2 V−1 s−1,
probably because the polymer backbone is too stiff.The other copolymers exhibit
greater performance ranging from 0.001 to>0.1 cm2 V−1 s−1 for bottom-gate top-
contact transistors. Top-gate devices based on P26 on a poly(ethylene terephtha-
late) (PET) film were also fabricated, which exhibited exceptionally large carrier
mobility of >0.5 cm2 V−1 s−1.
Among the many approaches to increasing air stability, the incorporation of

unsubstituted conjugated moieties in poly(alkylthiophene) backbones resulted in
much better oxidative stability and hole mobility, as demonstrated in PQT (P2)
and Poly(2,5p-bis(thiophenp-2yl)thieno(3,2p-b)thiophene) (PBTTT) (P3). These
unsubstituted conjugated moieties possess rotational freedom, which curtails the
effective conjugation length, lowers the HOMO level, and consequently increases
oxidative stability. Unsubstituted thiophene moieties, along with lengthened
alkyl side chains, play also another important role by promoting favorable
interdigitation of the side chains. This leads to well-organized intermolecular
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3D ordering and large crystalline domains, and consequently high mobility.
Thienylenevinylene derivatives, a combination of thiophene and vinyl groups,
are known to have an extended conjugated system, which is a crucial component
for building organic electronic devices [44]. In addition, the incorporation
of vinylene bonds in an aromatic polymer backbone leads to an increase in
the degree of coplanarity of the polymer backbone, as the vinylene bond
reduces steric hindrance on successive aromatic rings [45]. Recently Kim et al.
reported high-performance OTFTs with a new thienylenevinylene polymer P27
(Figure 1.8). An unsubstituted dithienylethylene unit is symmetrically inserted
between dodecylthiophenes, thereby allowing some rotational freedom between
the alkyl thiophene and unsubstituted dithienylethylene units, which lowered the
HOMO level. P27-based OTFTs showed unoptimized charge-carrier mobility of
0.15 cm2 V−1 s−1 with a relatively high oxidative stability.
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Some interesting structures incorporating the thiazole ring have been reported,
mainly with the goal to increase the oxidative stability. Another common problem
with OFETs is the electrical instability under external bias stress, likely due to
charge traps created through partial disorder in the structure of the thin films
and the chemical characteristics of the semiconductor/insulator interface. Bias-
stress instability and environmental instability can be significant challenges for
semiconducting polymers [46]. To be usable in conventional electronics, OTFTs
should exhibit similar characteristics with respect to electrical bias stress [47].
Although there have been a few studies aimed at enhancing the electrical stability
of π-conjugated polymers under external bias stress, an adequate understanding
of the relationship between the crystalline nanostructure and the bias-stress-
driven electrical instability on the microscopic scale is still needed. Lee and
coworkers [48] have initiated an in-depth and systematic study addressing the
bias stress in polymers using highly ordered π-conjugated copolymer thin films
with minimal concentration of charge traps. They used a new thiazole polymer,
P28 (Figure 1.8), having alkyl chain-substituted thiophene/thiazole blocks along
the polymer backbone to increase the IP because of the enhanced rotational
freedom along the backbone [27] and the electron-accepting nature of the 5,5′-
bithiazole units [37b, 49, 49a,b]. In particular, P28 presents a liquid-crystalline
nature with a clear mesophase region, resulting in highly crystalline thin films
forming spontaneously through the self-assembly of individual chains after
thermal annealing. Most importantly, this novel polymer exhibits high field-effect
mobilities of 0.33 cm2 V−1 s−1, good environmental stability, and unprecedented
bias-stress stability comparable to that of amorphous silicon.
McCullough et al. [50] reported copolymers (P29–P31, Figure 1.8) incorpo-

rating a fused thiazolothiazole ring in the backbone. Despite the low molecular
weights of this family (Mn = 4–9 kDa), they exhibit field-effect mobilities from
0.02 to 0.3 cm2 V−1 s−1 with high current on/off ratios of ∼106. The use of
thiazolothiazole-fused ring ensures a very rigid and coplanar backbone and
thereby highly extended π-electron conjugation and strong π stacking. The
electron-deficient nature of the thiazolothiazole affords high oxidative stability.
However, the uneven placement of the alkyl side chains along the backbone
reduced interdigitation and promoted amorphous-like π stacking and π connec-
tivity along the chain while enhancing solubility. With regard to the side-chain
arrangement, the key difference between the P29–P31 family and PBTTT/PQT
polymers is that, while the side chains in the former polymers are still arranged
regiosymmetrically, they are not equally spaced along the backbone. Thus, as a
consequence, the side chains are apparently disordered and do not interdigitate as
seen in PBTTT or PQT (Figure 1.9). Most interestingly, despite all these factors,
X-ray diffraction patterns of P29 indicate very strong lamellar ordering, and FETs
fabricated from these materials show high field-effect mobilities. All these results
appear quite surprising in view of the previously mentioned findings on the role
of side-chain interdigitation/ordering and indicate that strong interdigitation and
formation of extended regular terrace-like structures are not necessary for high
carrier mobility in polythiophene-like materials.
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Figure 1.9 Schematic illustrations for
(a) the packing structure of PQT (P2) and
PBTTT (P3) with dodecyl side chain with
uniform side-chain interdigitation and (b)

proposed packing structure for P30 with
disordered side chains [50]. (Reproduced
with permission. Copyright © 2009 American
Chemical Society.)

Jenekhe and coworkers have reported an interesting polymer, P32 (Figure 1.8),
designed with the knowledge that benzobisthiazole and benzobisoxazole poly-
mers and small molecules exhibit efficient π stacking and strong intermolecular
interactions in the solid state [51] leading to high-temperature resistance with
glass-transition temperatures that can exceed 300–400 ∘C and relatively high
electron affinity [52]. Earlier studies of a benzobisthiazole polymer as an n-
channel semiconductor in FETs had found a low mobility of electrons, requiring
a high-electron-affinity polymer in a blend to achieve electron injection [53].
Recently, TFTs based on benzobisthiazole small molecules were shown to exhibit
high field-effect mobilities for both holes and electrons (see below) [54]. The
authors reported a new soluble benzobisthiazole-thiophene copolymer based on
alternating benzobisthiazole and oligo-3-octylthiophene units in the backbone
(P32), resulting in improved oxidative stability, thermal stability, interchain
interactions, and thus enhanced charge-transport properties of the polymers.
The highly crystalline P32 thin films exhibit a field-effect carrier mobility of up
to 0.01 cm2 V−1 s−1.
Zhang and coworkers reported two classes of polymers based on fluorene

and indenofluorene copolymerized with triarylamine (P33 and P34, Figure 1.8)
[55] and indacenodithiophene copolymerized with benzothiadiazole and
thienothiophene (P35 and P36) [56]. Bottom-contact, top-gate (BC–TG) (and
bottom-gate) architecture FET devices based on P33 and P34 were fabricated
with the polymer semiconductors deposited from solution. Compared to the best
triarylamine homopolymers [46c] (mobility of ∼4× 10−3 cm2 V−1 s−1) the new
polymers exhibited improved mobility by a factor of 5–0.02 cm2 V−1 s−1 by the
introduction of the fluorene unit, which further increased to 0.04 cm2 V−1 s−1 for
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the indenofluorene copolymer and current on/off ratios of >106. It is speculated
that the increase in the polymer backbone planarity and persistence length in
the copolymers improved the intramolecular π-orbital overlap and enhanced
the local structural organization, resulting in the large measured mobilities. No
evidence of thin-film crystallinity could be observed for P33 and P34 polymer
semiconductors. For polymers P35 and P36 (Figure 1.8), the strategy for further
improvement in charge-carrier mobility in comparison to P33 and P34 was
to enhance the planarity of the backbone and further reduce the energetic
disorder of the polymer. The aryl amine unit was replaced with more planar
Benzothiadiazole (BTD) and Thienothiophene (TT) units. Grazing incidence
X-ray scattering (GIXS) experiments were carried out on annealed thin films of
both polymers on Si substrates to explore the microstructure, and P35 polymer
was observed to be semicrystalline while P36 thin film was amorphous. BC–TG)
architecture FET devices were fabricated with the polymer semiconductors
spin-cast from a 10mgml−1 chlorobenzene solution at 2000 rpm followed by an
annealing step at 100 ∘C for 5min in nitrogen. P35 transistors yield maximum
hole mobilities in the range 0.8–1.2 cm2 V−1 s−1, with a current on/off ratio of
∼104 and a threshold voltage of ∼−30V. Despite the very high mobility values,
FET operation is heavily injection-limited. The P36 copolymer exhibits a lower
mobility (∼0.2 cm2 V−1 s−1), which is attributed to the more amorphous nature of
the thin-film microstructure.
Inspired by the work of Marks et al. [57] on silole-based copolymers for

TFTs, Reynolds reported copolymers of dithienosilole with BTD, following the
donor–acceptor concept to broaden the optical absorption (Figure 1.10) [58].
Dithienosilole (DTS)-BTD copolymers P37–P40, differing by the concentration
of electron-donating and electron-withdrawing substituents along the backbone,
were synthesized and characterized by 2D WAXS and in bottom-contact TFTs.
While all copolymers self-assembled into lamellar morphologies, only P38
and P40 showed a propensity to form π stacks. The highest hole mobility of
0.02 cm2 V−1 s−1 was observed forP40, in agreement with the close π stacking and
lamellar distances found by structural analysis (0.36 and 1.84 nm, respectively).
Following a similar strategy but by using different building blocks, Bao and
coworkers [59] synthesized dithiophene and fluorene copolymers (P41 and P42,
Figure 1.10) containing fused aromatic thieno[3,4-b]pyrazine moieties. Suzuki
and Stille polycondensation reactions were used for the polymerization. The
bandgap (Eg) of the polymers was tuned in the range 1.15–1.6 eV.These polymers
showed a field-effect mobility as high as 0.2 cm2 V−1 s−1 with current on/off ratios
as high as 106 in OTFT devices.
Takimiya and coworkers reported several advanced molecular and polymeric

semiconductors for TFTs with heteroarenes (Figure 1.10). The design rationale is
that fusion of thiophene rings is necessary to avoid the twist between the adjacent
thiophene rings, which would reduce the π stacking. A preliminarily synthesized
[1]Benzothieno[3,2-b][1]benzothiophene (BTBT)-thiophene copolymer (PBTBT,
P43) resulted in a highly twisted backbone (𝜆max < 400 nm), and TFTs based on
this polymer did not function despite the fact that BTBT had been successful in
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Figure 1.10 Chemical structure of p-channel semiconductors P37–P48.

small-molecule systems [60]. Thus, this group recently presented a new design
strategy based on P44–P46, which incorporates naphthodithiophene (NDT) into
a regiosymmetric polythiophene system [61, 62].These polymers showed highMn
of 24–33 kDa and sufficient solubility in warm chlorinated solvents. TFTs based
on P44–P46 exhibited among the highest field-effect mobility values observed to
date for semiconducting polymers (>0.3–0.5 cm2 V−1 s−1).
Wudl et al. [63] reported P47 (Figure 1.10) consisting of an electron

donor (thiophene) and acceptor (cyclopentadienone) alternating copolymer.
The results illustrated that, despite the low molecular weight of this poly-
mer (∼6 kDa), a substantial field-effect mobility (∼0.02 cm2 V−1 s−1) could
be obtained. Watson et al. [64] reported a copolymer of phthalimide and
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3,3′-dialkoxy-2,2′-bithiophene (P48, Figure 1.10). In this polymer, backbone
planarity is enforced by attractive intramolecular interactions between the pen-
dant oxygens and thienyl sulfur atoms [65], as shown by the crystal structures of
some building blocks, intermolecular donor–acceptor interactions, and possibly
increased quinoidal backbone character due to alternating donor and acceptor
units [66]. The maximum field-effect mobilities were ∼0.28 cm2 V−1 s−1 in the
saturation region and current on/off current ratios of ∼104–105.
Isoindigo has recently become a popular conjugated moiety in polymer semi-

conductor design because of its strong electron-withdrawing character. Its accep-
tor nature results from two lactam rings, and it can be synthesized from various
natural sources. This makes isoindigo an attractive building block for sustain-
able synthetic sources [67]. Reynolds and coworkers reported the synthesis of the
first set of isoindigo-based donor–acceptor copolymers with various electron-
donating moieties (P49–P54, Figure 1.11). These polymers, in which isoindigo
serves as the acceptor unit, were found to be attractive for OFET and Organic
photovoltaics (OPV) applications because of their deep HOMO and LUMO (low-
est unoccupiedmolecular orbital) levels, and their tunable absorption extended to
800 nm in the solid state [68]. Following this initial report, several new alternating
copolymers bearing isoindigo units were reported, and one of these copolymers
with terthiophene unit (P55, Figure 1.11) reached a power conversion efficiency of
6.3% in OPV devices [69]. This efficiency is a record for a polymer solar cell based
on a polymer with an optical bandgap of <1.5 eV. The first air-stable and high-
performance isoindigo-based polymer (P56, Figure 1.11) in OFETs was reported
by Pei et al. [70] for a copolymer of isoindigo unit with bithiophene, which showed
hole mobilities of up to 0.79 cm2 V−1 s−1 after thermal annealing at 150 ∘C. These
devices showed very good ambient stability including in high humidity condi-
tions, owing to their low-lying HOMO levels. Bao and coworkers [71] developed
a novel high molecular weight (Mn > 130 kDa, DP≈ 30) isoindigo-based polymer
(P57, Figure 1.11) with siloxane-terminated solubilizing groups. This new poly-
mer with linear alkyl chains was found to have sufficient solubility for solution
processing because of its terminal siloxane groups. Record field-effect mobilities
of up to 2.48 cm2 V−1 s−1 were obtained for P57. The same research group pre-
pared a reference polymer P56 bearing an identical π backbone with branched
alkyl side chains. This polymer showed a lower hole mobility of 0.57 cm2 V−1 s−1.
The enhancedmobility ofP57was attributed to the stronger intermolecular inter-
actions of the polymer chains in the solid state. Thin-film XRD characterizations
indicated a smaller π–π stacking distance (3.58 vs 3.76Å) for P57 compared to
the reference polymer P56 (Figure 1.12). This was attributed to the fact that the
branching point ofP57 solubilizing groupswas placed further away from the poly-
mer π backbone, which allowed the polymer chains to pack more closely together
[72]. To further explore this phenomenon, four isoindigo-based copolymers with
branching points at various positionswere synthesized, achieving an exceptionally
high hole mobility of 3.62 cm2 V−1 s−1 for P58 (Figure 1.11) [73].This study by Pei
et al. reveals the importance ofmolecular engineering of alkyl side chains, not only
to manipulate polymer solubility but also to enhance charge-carrier mobilities.



1.4 p-Channel Semiconductors 21

P
49

N

N

O

O

A
r

C
2
H

5

C
2
H

5

C
4
H

9

C
4
H

9

n

S

C
6
H

1
3

C
6
H

1
3
C

2
H

5
O

O
C

2
H

5
C

6
H

1
3

C
6
H

1
3

C
6
H

1
3
O

O
C

6
H

1
3

S

P
50

P
51

P
52

P
53

P
54

C
8
H

1
7

C
8
H

1
7

S

O
O

A
r 

=

A
r 

=
N

N

O

O

C
6
H

1
3

C
6
H

1
3

C
8
H

1
7

C
8
H

1
7

C
8
H

1
7

C
8
H

1
7

n
S

S

S

P
55

N

N

O

O
C

1
0
H

2
1

C
1
0
H

2
1

C
8
H

1
7

C
8
H

1
7

n
S

S

P
56

N

N

O

O

S
i

n
S

S

P
57

O
O

M
e

S
iM

e
3

S
iM

e
3

S
iM

e
3

M
e

3
S

i

S
i

O

O
M

e

5

5

N

N

O

O

n
S

S

P
58

C
1
0
H

2
1

C
1
0
H

2
1

C
1
0
H

2
1

C
1
0
H

2
1

Fi
g
ur
e
1.
11

C
he

m
ic
al

st
ru
ct
ur
e
of

p
-c
ha

nn
el

se
m
ic
on

du
ct
or
s
P4

9
–
P5

8.



22 1 Polymeric and Small-Molecule Semiconductors for Organic Field-Effect Transistors

(200)

2.5

2.0

1.5

1.0

0.5

0.0

2.5Q
z
 (

Å
−1

)

Qxy (Å
−1)

2.0

−2.0 −1.0 0.0 1.0 2.0

1.5

1.0

0.5

0.0

(a)

(b)

(200)

(100)

(100)

(010)

(010)

(010)

Figure 1.12 GIXD images of P56 (a)
and P57 (b) annealed at 130 ∘C. P56
displays lamellar packing common to
many conjugated polymer films, with
the π-stacking Bragg planes paral-
lel to the substrate plane. In contrast,

P57 crystallites contain two kinds of textures,
where the π-stacking planes are both normal
and parallel to the substrate [71]. (Repro-
duced with permission. Copyright © 2011
American Chemical Society.)

Diketopyrrolopyrrole (DPP)-based polymers were among the first semicon-
ducting polymers to show high charge-carrier mobilities (≥1 cm2 V−1 s−1). As
the first report of a DPP-based semiconducting polymer in 2008 [74], there
have been many reports on DPP-based donor–acceptor polymer semicon-
ductors with mobilities ranging from 0.1 to 2 cm2 V−1 s−1, most being around
1 cm2 V−1 s−1 [75]. DPP-based donor–acceptor polymers exhibited extended
HOMO and LUMO distributions along the polymer π backbone and optimized
molecular orbital energy levels for both hole and electron injection. Therefore,
most DPP-based polymers exhibited ambipolar characteristics with high hole
and electron mobilities, and they will be discussed in later sections in more
detail. Among these, there are some polymers that are predominantly p-channel
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semiconductors. Ong and coworkers [76] recently reported an extremely high
hole mobility of 10.5 cm2 V−1 s−1 for P59 (Figure 1.13) along with long-term
ambient stability. P59 includes an unsubstituted planar thienothiophene moi-
ety, which reduces conformational energy disorder, facilitates intermolecular
packing, and promotes molecular orbital delocalization along the π backbone.
High molecular weight (Mn = 110 kDa) was found to be the key to the high
performance of this polymer, which is consistent with the earlier studies on
P3HT semiconductors [13]. In another recent study, Kim et al. [77] developed
a DPP-based polymer P60 (Figure 1.13) with side chains having extended
branching positions. Photophysical and structural studies indicated that, when
the branching position of the side chain moved away from the π backbone, short
π–π stacking distances (3.58–3.62Å) were obtained, thereby enhancing inter-
molecular interactions. Additionally, in the polymer π backbone, incorporation
of vinyl groups between the aryl units was believed to enhance the area available
for intermolecular π-orbital overlaps, which leads to a long-range-ordered,
edge-on lamellar crystalline microstructure. As a result, these polymer thin films
showed unprecedented record-high hole mobilities of up to 5 cm2 V−1 s−1 with
room-temperature processing and of up to 12 cm2 V−1 s−1 after thermal anneal-
ing. This mobility is currently the world record for a polymer semiconductor
being in the mobility range of polycrystalline silicon and some other inorganic
semiconductors [78]. In another study to modify aryl moieties adjacent to the
DPP unit, Li and coworkers [79] synthesized a furan-containing DPP-based
polymer P61 (Figure 1.13) which showed blue shifts in UV–vis absorption
characteristics and reduced HOMO energy levels compared to the thiophene
analog. In furan-DPP systems, steric hindrance between lactam carbonyl and the
heterocycle unit was claimed to be reduced because of the replacement of the
sulfur atom with a smaller oxygen atom, which leads to enhanced backbone π
coplanarity [80]. Although the polymer thin films of P61 are found to be rather
disordered in the polymer chain orientation, they showed high hole mobilities of
1.02–1.54 cm2 V−1 s−1 after thermal annealing at 200 ∘C.The observed good FET
performance is considered to be a result of strong intermolecular interactions
and the highly interconnected morphology.
In a recent study by Liu et al. [81], two new DPP-based copolymers P62 and

P63 were synthesized with sextetthiophene (6T) and heptetthiophene (7T) units
(Figure 1.13). The introduction of longer β-unsubstituted oliogothiophene units
in DPP-based copolymers was found to have a significant effect on the molecular
weight, solubility, and thin-film morphology of the DPP-oligothiophene copoly-
mers. Although enhancing the backbone rigidity via long β-unsubstituted olio-
gothiophenes results in lower molecular weight polymers and poor solubility, it
was found that this co-monomer strategy reduced the steric hindrance of the bulky
solubilizing alkyl chains on DPP units, leading to the well-ordered lamellar struc-
ture of π–π stacking. As a result, P62 and P63 exhibited remarkably high hole
mobilities of 3.94 and 2.82 cm2 V−1 s−1, respectively, through thermal annealing
at 180–200 ∘C.
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Müllen and coworkers developed a copolymer P64 (Figure 1.13) with cyclopen-
tadithiophene and benzothiadiazole building blocks as donor acceptor units,
respectively. Although earlier report on this polymer indicated a low holemobility
of 0.17 cm2 V−1 s−1 [82], latest molecular weight optimizations (Mn = 10–51 kDa)
by the same group resulted inmuch higher holemobilities of up to 3.3 cm2 V−1 s−1
[83]. It was shown that the molecular weight played a key role in improving
hole mobilities due to the enhanced thin-film crystallinity, even though the film
morphology did not change. Surprisingly, solid-state NMR analysis of P64 did
not show any overlaps between cyclopentadithiophene and benzothiadiazole
building blocks, indicating that noncovalent donor–acceptor interactions are
not the driving forces for the observed improvement in thin-film crystallinity
with increasing Mn (Figure 1.14). Another new polymer, P65, with planar
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Figure 1.14 Local packing and organi-
zation of donor–acceptor groups in P64
with Mn = 35 kDa. (a) 2D contour plot
of the 1H–1H DQ–SQ correlation spec-
trum recorded at 20.0 T using a back-to-
back recoupling/reconversion time of two
rotor periods and a spinning frequency of
30.0 kHz. (b) Color scheme used for assign-
ments. (c) Expansion of the backbone
region (dashed box in panel a) showing

the contacts between donor and acceptor
groups. (d) Schematic drawing illustrating the
local packing of donor–acceptor groups in
two neighboring P64 chains (here denoted
as “layers”). The dashed circles (blue) mark
the regions where the acceptor groups are
heterogeneously packed on top of one
another [83]. (Reproduced with permis-
sion. Copyright © 2011 American Chemical
Society.)
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triple-fused benzobisthiadiazole acceptor and β-alkylated quaterthiophene donor
was reported by Wudl et al. (Figure 1.13) [84]. Through thermal annealing, the
polymer chains adopt an “edge-on” orientation forming π-aligned polymer sheets
which were stacked parallel to the substrate. Short π–π stacking distances of
3.5Å were measured for these thin films. OFETs with P65 exhibited a high
carrier mobility of up to 2.5 cm2 V−1 s−1, which was attributed to high-order
orientation in the crystalline state, extended π conjugation, and very tight packing
in morphological pattern.
Copolymers P66–P68 (Figure 1.13) containing thieno[3,4-c]pyrrole-4,6-

dione (TPD) were strategically designed and synthesized by Li et al. [85] to
study the effect of orientation of thw alkyl chain substituent on OFET device
performance. While polymers P66 and P67 showed moderate hole mobilities
(0.01–0.15 cm2 V−1 s−1), a maximum hole mobility of 1.29 cm2 V−1 s−1 was
observed for P68-based devices. This mobility value is the highest reported to
date for a TPD-containing polymer, indicating the favorable effects of the alkyl
chain position on this particular polymer. This study showed that the orientation
of the alkyl substituent on the π backbone dictated the polymer chain packing
pattern, film morphology, and OFET device performance, which could lead to
an enhancement in the charge-carrier mobilities of as high as two orders of
magnitude.
Despite all the advances in donor–acceptor type polymer semiconductors in

OFETs, p-channel polymers based on an electron-neutral thiophene backbone
still show high mobilities. In a recent report by Kim et al. [86], two highly sol-
uble polymers containing an alkyl-substituted thienylenevinylene unit P69 and
P70 (Figure 1.13) were synthesized and characterized in top-gate/bottom-contact
(TG–BC) OFET devices. These polymer thin films were found to be highly crys-
talline after a thermal annealing process (Tan. = 200 ∘C), showing highly ordered
lamellar microstructures and nanoribbon morphologies. Charge-carrier mobili-
ties as high as 1.05 cm2 V−1 s−1 were achieved. The high solubility of P70 enabled
the fabrication of inkjet-printed complementary inverter circuits with Polyera’s
N2200 (see below), which exhibited a gain of ∼16.

1.4.2
Small Molecules

Oligothiophenes are one of the most investigated organic semiconductor families
for optoelectronic devices (Figure 1.15). The synthesis of these systems has been
realized following differentmethodologies, and currentlymany αnTs are commer-
cially available. Polycrystalline films of the oligomers with four (α4T, M1) [87],
five (α5T,M2) [87], six (α6T,M3) [88], and eight (α8T,M4) [89] thiophene rings
have been widely examined as semiconductors for OFETs [90]. The crystal struc-
tures of αnTs (n= 2–8) have been obtained, and they have been shown to exhibit
similar features with very planar molecules packing in the characteristic herring-
bone (HB) motif [91].
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Polycrystalline films of αnTs, when deposited at a relatively high temperature
on SiO2, have most of the molecules oriented with their long axis perpendicular
to the substrate surface. In OFET devices, all these materials exhibit p-channel
transport, and the hole mobilities are strongly dependent on the material purity,
film morphology, deposition conditions, and the degree of film texturing [92].
Usually, larger cores afford greater mobilities when the devices are fabricated
and measured under identical conditions [93]. The oligomers α4T and α5T
exhibit mobilities of up to 0.006 and 0.08 cm2 V−1 s−1, respectively [94]. The low
field-effect mobility for α4T was attributed to the poor charge injection from the
contact and not to the inefficient charge transport through the material. In fact,
the mobility doubles when an interfacial layer is used at the α4T source/drain
contact to enhance charge injection. The highest reported mobility for α8T is
0.33 cm2 V−1 s−1 for film deposition at 120 ∘C [95]. This mobility value is an order
of magnitude greater than previously reported for α8T and is attributed to the
more favorable film morphology.
The α6T derivative is the most investigated oligomer in this series and exhibits

a field-effect mobility of ∼0.03 cm2 V−1 s−1 in bottom-contact Si/SiO2 FETs
[88], while single-crystalline grains of this oligomer exhibit mobilities of up to
0.075 cm2 V−1 s−1 [92c]. The film morphology and microstructure have been
studied in detail. As the charge transport in OFETs occurs near the interface with
the gate dielectric, Loi et al. have investigated the supramolecular organization of
α6T ultrathin films on SiO2 dielectric by confocal spectroscopy and microscopy.
The authors demonstrated that α6T submonolayer films are composed of mixed
regions where the molecules stand on and lie flat on the substrate surface. Impor-
tantly, they discovered that only after the first monolayer is completed do all the
α6T molecules stand on the substrate. For films thicker than two monolayers,
the photoluminescence spectra of standing molecules show a molecular H-like
aggregation as in the single crystal [96].
Dinelli et al. have studied how the field-effect mobility of ultrathin films of

α6T varies as a function of the dielectric surface coverage. FET test devices were
fabricated on heavily doped n-Si wafers, with 200-nm-thick SiO2 as dielectric
which was passivated with hexamethyldisilazane. Interdigitated source and drain
Ti/Au electrodes were fabricated using photolithography. Thin films of α6T were
deposited by sublimation in an organic molecular beam apparatus (10−10 mbar
base pressure). The deposition rate was monitored with a quartz oscillator. The
charge-carrier mobility was found to rapidly increase with increasing surface
coverage and saturated at a surface coverage of about two monolayers. For
high-rate film deposition, the mobility reached a plateau with a mean value of
0.015 cm2 V−1 s−1, whereas for low-rate deposition the trend was similar but with
a higher average mobility of 0.043 cm2 V−1 s−1. Therefore, the authors concluded
that, for α6T films, only the two monolayers next to the dielectric interface
dominated the charge transport. A quantitative analysis of spatial correlations
showed that the second layer was crucial in enhancing the field-effect mobility,
as it provided efficient percolation pathways for carriers generated in both the
first and second layers. The upper layers do not actively contribute either because
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their domains are smaller than the ones in the second layer or because the carrier
density is negligible [97].
A number of synthetic strategies have been developed to functionalize the

thiophene ring. In the case of oligothiophenes, core functionalization enhances
the solubility and may alter the molecular packing within the crystal and,
ultimately, the optoelectronic properties. Functionalization at the α,ω-positions
of the oligomer typically does not affect the planarity of the π-conjugated core
but enhances the solubility. Furthermore, in few cases, α,ω-functionalization
with alkyl chains imparts liquid-crystalline-like properties, which dramatically
modifies the solid-state ordering and enhances the field-effect mobility of the
resulting films. Functionalization at the oligothiophene β,β′ positions significantly
enhances compound solubility but usually disrupts the nT core planarity and
molecular staking, leading to materials of low field-effect mobility. Among the
alkyl-substituted oligothiophenes, α,ω-dimethyl [98] and α,ω-dihexyl oligomers
with four [99], five [100], six (e.g., DH-6T, M5) [101], and eight [89] thiophene
rings were among the first to be synthesized and characterized. Here again, the
purity of these insoluble compounds was found to be a key factor in achieving
highOFET performance [92a].The field-effectmobilities of these oligomers are as
high as 0.1 cm2 V−1 s−1 [100]. The field-effect mobility of DH-6T (M5) is typically
reported to be between 0.02 and 0.07 cm2 V−1 s−1 depending on the deposition
conditions and the dielectric material used for device fabrication [102]. The high
mobility of DH-6T, obtained almost two decade ago, was explained by the high
degree of DH-6T film self-organization thanks to the presence of the alkyl chains
at the α,ω positions. More recently, the highest mobility for DH-6T was reported
by Dimitrakopoulos et al. using molecular beam deposition of the oligomer.
Values of up to 0.13 cm2 V−1 s−1 were measured when parylene was used as the
insulating layer [103].
Phenylene-thiophene oligomers (M6–M14, Figure 1.15), developed sepa-

rately by Hotta and Samulski [104], attracted much attention because of their
potential use as the active component in organic light-emitting diodes (OLEDs)
and organic laser diodes, as well as p-type semiconductors for OTFTs [105].
Compared to simple oligo/poly phenylenes and thiophenes, molecular mixing of
these two aromatic rings produces structural motifs characterized by different
molecular shapes and physical properties, which in turn alter the material
behavior profoundly [106]. Examples of these property changes include stronger
light emission and low-threshold amplified spontaneous emission (ASE) from a
liquid-crystalline polymer blend [107].
Ponomarenko et al. investigated the end-capped bithiophene-phenylene-

bithiophene core with variable alkyl chain lengths from –C6H13 (M6) to –C10H21
(M7). These molecules exhibit field-effect hole mobilities of ∼0.3 cm2 V−1 s−1
[108], which is more than an order of magnitude greater than those obtained
by Hong et al. [109] for the compound M6. The reason for this large increase in
performance was not clear, but the authors attributed it to material purity and the
use of cross-linked poly(hydroxystyrene) as the gate dielectric. Other phenylene-
thiophene derivatives M10 and M11 (Figure 1.15) were also synthesized.
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It was found that M11 had properties similar to those of M7, whereas M10 had
an order of magnitude lower mobility due to poor molecular ordering [110].
Electrochemical measurements of the oligomers containing a phenyl ring were
shown to have better oxidative stability than the all-thiophene analogs, and
FET devices operated in air without degradation. Recently, tolyl end-substituted
oligothiophenes with three, four, and five thiophene rings have also been
synthesized by Mohapatra et al. [105a]. These derivatives (M12) exhibit hole
mobilities of ∼0.03 cm2 V−1 s−1 and very high Ion:Ioff ratios of ∼109. Interestingly,
despite the fact that odd- and even-numbered oligomers have different crystal
structures and film microstructures, the FET characteristics are very similar. A
phenylene-thiophene oligomer series (M13) end-substituted with various alkoxy
chains were synthesized using Stille and Suzuki coupling reactions by Sung et al.
[111]. Oligomers with two and three core thiophene rings functionalized with an
octyloxy chain exhibit the largest mobilities of ∼0.18 cm2 V−1 s−1 (Ion:Ioff > 107)
and ∼0.09 cm2 V−1 s−1 (Ion:Ioff ∼ 104), respectively. Thin-film morphologies
analyzed using AFM revealed higher nucleation densities for films of branched
alkoxy side-chain molecules compared to their straight alkyl side-chain counter-
parts. However, field-effect mobilities were found to strongly decrease for the
branched-substituted oligomers. Finally, Ichikawa et al. [105d] showed that the
epitaxially grown thiophene-phenylene system BP2T (M14) on KCl single-crystal
substrates exhibits a hole mobility (0.29–0.66 cm2 V−1 s−1) which is much larger
than that of BP2T vacuum-deposited directly on SiO2 at room temperature
and close to that of high-quality oligothiophene single crystals. A number of
studies have suggested that forcing oligomers to adopt a face-to-face arrangement
should enhance the π–π orbital overlap, thus facilitating charge transport by
maximizing the electronic coupling between adjacent molecules. This concept
has been applied to a large variety of molecules including thiophene-based
semiconductors. Laquindanum et al. explored fused thiophenes by synthesizing
bis(benzodithiophene) (BDT, M15, Figure 1.16). FETs based on BDT exhibit
field-effect mobilities of up to 0.04 cm2 V−1 s−1 for films vapor-deposited at
100 ∘C [112].
Heteroacenes are another promising class of fused π-conjugated p-channel

semiconductors developed for OFETs over the past decade. These structures can
be considered as ladder-type acenes in which one or more benzene rings in acene
backbones are replaced with heterocyclic aromatic units. To this end, there have
been two different design strategies followed to date: either the benzene rings
are placed in the center of the semiconductor core and heterocycles are used
as end-capping rings, or benzene rings are used as end-capping units while the
heterocycles are in the center. Compared to their acene anologs, both of these
heteroacene families have a lower degree of aromaticity, and thus they have more
stabilized HOMO energy levels (<−5.2 vs −5.0 eV for pentacene) [113], which
leads to good ambient stability in OFET devices. With the former strategy, the
observed hole mobilities are typically in the range of those of amorphous silicon
(α-Si) (0.1–1.0 cm2 V−1 s−1) [114].
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Figure 1.16 Chemical structure of p-channel small-molecule semiconductors M15–M27.

The fused system dibenzothienobenzothiophene (M16, Figure 1.16) was
investigated by Sirringhaus et al. and coworkers [115]. As the synthesis of this
compound is not regioselective, the presence of regioisomers was found to
result in poor FET performance with mobilities ∼0.03 cm2 V−1 s−1. However,
the use of a shutter during vacuum sublimation allowed selective deposition of
different fractions. The greatest field-effect mobilities were ∼0.15 cm2 V−1 s−1
and Ion:Ioff > 106. The same group reported the fused thiophene derivative
bis(dithieno[3,2-b:2′,3′-d]thiophene) (M17, Figure 1.16). Crystal structures
revealed that this semiconductor packs in a face-to-face stacked structure. Hole
mobilities of up to ∼0.05 cm2 V−1 s−1 and an Ion:Ioff of >108 were measured using
this oligomer for both top- and bottom-contact FET structures [116]. Iosip et al.
[117] have synthesized dithienothiophene in co-oligomers with thiophene (M18,
Figure 1.16) and reported unoptimized FET hole mobilities of 0.02 cm2 V−1 s−1
and Ion:Ioff of ∼106.
The dithienothiophene motif was extended up to seven fused rings by Zhang

et al. [118], and it was found that these oligomers also pack in a face-to-face
stacking motif. OFET devices were fabricated with the pentathienoacene (M19,
Figure 1.16) and exhibited a mobility of 0.045 cm2 V−1 s−1 and Ion:Ioff up to ∼103.
These devices are very stable in air thanks to their large bandgap of 3.29 eV [119].
Finally, Nenajdenko et al. [120] have synthesized an annulated oligothiophene
consisting of four fused thiophene rings (M20, Figure 1.16). X-ray crystallo-
graphic studies on single crystals of this compound confirmed that the molecule
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is planar, making it attractive for semiconductor applications. Very recently,
extension to other benzo[1,2-b:4,5-b′]dichalcogenophenes (M21, X= S, Se, Te,
Figure 1.16) [121] and the utilization of larger π cores resulted in derivatives
exhibiting FET mobilities of 0.17–2.0 cm2 V−1 s−1 [60a].
An interesting chemical approach has been to combine the molecular shape of

pentacene, which leads to a favorable crystal packing geometry and orientation,
with thiophene end groups, which should increase stability and also provide
points of attachment for solubilizing substituents. Thus, anthradithiophene
derivatives (M22 andM23, Figure 1.16) were prepared and characterized for the
first time by Katz et al. [122]. These products were obtained as a mixture of syn
and anti isomers, whose separation was not possible. The field-effect mobility of
Anthradithiophene (ATD) is an order of magnitude lower than that of pentacene,
about 0.1 cm2 V−1 s−1, but the Ion:Ioff is higher when Ioff is recorded at zero gate
bias. A highly ordered thin-film morphology is observed, which is consistent
with the electrical characteristics. Hexyl-, dodecyl-, and octadecyl-disubstituted
derivatives (M23) were also found to demonstrate modulation typical of FET
devices, with the first two exhibiting higher mobilities (∼0.15 cm2 V−1 s−1) than
the parent compound, and with increased solubility. The third material still has
significant activity (mobility ∼0.06 cm2 V−1 s−1), even though it consists mostly
of nonconjugated carbon atoms. Anthony et al. [46a] fabricated FETs based on
solution-deposited films of functionalized anthradithiopheneM24 (Figure 1.16).
This compound forms uniform films of excellent quality, yielding hole mobility of
1.0 cm2 V−1 s−1 with an excellent Ion:Ioff of ∼107. The high OFET performance of
this material was attributed to the close π-stacked interactions in the crystal. Loo
et al. showed that the performance of bottom-contactM24-based OFETs can be
improved dramatically by a simple and straightforward solvent-vapor annealing
process after device fabrication. Exposing the transistors to dichloroethane
vapor for 2min induces structural rearrangement and crystallization of the
semiconducting film. This procedure resulted in drastic increases in Ion currents,
and mobility increased by two orders of magnitude [123].
Very recently, thiophene-fused acenes anthra[2,3-b]thiophene (M25) and

tetraceno[2,3-b]thiophene (M26) were synthesized by Valiyev et al. [124]
(Figure 1.16). The crystal structures of M25 and M26 were described. The
addion of the thiophene ring to the acene unit resulted in a weak dipole, and the
crystal packing changes from the triclinic structure of acenes to orthorhombic.
TFT devices were fabricated from these materials. Compound M25 exhibited
a field-effect mobility of ∼0.1 cm2 V−1 s−1 and Ion:Ioff of ∼108 (TD = 25 ∘C),
whereas the compoundM26a showed a mobility of ∼0.25 cm2 V−1 s−1 and Ion:Ioff
of ∼106 (TD = 80 ∘C). Finally, Zhu et al. investigated the OFET behavior of
perylo[1,12-b,c,d]thiophene (M27, Figure 1.16). Vacuum-deposited films showed
moderate hole mobilities of ∼0.05 cm2 V−1 s−1, Ion:Ioff of ∼105, and a low thresh-
old voltage of −6.3V. Interestingly, single-crystal micrometer wires were grown
from solution, and OFET based on the single wire exhibited mobilities of up to
∼0.8 cm2 V−1 s−1. The authors believe that the solid-state packing arrangement
with the likelihood of a double-channel arrangement induced by marked S· · ·S
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Figure 1.17 Chemical structure of p-channel small-molecule semiconductors M28–M38.

interactions may be the reason for the high performance. Among heteroacenes,
one of the highest performances was achieved with M28 (Figure 1.17), which
was developed by Müllen et al. [125]. This semiconductor exhibited hole mobil-
ities of up to 1.7 cm2 V−1 s−1 and Ion/Ioff ratios of 107 in solution-processed
OFET devices. This study was one of the early reports indicating that small
heteroacene semiconductors with an extended aromatic core and solubilizing
alkyl chains could be very promising for solution-processed optoelectronic
devices.
A different design strategy was adopted by Takimiya and coworkers, in which

the heterocycles were placed in the center of the semiconductor core and
benzenes were used as end-capping rings. This approach was found to result in
much higher hole mobilities compared to the earlier heteroacene-based semi-
conductors. In one class of such heteroacene semiconductors, a thienothiophene
unit was incorporated in the center of an acene core while having benzene
(BTBT, M29–31), naphthalene (Dinaphtho[2,3-b:2′,3′-f ]thieno[3,2-b]thiophene
(DNTT), M32–34), and anthracene (Dianthra[2,3-b:2′,3′-f ]thieno[3,2-
b]thiophene (DATT), M35) as end-capping moieties (Figure 1.17). The OFET
devices fabricated with these semiconductors were found to be ambient-stable
because of their low-lying HOMO energy levels. Among these, the BTBT (M29)
core was developed earlier than the others via a simple thermal reaction of
benzylidene dichloride with elemental sulfur or from commercially available o-
chlorobenzaldehyde. Although the yield ofM29 synthesis is moderate (30–40%),
its simplicity and fewer steps make it quite attractive for large-scale preparations.
The earliest version of BTBT,M30, was prepared with phenyl substituents, and it
showed excellent FET characteristics under ambient conditions with hole mobili-
ties of 2.0 cm2 V−1 s−1 and Ion/Ioff ratios of 107 [60a]. Thereafter, alkyl-substituted
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BTBTs (M31(n=5–14)) with various alkyl chain lengths (n= 5–14) were devel-
oped, which were found to be highly soluble in common organic solvents (up
to ≈90mgml−1 in chloroform at room temperature). However, it is noteworthy
that BTBT derivatives with alkyl chains longer than C12H25 showed reduced
solubilities compared to those with shorter alkyl chains. Solution-processed
OFETs fabricated with M31(n=5–14) showed typical p-channel behavior, with
field-effect mobilities as high as 2.75 cm2 V−1 s−1 and Ion/Ioff ratios of 107 [60b].
Inspired by this initial report, several BTBT-based OFET devices were fabri-
cated with various device configurations and solution-processing techniques,
which recently yielded mobilities as high as 5 cm2 V−1 s−1 [126]. In one of these
studies, Hasegawa and coworkers [127] showed that single-crystalline thin
films of M31(n=8) could be grown at the liquid–air interfaces by mixing fine
droplets of an antisolvent (N ,N-dimethylformamide) and semiconductor in
1,2-dichlorobenzene solution (Figure 1.18). This approach yielded inkjet-printed,
patterned semiconductors with average hole mobilities of 16.4 cm2 V−1 s−1 and a
maximum value as high as 31.3cm2 V−1 s−1. Nonetheless, further improvements
of this technique are needed to address the issues of the broad distribution
of crystal orientations and mobilities and moderate single-crystal formation
yields (50%).
DNTT semiconductors (M32–34) have lower solubilities in common organic

solvents compared to their BTBT counterparts owing to their further π-extended
core structures. Therefore, they were typically characterized in vapor-deposited
OFET devices. Although the DNTT core itself (M32) shows hole mobilities
of 2.9 cm2 V−1 s−1 in vapor-deposited films [128], 2–4 times higher mobilities
were achieved after attaching alkyl chains. Alkylated DNTT semiconductors
(M33(n=6–12)) showed very high hole mobilities close to 8 cm2 V−1 s−1, which
is among the highest for OFETs based on polycrystalline thin films [129].
The authors claimed that the long alkyl chains attached to the DNTT core
enhanced molecular ordering and resulted in tighter packing in the thin-film
phase. This is attributed to the van der Waals intermolecular interactions
between the alkyl groups, which is the so-called molecular fastener effect
[130]. Very recently, highly crystalline OFET devices showing band-like charge
transport were fabricated with decyl (C10H21)-substituted DNTT (M33(n=10))
semiconductor by using a new hot-solution processing technique [131]. This
new solution processing method was developed by Takeya and coworkers,
and yielded devices with excellent hole mobilities of up to 11 cm2 V−1 s−1. The
authors also showed that their method was applicable to flexible plastic substrates
by fabricating top-gate devices on a flexible polyethylene naphthalate (PEN
substrate with hole mobilities as high as 9 cm2 V−1 s−1. Another interesting
DNTT derivative developed by Takimiya et al. [132] is M34 with two methyl
groups attached at 3 and 10 positions. Although this semiconductor did not
show as high a mobility as earlier derivatives (𝜇h = 0.8 cm2 V−1 s−1), it was
unique in that, different from the other DNTT-based semiconductors, it showed
three-dimensional (3D) HB arrangements both in single-crystal and thin-film
phases.
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The longest π-extended ladder-type heteroacene compound developed by
Takimiya et al. [133] is M35 with eight fused aromatic rings. This semicon-
ductor has a fairly stable device operation although it has a highly extended
acene-like π system with an IP of 5.1 eV. A remarkable field-effect mobility of
3.0 cm2 V−1 s−1 was observed in vapor-deposited films, even though the thin-film
microstructure was found to include both face-on and edge-on molecular
orientations.
In another study, Okamoto and coworkers [134] developed a V-shaped

extended heteroacene semiconductor, M36 (Figure 1.17), which exhibited
sufficient solubility in common solvents and high-mobility charge-transport
characteristics (𝜇h up to 9.5 cm2 V−1 s−1) in solution-crystallized OFET devices.
The observed high mobility for M36 was attributed to an almost optimized
arrangement of semiconductor π backbones, which led to the maximum band-
width and high transfer integrals (39–68meV). It is noteworthy that these
solution-crystallized films exhibit high thermal stability up to 150 ∘C, which
is important for practical applications. It was claimed by the authors that
the synthetic route followed during the synthesis of M36 could enable mass
production.
Compared to heteroacene and oligothiophene compounds, pyrene-based

organic semiconductors have rarely been studied in OFETs. Only recently, a
high-mobility pyrene-based liquid-crystalline semiconductor M37 (Figure 1.17)
was reported by Lee et al. [135]. In this semiconductor, pyrene core was
disubstituted at 1 and 6 positions with 5′-octyl-2,2′-bithiophene-5-yl aro-
matic units. A high-performance transistor behavior with a field-effect
mobility of 2.1 cm2 V−1 s−1 and Ion/Ioff ratio of ∼107 was achieved along
with an improved long-term stability compared to the pentacene devices.
The promising results obtained in this study indicate that pyrene-based
semiconductors are good candidates for high-performance optoelectronic
applications.
Finally, styrylacenes have emerged as a new promising class of p-channel

semiconductors, in which the stability of an acene core is enhanced via
extending the π conjugation through a styrene group. Recently, Perepichka
and coworkers [136] developed a structurally simple styrylacene p-channel
semiconductor M38 (Figure 1.17), which exhibited a high field-effect hole
mobility of 1.5 cm2 V−1 s−1 in thin films and 2.6 cm2 V−1 s−1 in single crystals.
AFM characterizations showed that the high hole mobility of M38-based
thin-films benefited from the perfect layer-by-layer growth at room tem-
perature with an upright molecular orientation, which led to continuous
semiconductor films at a low nominal thickness (Figure 1.19). Additionally,
this semiconductor showed strong bright-blue solid-state emission with 70%
photoluminescence quantum yield. This study indicates that strong π–π interac-
tions, required for efficient charge transport in the solid-state, do not necessarily
lead to quenching of the luminescence when the singlet-fission process is
turned off.
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Figure 1.19 AFM images of (a) submonolayer, (b) monolayer, and (c) multilayer films of
M38 grown on Si/SiO2. (d) Height profile of image (c) [136]. (Reproduced with permission.
Copyright © 2012, John Wiley & Sons, Inc.)

1.5
n-Channel Semiconductors

1.5.1
Polymers

n-Channel polymers for TFTs, like n-channel molecular systems, have been tra-
ditionally underdeveloped compared to p-channel semiconductors.The reason of
this deficiency in materials development was surprising considering that several
experimental and theoretical studies suggested that organic semiconductors
should transport electrons as efficiently as or even more efficiently than holes.
More recently, our understanding on how to enable efficient electron transport
in TFTs has improved after discovering the key role played by other factors,
besides the semiconductor electronic structure, affecting electron transport.
These include the following: (i) Gate dielectric surface chemistry. Most of the
first-generation dielectric materials for TFTs were oxides, such as SiOx, which
efficiently trap electrons on the surface. (ii) Metal contacts [137]. This high
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workfunction results in a large energy barrier for electron injection, and there-
fore, from an energetic perspective, low-workfunction metals such as Al or Ca
should be preferable. However, air-induced oxidation of these conductor surfaces
results in an insulating layer, which nullifies the benefit of having a formal lower
energy barrier. (iii) Ambient atmosphere composition. At the beginning of the
TFT field, very few research groups carrying out material development had the
capabilities to perform measurements in an inert atmosphere or vacuum. It is
known that O2 and H2O can efficiently inhibit electron transport, preventing
several semiconductor classes to be screened for n-channel transport.
Today, several of these issues can be controlled, and, particularly, the use of

dielectric surface passivation strategies and polymeric dielectric materials has
resulted in impressive progress in performance. From an energetic perspective, it
is now believed that a very narrow energetic window for the LUMO level, located
at about −4.0 to −4.3 eV, must be achieved to enable polymeric semiconductors
with good charge transport in ambient atmosphere. For higher LUMO energies
(low electron affinity), the polymer performance rapidly degrades after exposure
to ambient atmosphere even when using electron-trap-free dielectrics. On the
other hand, for very low-lying LUMOs systems (this has been well-established for
molecular semiconductors), the corresponding devices are very difficult to turn
off. In this section, we will describe a few first-generation n-channel polymers,
followed by more recent developments.
Thefirst report of an n-channel TFT-active polymerwas poly(benzobisimidazo-

benzophenanthroline) (BBL, P71) and the corresponding Semiladder poly
(benzobisimidazobenzophenanthroline) (BBB) (P72) (Figure 1.20). This ladder-
type polymer exhibits a high electron mobility of 0.1 cm2 V−1 s−1 as spin-coated
polycrystalline film [53b] and ∼0.01 cm2 V−1 s−1 for nanobelts [138]. In a series
of papers, the Northwestern University (NU) group reported polymers based on
indenofluorene and bisindenofluorene cores having C≡O and C≡C(CN)2 sub-
stituents (P73 family, Figure 1.20) [57b]. A novel design approach was employed
using computational modeling to identify favorable monomer properties, such
as core planarity, solubilizing substituent tailorability, and appropriate electron
affinity, with gratifying results. Monomeric model compounds were also synthe-
sized to confirm these properties, and crystal structures of several cores revealed
short (<3.5Å) π–π stacking distances with favorable solubilizing substituent
orientations. A family of 10 homopolymers and bithiophene P73 copolymers was
synthesized via Yamamoto and Stille polymerizations, which exhibited n-channel
mobilities approaching 10−3 cm2 V−1 s−1 under inert conditions.
The Northwestern group have also designed new homopolymers and copoly-

mers based on the dithenodiimide core (P74 and P75, Figure 1.20) [139]. Two of
these polymers are processable in common organic solvents: the homopolymer
poly(N-(2-octyldodecyl)-2,2′-bithiophene-3,3′-dicarboximide) (P(DTI), P74)
exhibits n-channel FET activity, and the copolymer poly(N-(2-octyldodecyl)-
2,2′:5′,2′′:5′′,2′′′-quaterthiophene-3,3′-dicarboximide) (P(DTI-T2), P75) exhibits
air-stable p-channel FET operation. After annealing, P74 films exhibit a very high
degree of crystallinity and an electron mobility >0.01 cm2 V−1 s−1 with a current
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Figure 1.20 Chemical structure of n-channel polymer semiconductors P71–P79.

on–off ratio of 107, which is remarkably independent of the film deposition
conditions. Extraordinarily, P(DTI) films also exhibit terracing in AFM images
with a step height matching the X-ray diffraction d spacing, a rare phenomenon
for polymeric organic semiconductors (Figure 1.21).
Relevant n-channel polymers are those based on rylene dicarboximide cores,

particularly perylene and naphthalene (Figures 1.20 and 1.22). The first perylene-
based polymer (P(PDI2DD-DTT), P76, Figure 1.20) was synthesized by Stille
coupling of N ,N ′-dialkyl-1,7-dibromo-3,4,9,10-perylene diimide (PDI) with a
distannyl derivative of dithienothiophene [140]. The Mw of P(PDI2DD-DTT)
was not very high (∼15 kDa using gel permeation chromatography (GPC)) and
it was soluble in several solvents and could readily be processed from solution.
Differential scanning calorimetry (DSC) showed a glass-transition temperature
of 215 ∘C, while thermal gravimetric analysis (TGA) suggested excellent thermal
stability with an onset decomposition temperature under nitrogen of 410 ∘C.
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and annealed at 120 ∘C for 30min (a) and
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in red) revealing the formation of a terraced
surface having a 2.50-nm step height [139].
(Reproduced with permission. Copyright ©
2008 American Chemical Society.)

Polymer P76-based OFETs (Al source/drain electrodes, top-contact/bottom-gate
geometry) were measured under nitrogen and exhibited electron mobilities
as high as ∼0.01 cm2 V−1 s−1 and Ion:Ioff > 104. Very recently, a dithienopyr-
role analog, P77 (Figure 1.20), was reported to show an electron mobility of
7.4× 10−4 cm2 V−1 s−1, which increased to 1.2× 10−3 cm2 V−1 s−1 on annealing
at 100 ∘C for 60min under inert atmosphere [141]. The lower mobility observed
for P77 may be related to the dilution of the electron-transporting unit by
the presence of the additional N-substituents of the dithienopyrrole donors.
Thelakkat et al. [142] have reported OFETs based on polymers containing
perylene unit as pendant groups, such as P78 (Figure 1.20). For this polymer,
after thermal annealing at 210 ∘C for 60min, the threshold voltage dropped
significantly to 7V, while the current and charge-carrier mobility both increased
by 100 times, approaching 1.2× 10−3 cm2 V−1 s−1. Unfortunately, OFETs based
on these polymers are unstable under ambient conditions. In a recent work by
Thelakkat and coworkers [143], electron-deficient semiconducting side-chain
polymers carrying perylenediimide pendant moieties were synthesized with a
combination of “click” chemistry and nitroxide-mediated radical polymerization.
Space-charge-limited current (SCLC) measurements indicated appreciable
electron mobilities of up to 0.01 cm2 V−1 s−1 for P79 (Figure 1.20), which carries
oligoethyleneglycol substituents. This study demonstrated that, by varying the
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substituents of side-chain polymers, optical and charge-transport properties can
be fine-tuned.
Recently, the Polyera Corporation team has reported the synthesis, charac-

terization, and comparative properties of N ,N ′-dialkylperylenedicarboximide-
dithiophene (PDIR-T2, P80, Figure 1.22) and N ,N ′-dialkylnaphthalenedicarbo-
ximide-dithiophene (NDIR-T2, P81, Figure 1.22) copolymers and the fabrication
of the corresponding bottom-gate TFTs on Si/SiO2 substrates [144]. Their
results demonstrate that the choice of the NDIR versus PDIR co-monomer is
strategic to achieving both high-performance bottom-gate n-channel TFTs and
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device functioning under ambient conditions. The rylene building block and the
polymer structural design rationale were as follows: (i) The electron-poor NDIR
co-monomer was selected because of the large electron affinity of this core,
comparable to that of the far more π-extended PDIR systems. (ii) Equally impor-
tant, NDIR-Br2 can be easily isolated as pure 2,6-diastereoisomers, enabling
the synthesis of a regioregular polymeric backbone. Note that the isolation of
PDIR-Br2 regioisomers, although demonstrated, is tedious. Therefore, compared
to PDIR-based polymers, it should lead to a more π-conjugated structure and,
consequently, better charge-transport efficiencies. (iii) Proper alkyl (R) function-
alization at the rylene nitrogen atoms, in that study 2-octyldodecyl (2OD), should
result in highly soluble and processable, yet charge-transport-efficient, polymers.
(iv) Finally, the dithiophene (T2) unit is utilized because of the commercial avail-
ability, stability, and known electronic structure and geometric characteristics
of this core, likely providing highly conjugated, planar, and rod-like polymers.
The new NDIR- and PDIR-based polymers were synthesized in high yields via
a Pd-catalyzed Stille polymerization. Using the reported synthetic procedure,
the polymer Mws are larger for P(NDI2OD-T2) (P81) (∼250K, PD∼ 5) than for
P(PDI2OD-T2) (P80) (∼32K PD∼ 3).The optical and electrochemical properties
of these new systems reveal important aspects of the polymer electronic structures
and NDIR versus PDIR co-monomer effects. Bottom-gate top-contact OTFTs
were fabricated on n++-Si/SiO2/OTS substrates on which the semiconducting
polymer solutions (∼3–10mgml−1 in 1,2-Dichlorobenzene (DCB)-CHCl3)
were spin-coated to afford ∼100-nm-thick films. The films were annealed at
110 ∘C for 4 h before the TFT structure was completed by Au source/drain vapor
deposition. Electrical measurements were performed both under high vacuum
and in ambient atmosphere. Electron mobilities of ∼0.08–0.06 cm2 V−1 s−1 for
P(NDI2OD-T2) and ∼0.003–0.001 cm2 V−1 s−1 for P(PDI2OD-T2) were mea-
sured in vacuum. However, when the same TFT array was measured in ambient
atmosphere, the P(NDI2OD-T2)-based devices continued to function also after
16 weeks from fabrication (𝜇e ∼ 0.01 cm2 V−1 s−1), while P(PDI2OD-T2) mobility
dropped to ∼2× 10−4 cm2 V−1 s−1 within 1week, in agreement with previous
studies on PDI-based polymers (Figure 1.23). In a very recent study, we addressed
the effect of the regioregularity of these systems by synthesizing the regioregular
(only 1,7-linked) P(PDI2OD-T2) as well as the regioirregular (2,6-+ 2,7-linked)
P(NDI2OD-T2) polymers. The TFT results showed that the regioirregular
P(NDI2OD-T2)-based devices exhibited 10 times lower electron mobilities,
corroborating the key role of the polymer architecture regiochemistry [145].
The same team also developed high-performance polymeric TG–BC TFTs

and the first all-polymeric complementary metal–oxide–semiconductor
(CMOS) circuit functioning in ambient based on P(NDI2OD-T2) (P81)
[146]. These TG–BC TFTs were fabricated on glass or PET and had the
structure substrate/Au(source–drain contacts)/P(NDI2OD-T2)/polymeric
dielectric/Au(gate contact). This structure was selected because of the supe-
rior injection characteristics of typical staggered (top-gate) architectures and
considering the facile channel miniaturization for bottom-contact TFTs which
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Figure 1.23 (a) Optical absorption spec-
tra of spin-coated P(NDI2OD-T2) (red line)
and P(PDI2OD-T2) (blue line) films (∼30 nm
thick) on glass. (b) Thin-film cyclic voltam-
metries (Fc (+0.54 V vs SCE (saturated
calomel electrode)) internal standard) of
P(NDI2OD-T2) (red line) and P(PDI2OD-
T2) (blue line) thin films on a Pt electrode.
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respectively. (c) Energy diagram for the spec-
ified rylene monomers and polymers. (d) I–V
transfer plots for P(NDI2OD-T2) TFT in air for
1 h and (e) P(PDI2OD-T2) TFT in vacuum. (f )
Polymer TFT electron mobility plots in vac-
uum and ambient (RH) 20–40%, (T ≈ 25 ∘C)
versus time [144]. (Reproduced with permis-
sion. Copyright © 2009 American Chemical
Society.)

could lead to high-frequency circuits. These devices were fabricated with the
P(NDI2OD-T2) film deposited by spin-coating as well as gravure, flexographic,
and inkjet printing and with the dielectric layer deposited by spin-coating.
Furthermore, TFTs in which both the semiconductor and dielectric layers
were gravure-printed were demonstrated. All device fabrication processes were
performed under ambient conditions with the exception of the Au contact
vapor-deposition and the film-drying steps (110 ∘C). The TG–BC TFTs based
on this polymer exhibited excellent n-channel OTFT characteristics in ambient,
with electron mobilities of up to ∼0.45–0.85 cm2 V−1 s−1, Ion:Ioff > 105, and
V on ∼ 0–5V. Importantly, the carrier mobility of P(NDI2OD-T2)-based TFTs
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was insensitive to the dielectric constant (k) of the gate dielectric material
(Figure 1.24). This is of great importance to broaden the compatibility of this
n-channel semiconductor family with several p-channel materials using the same
gate dielectric. Furthermore, this polymer’s TFT properties are independent of
the polymer molecular weight (Mw) over a large range of values (Mw ∼ 200 kDa to
>1MDa, Figure 1.20).The insensitivity of the device performance on the polymer
chain-length extension is of extreme importance for large-scale synthesis and
batch-to-batch reproducibility of the TFT characteristics. P(NDI2OD-T2)-based
TFTs are also exceptionally stable in ambient up to ∼70% relative humidity.
Because of the stability of this n-channel polymer family, excellent TFT per-
formance with high-work-function metal contacts, and compatibility with
Polyera UV-curable dielectrics with both p- and n-channel semiconductors, they
also enabled the first polymeric complementary logic. We have also fabricated
printed inverters with P(NDI2OD-T2) (P81, n-channel), P3HT (p-channel),
and ActivInk™ D2200 (gate dielectric). These inverters show remarkably small
hysteresis, reflecting the transistor’s threshold voltage stability. The voltage gains
for the gravure-printed devices are very large (dVOUT/dV IN(max)> 25–60).
More recently, Noh et al. fabricated monolithically integrated polymeric com-
plementary circuits using P(NDI2OD-T2) and two p-type polymers P3HT and
a new dithiophene-based polymer (Polyera ActivInk P2100). Inkjet-printed
TG–BC FETs exhibited very high hole and electron mobilities (𝜇FET) of
0.2–0.5 cm2 V−1 s−1. The active regions of the FET were patterned and via holes
were defined by direct inkjet printing of the conjugated polymer solutions and the
polymer gate dielectric solvent, respectively, enabling high-performance CMOS
inverters (gain >30) and ring oscillators (f osc up to ∼50 kHz) [147].
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In a recent paper, Salleo et al. investigated the molecular packing and structure
of P(NDI2OD-T2) (P81). The importance of molecular packing and microstruc-
ture on performance of p-type thiophene-based semiconductors is widely appre-
ciated and has been extensively studied [28, 148]. It is generally believed that the
best transport properties are attained when there is a high degree of in-plane π
stacking of the thiophene rings, because this allows two-dimensional (2D) trans-
port along the chain backbone and along the π-stacking direction in the plane
of the substrate [148e, 149]. To date, similar structure–property studies are not
as well established in n-type polymers because of the lack of high-performing
materials. X-ray scattering experiments on P(NDI2OD-T2) films revealed that
this polymer exhibits an exceptional degree of in-plane ordering and adopts a
largely face-on packing (π-stacking direction normal to the substrate), which is an
uncommon crystallographic texture for semiconducting polymers with high field-
effect mobility (Figure 1.25). Furthermore, we employed X-ray scattering from
aligned films as well as AFMcharacterization of the top and bottom interface, and,
to support these findings, discussed the implications of this unexpected crystalline
texture for charge transport [150].
Finally, recent bulk electron transport studies using both time-of-flight

and electron-only current measurements suggest a bulk mobility of
∼5× 10−3 cm2 V−1 s−1 for P81, which is the highest value reported for time-
of-flight (TOF) electron transport in conjugated polymers (Figure 1.26) [151].
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Figure 1.25 X-ray characterization of
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Importantly, the electron-only device currents were found to be injection-limited
for a wide range of electrode work functions and semiconductor layer thicknesses,
despite the rather high electron affinity of this polymer. Contact-limited currents
were observed even when low-work-function metals such as Sm, Ca, Ba, or Cs
were employed, which are known to enable ohmic contacts with other n-type
polymers [152]. However, the previously investigated polymers typically exhibit
rather low bulk-transport-limited currents owing to, for example, severe electron
trapping in an exponential density-of-states distribution. Thus, we believe that
evaporation of reactive metals onto layers of conjugated polymers may generally
cause injection barriers (through the formation of oxides and chemical defects),
but that these barriers are masked by the low bulk currents in the majority of
n-type polymers that have been investigated to date.
Recently, Jenekhe and coworkers reported the synthesis and physicochem-

ical properties of new NDI (naphthalene diimide)-based polymers P82–P84
(Figure 1.22) with selenophene-based donor units instead of the bithiophene
unit used earlier [153]. Bottom-gate/top-contact OFETs gave average electron
mobilities as high as 0.24 cm2 V−1 s−1 with Ion/Ioff ratios of 104–106. The authors
also mentioned that in the phenyl end-capped high molecular weight P84,
large enhancement of the field-effect mobilities were observed compared to
the uncapped polymers. In a parallel study by Yang et al. [154], an acene-based
centrosymmetric copolymer of NDI, P85 (Figure 1.22), was synthesized and
characterized in bottom-gate/top-contact OFET devices. Electron mobilities as
high as 0.056 cm2 V−1 s−1 were obtained for P85-based devices, which indicates
that, in addition to the donor strength, the geometric feature of the donor moiety
also strongly affects the charge-transport characteristics. Noh and cowork-
ers [155] recently reported another high-performance NDI-based n-channel
polymer, P86 (Figure 1.22), which is systematically designed and synthesized
with alternating long alkyl (2-decyltetradecyl) substituted NDI (acceptor)
and thienylene–vinylene–thienylene (donor) building blocks. Compared to
the famous P(NDI2OD-T2), this new polymer has an extended π-conjugated
backbone with a comparable LUMO energy level (−4.00 eV). TG–BC devices
fabricated with polymer P86 demonstrated an extremely high electron mobility
of 1.8 cm2 V−1 s−1 (Ion/Ioff = 106) with high air and bias-stress stability. In this
device architecture, a typical polymer dielectric, poly(methyl methacrylate)
(PMMA), was used. This OFET device is among the best performing polymer-
based n-channel device reported to date. The high performance of P86 was
attributed to the π-extended conjugation of its polymer backbone, enhanced
π–π intermolecular interactions, improved crystallinity in thin-film phase with a
highly interdigitated lamellar structure, and mixed face-on/edge-on orientations.
In a recent report by Pei and coworkers [156], a novel highly electron-deficient

poly(p-phenylenevinylene) (PPV) derivative, benzodifurandione-based PPV
P87 (Figure 1.27), was developed. This new polymer includes strong electron-
withdrawing carbonyl groups on the double bonds, which extends the backbone
π conjugation and forms intramolecular hydrogen bonds to afford a “locked”
aromatic plane. Solubilizing alkyl groups (4-octadecyldocosyl) with distant



48 1 Polymeric and Small-Molecule Semiconductors for Organic Field-Effect Transistors

P87

O

O

O

O
N

NO

O

n

C18H37

C18H37

C12H25

C10H21

C10H21

C12H25

NN

N N

NO O

N OO

S

x n

P88 : x = 1

P89 : x = 2

S

NN

C6F13 C6F13

P90

n

N

N

O

O

P91

S S

N

N

O

O

S
S

O

O

O

O

O

O

n

N

N

OO

O O

C8H17

C8H17

C8H17

C8H17

C18H37

C18H37

C10H21

C10H21

n

P92

Figure 1.27 Chemical structure of n-channel polymer semiconductors P87–P92.

branching points are used as side chains to ensure both good solubility and
interchain π–π stacking. The authors claim that this new polymer overcomes
the common defects in PPVs, such as conformational disorder, weak interchain
interaction, and a high LUMO level, all of which should lead to high n-channel
mobilities. Grazing-incident X-ray diffraction (GIXD) and AFM characteriza-
tions indicated the formation of crystalline fiber-like intercalating networks with
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2013, American Chemical Society.)

a good lamellar edge-on packing and a short interchain π–π stacking distance
of ∼3.55Å (Figure 1.28a,b). Unlike other PPV derivatives, P87 clearly exhibited
a much stronger aggregation tendency and more ordered packing. Using P87 as
the semiconductor layer in a TG–BC OFET device, electron mobilities as high as
1.1 cm2 V−1 s−1 were achieved under ambient conditions (Figure 1.28c,d). This is
one of the highest mobilities achieved to date in n-channel polymer OFETs.
The first example of a heterocyclic diimide building block, tetraazabenzodifluo-

ranthenediimide (BFI), was recently synthesized by Jenekhe et al. [157] via fusion
of a synthetically tunable tetraazaanthracene core and two naphthalene imide
units. This new core forms a large, rigid, ladder-type macromolecular structure
with 11 aromatic rings (2.0-nm-long π-conjugated framework) and shows high
electron affinity (3.6–4.3 eV) and tunable optoelectronic properties. In a later
report by the same group, two copolymers, P88 and P89 (Figure 1.27), were
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prepared by incorporating BFI as the key building block along with thiophene
and bithiophene monomers, respectively [158]. These polymers exhibit a novel
two-dimensional (2D) π conjugation both along the main chain and in the lateral
direction, leading to efficient n-channel transport in OFETs with electron mobil-
ities of 0.3 cm2 V−1 s−1. Complementary inverters with P88-based transistors
showed nearly ideal switching characteristics with a high gain of 107 (Figure 1.29).
Although the fluorination of π-conjugated small molecules has shown great

promise in designing high-performance n-channel semiconductors, there have
been only limited reports on fluorinated n-channel polymers. Swager and cowork-
ers [159] recently reported the synthesis of a highly fluorinated, low-bandgap
(Eopt

g = 0.87eV), π-conjugated polymer, poly-(2,3-bis(perfluorohexyl)thieno[3,4-
b]pyrazine) P90 (Figure 1.27). This new polymer exhibits exclusive solubility
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in perfluorinated solvents such as perfluorooctane and perfluoro(methyl-
cyclohexane). Additionally, it has high air- and thermal stability, high electron
affinity (4.12 eV), and good electrochemical n-doping characteristics. TG–BC
OFET devices with P90 showed low electron mobilities of ∼10−5 cm2 V−1 s−1,
which was attributed to the unfavorable thin-film morphology. Although the
carrier mobilities obtained for this polymer is low, the authors believe that
their design approach is important for the realization of orthogonally processed
organic photovoltaic devices.
DPP is an attractive building block for n-channel polymer semiconductors

owing to its several favorable characteristics including high electron-deficiency,
enhanced backbone coplanarity, and good intermolecular π–π interactions.
However, to date, DPP-based polymers have been used only in p-channel
and ambipolar OFET devices. In a recent study by Patil et al. [160], a novel
DPP–DPP-based conjugated copolymer P91 was reported with alternating alkyl
and triethylene glycol side chains (Figure 1.27). It was found that this side-chain
architecture provides good solubility and high molecular weight, and induces
spontaneous chain crystallization. After a careful device engineering, strictly
unipolar n-channel OFET devices (TG–BC) were fabricated with electron
mobilities of up to 3 cm2 V−1 s−1. The authors mentioned that this unipolar
behavior of P91 with high electron mobility is crucial to printed, low-power,
large-scale complementary logic circuitry.
A new class of n-channel semiconducting polymer based on the smallest

rylenediimide building block pyromellitic diimide (PyDI) was recently developed
by Katz and coworkers [161]. Prior to this report, the same group also developed
small-molecule n-channel semiconductors based on PyDI core [162]. P92 is
an example of this new semiconductor family with ethynyl linkages and octyl
(C8H17) side chains (Figure 1.27). Unipolar n-channel transfer characteristics
with moderate electron mobility of 2× 10−4 cm2 V−1 s−1 were observed after
ambient processing. The authors claimed that, to the best of their knowledge,
P92 was the first example of a PyDI semionducting polymer, and it was the
simplest n-channel polymer reported up to that time. Further chemical structure
and device optimizations with this polymer are in progress.

1.5.2
Small Molecules

To the best of our knowledge, the first n-channel OFETwas fabricated byGuillaud
et al. [163] using vapor-deposited films of lutetiumphthalocyanine (LuPc2, M39,
Figure 1.30). These devices exhibit electron mobilities of 10−4 cm2 V−1 s−1 in
vacuum. Bao et al. [164] demonstrated the first air-stable n-channel OTFTs using
a semiconductor layer vacuum-deposited by perfluorinated phthalocyanines
(F16CuPc,M40, Figure 1.30). These FETs exhibited maximum electron mobilities
of ∼0.03 cm2 V−1 s−1 in air for sublimed films deposited at a gate-dielectric
substrate temperature of 130 ∘C. This is one of the first contributions where
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Figure 1.30 Chemical structure of n-channel small-molecule semiconductors M39–M49.

core functionalization of a p-channel material (CuPc) with strong electron-
withdrawing F groups resulted in ambient-stable n-channel OTFTs. This
material is also the most used for the fabrication of single-crystal devices
[165]. A seed-induced growth by vapor processing was recently developed for
in situ patterning of organic single-crystalline nanoribbons of F16CuPc on a
Si/SiO2 surface [166]. With this method, devices based on individual F16CuPc
submicro/nanometer-sized ribbons were fabricated with Ag/Au asymmetrical
source/drain electrodes, showing that the asymmetrical devices possessed much
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higher mobilities (0.2 cm2 V−1 s−1) than the devices with Au/Au symmetrical
electrodes (0.01 cm2 V−1 s−1). This is due to the asymmetrical source/drain
electrode configuration which established a stepwise energy level between
the electrodes and the LUMO of F16CuPc, promoting electron injection and
transport. Recently, Ling et al. [167] have used copper hexachlorophthalocyanine
(Cl16CuPc,M41, Figure 1.30) as a semiconductor for n-channel OTFTs, reporting
electron mobilities of ∼0.01 cm2 V−1 s−1. Remarkably, these devices show no
performance degradation after storage in air for more than 50 days. Wang et al.
[168] have reported n-channel FETs where the F16CuPc film was epitaxy grown
on para-hexaphenyl (p-6P); these devices exhibited electron mobilities as high
as 0.11 cm2 V−1 s−1, which approach those of the single-crystal-based devices
[168]. Very recently, impressive electron mobilities of 0.30 cm2 V−1 s−1 in air were
reported by Song et al. [169] using phthalocyanato tin(IV) dichloride (SnCl2Pc,
M42, Figure 1.30) as a semiconductor.
The first n-channel oligothiophene-based transistor was fabricated at NU in

2000. In a series of papers, our group has described the synthesis, comparative
physicochemical properties, and solid-state structures of several oligothio-
phenes substituted with perfluorohexyl chains [170]. These series include the
n-channel α,ω-diperfluorohexyl-nTs (DFH-nTs, M43n, Figure 1.30) and β,β′-
diperfluorohexyl-nTs (isoDFH-nTs, M44n, Figure 1.30), which were compared
with the corresponding p-channel hexyl-substituted and unsubstituted oligothio-
phenes (α-nTs, n= 2–6). The crystal structures of key fluorocarbon-substituted
oligomers were also analyzed, which showed close π–π intermolecular interac-
tions between the aromatic cores, whereas the fluorocarbon chains segregated
into lamellar structures. X-ray structural analysis was performed for DFH-3T
(n= 3) and DFH-4T (n= 5) which exhibit an all-anti, fully planar geometry,
with dihedral angles between the mean plane of the rings of <2∘. This value
compares well with that reported for α4T but is much smaller than the 6–9∘
reported for α3T. The perfluorohexyl substituents exhibit a zigzag helical con-
formation that is characteristic of fluorocarbon chains [171] and are positioned
at ∼140∘ with respect to the oligothiophene backbone axes in both cases. The
molecular packing of DFH-4T shares the familiar “HB” motif with an angle
of 50∘ between the mean planes of adjacent molecules. Typical HB angles for
oligothiophene αnTs (n= 4–6, 8) range between 55∘ and 70∘. The minimum
interplanar distances between neighboring molecules in DFH-4T is 3.52Å,
which is comparable to 3.5–3.9Å in analogous oligothiophenes. The crystal
structures and packing characteristics of β,β′-disubstituted systems isoDFH-5T
are considerably different from those of the end-capped compounds. The effect
of α,ω and β,β′ regiochemical substitution on the π core structure is dramatic,
with a large torsional angle (up to 64∘) forced between adjacent thiophene rings
compared to the DFH-nTs series. To a lesser degree, this has been observed as
well for some β-alkylsubstituted oligothiophenes [172] and is due to the steric
repulsion between the fluorohexyl chain CF2 group and either the sulfur atom
or the C–H moiety on the adjacent thiophene ring. It was also observed that,
regardless of the differences in molecular structure and packing characteristics,
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all fluorocarbon-substituted oligothiophenes exhibit similar intermolecular
separations between the oligothiophene core and fluorocarbon regions.
From the electrochemical and optical data, the energy positions of the HOMOs

and LUMOs of these oligothiophenes were estimated and, as expected, fluo-
rocarbon functionalization of the oligothiophene core reduces both HOMO
and LUMO energies (∼0.1–0.5 eV depending on the core length). The shift
of HOMO and LUMO energies of DFH/isoDFH-nTs and the correspond-
ing alkyl-substituted oligothiophenes is in quantitative agreement with the
expected effects of fluorocarbon and hydrocarbon substituent-derived Hammett
parameters. Overall, the molecular orbital energy trends within each series are
determined by a balance between the nature of the substituent and density and
the extension of the aromatic core. The net results from this interplay are frontier
MOs where the LUMO and HOMO energies are practically independent of the
conjugation length for fluorocarbon- and alkyl-substituted nTs, respectively.
The experimental results were confirmed by DFT computational modeling, the
results of which closely paralleled the experimental trends. OFET devices were
fabricated and characterized on Si/SiO2 substrates treated with Hexamethyld-
isilazane (HMDS). The results clearly demonstrated the crucial importance of
oligothiophene core substitution in determining the p- or n-channel activity
of the semiconductor. Fluorocarbon-substituted systems are majority-carrier
electron-transporting materials, while oligothiophenes (with or without –C6H13
chains) are majority-carrier hole-transporting semiconductors. Trends in field-
effect mobilities and Ion/Ioff ratios between and within these series were explained
by the interplay of molecular structure and film microstructure and morphology.
The films that exhibited the greatest carrier mobilities possessed the appropriate
combination of large grain size and smooth, interconnected morphology, exhibit
molecular orientation directed along the substrate normal, and had sufficient
core conjugation/length. The second distinctive material is DFH-4T, which was
shown to exhibit one of the highest n-type carrier mobility (0.22 cm2 V−1 s−1)
and Ion/Ioff ratio reported for an n-type transporting material. More recently, an
extensive IR/electrochemical characterization of these fluorocarbon-substituted
oligothiophenes has been performed by Casado and López Navarrete [170e].
The NU group also reported the comparative properties of arene-thiophene

and fluoroarene-thiophene (FTnF (M45), n= 2–4, Figure 1.30) semiconductors
[173] with respect to regiochemical modifications of the core and oligothiophene
core-shortening. These extensive studies included thermal analysis, optical spec-
troscopy, cyclic voltammetry, single-crystal XRD structural data for the majority
of these compounds, film microstructure and morphology, and OTFT fabrica-
tion and characterization. For the fluoroarene-thiophene series, the majority
charge-transport type and mobilities (0.00001–0.5 cm2 V−1 s−1) and the Ion/Ioff
current ratios (101–108) change dramatically with molecular regiochemistry as
well as with the substrate deposition temperature. The large electron mobility of
FTTTTF was attributed to the favorable interaction between the electron-rich
and electron-deficient groups, thereby achieving optimummolecular π–π overlap
and excellent film texture.The shorter fluoroarene-thiophene oligomers (n= 2, 3)
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are also n-type semiconductors, demonstrating that fluoroarene end-substitution
promotes majority charge flip independently of the thiophene core extension.
DFT band structure calculations are shedding light on themajority charge-carrier
flip in this family [174].
An effective strategy to tune oligothiophene core energy levels, optical charac-

teristics, and solid-state packing is to functionalize the oligothiophene core with
strong inductive/mesomeric carbonyl (C≡O) groups. In the first systems, the
investigated carbonyl chemical functionalities included perfluorohexylcarbonyl
groups (e.g., 5,5′′-diperfluorohexylcarbonyl-2,2′:5′,2′′:5′′,2′′′ (DFHCO-4T),M46,
Figure 1.30) installed at the oligothiophene α,ω positions as well as bridged car-
bonyl groups positioned at the center of the molecular core (e.g., DFHCO-4TCO,
M48, Figure 1.30) [175]. OFETs were fabricated on HMDS-treated Si/SiO2
substrates, and DFHCO-4T showed monopolar n-type activity (in vacuum)
with an exceptionally high mobility of 0.32 cm2 V−1 s−1 for semiconducting films
deposited at a substrate temperature of 25 ∘C. Note that similar carbonyl group
effect on n-type (electron) transport was previously demonstrated in electroactive
aromatic polyketones and polyesters [176]. Upon additional carbonyl group intro-
duction into the quaterthiophene core, DFHCO-4TCO exhibited stable n-type
activity even in air, although the ambient electron mobility (0.01 cm2 V−1 s−1)
was somewhat lower than that recorded under vacuum (0.08 cm2 V−1 s−1). After
proper dielectric surface modification, n-type mobilities were substantially
improved to 1.7 cm2 V−1 s−1 for DFHCO-4T. More recently, Schols et al. [177]
have improved the electron mobilities of DFHCO-4T Au top-contact transistors
to 4.6 cm2 V−1 s−1; the drastically reduced performance using Al/LiF as top
contact was also explained as a consequence of an electron-transfer reaction
occurring at the metal/DFHCO-4T interface. Another promising carbonyl-
containing oligothiophene is DFPCO-4T (M47, Figure 1.30) [178]. DFPCO-4T,
which crystallizes in an HB motif, with the shortest intercore distance being
3.50Å and the average dihedral angle between the phenyl substituent and the
adjacent thiophene subunit ∼53∘. FETs of DFPCO-4T were fabricated with
Au top-contact electrodes. Semiconductor films (50 nm) were deposited onto
temperature-controlled HMDS-treated SiO2/p+-Si substrates by vapor depo-
sition and drop-casting. A 50-nm layer of Au was then deposited through a
shadow mask to define the source and drain electrodes. OFET characterization
was performed under Argon. High electron mobilities of ∼0.5 cm2 V−1 s−1 were
observed for vapor-deposited DFPCO-4T films (TD = 80 ∘C) with a threshold
voltage of ∼30V (Ion:Ioff > 108). In solution-cast devices, electron mobilities
were exceptionally high with a maximum of ∼0.25 cm2 V−1 s−1 (Ion:Ioff = 105;
VT = 50–70V). Recently, the NU group has analyzed the temperature depen-
dence of FET mobility for a series of n-channel oligothiophenes along with those
of other p-channel and ambipolar organic semiconductors [179].
Frisbie et al. reported that quinomethane terthiophene (QM3T, M49,

Figure 1.30) exhibits 𝜇s ∼0.002–0.5 cm2 V−1 s−1 [180]. An extended series show-
ing even greater performance and ambipolar transport has been recently reported
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Figure 1.31 Chemical structure of n-channel small-molecule semiconductors M50–M54.

[181, 182]. Handa et al. [183] have shown a new hybrid-type dicyanomethylene-
substituted terthienoquinoid compound for use as a solution-processable
n-channel semiconductor; electron mobilities up to 0.16 cm2 V−1 s−1 were
obtained upon annealing the spin-coated films.
Figure 1.31 collects the chemical structure of several fullerene derivatives.

The first report of C60 (M50)-based TFT evidenced low electron mobilities of
∼10−4 cm2 V−1 s−1 [184]. Following that report, C60 thin films were grown and
studied in ultrahigh vacuum (UHV) [185]. TFTs were fabricated without air expo-
sure and consisted of heavily doped n-type silicon wafers which were oxidized to
leave a 3000Å thick layer of silicon dioxide dielectric and bottom-contact Cr/Au
electrodes. The authors reported electron mobilities of 0.56–0.2 cm2 V−1 s−1,
comparable to that obtained with time-of-flight measurements on C60 single
crystals. n-Channel FETs based on C70 were first reported a few years later
[186] and exhibited field effect mobilities up to 2× 10−3 cm2 V−1 s−1 in UHV
and Ion/Ioff ratios as high as 105. Unfortunately, the performance of C60- and
C70-based FETs degrades quickly upon exposure to air. More recently, Itaka
et al. [187] have enhanced the crystallinity of vapor-deposited C60 films by
coating the dielectric with a thin layer of pentacene. These FETs exhibit electron
mobilities of ∼2.0–5.0 cm2 V−1 s−1. Jang et al. [188] have recently reported
air-stable C60 TFTs with electron mobilities of ∼0.05 cm2 V−1 s−1 by using a
perfluoropolymer as the gate dielectric. Very recently, Anthopoulos et al. [189]
have reported the greatest field-effect electron mobilities for C60 transistors,
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which approached 𝜇∼ 6 cm2 V−1 s−1. They also demonstrated ring oscillators
based on C60 films grown by hot-wall epitaxy. Low-voltage C60 n-channel OTFTs
with high electron mobilities of 2.3 cm2 V−1 s−1 were fabricated by engineering
the electrode/semiconductor and dielectric/semiconductor interfaces [190].
Functionalized fullerenes are promising candidates for solution-processed

n-channel OTFTs. Chikamatsu et al. [191] have synthesized soluble C60-fused
N-methylpyrrolidine-meta-C12 phenyl (C60MC12, M51, Figure 1.31) and
fabricated FETs exhibiting high electron mobilities of ∼0.07 cm2 V−1 s−1. More
recently, Wöbkenberg et al. developed several fluorine-containing C60 deriva-
tives. Solution-processed OTFTs based on these compounds exhibit electron
mobilities up to 0.15 cm2 V−1 s−1 [192]. These devices show enhanced stability
in ambient conditions as compared to standard methanofullerene OTFTs. Far
more ambient-stable C60-based FETs were developed by Chikamatsu et al.
[193] who synthesized new soluble perfluoroalkyl-substituted C60 derivatives
exhibiting electron mobilities as high as 0.25 cm2 V−1 s−1. TFTs based on
[6,6]-phenyl-C61-butyric acid methyl ester ([60]PCBM) (M52, Figure 1.31) and
[6,6]-phenyl-C71-butyric acidmethyl ester ([70]PCBM),materials widely used for
the fabrication of organic photovoltaic devices, have also been recently reported
[194]. Despite the fact that both derivatives form glassy films when processed
from solution, their electron mobilities are high at ∼0.21 and ∼0.1 cm2 V−1 s−1
for [60]PCBM and [70]PCBM, respectively. Although the derived mobility
of [60]PCBM is comparable to the best values reported in the literature, the
electron mobility of [70]PCBM is the highest value reported to date for any
C70-based derivative. Wudl reported the one-pot preparation of two isomeric
imino-PCBMs, that is, [5,6]-open azafulleroid (M53, Figure 1.31) and [6,6]-closed
aziridinofullerene (M54, Figure 1.31). OFETs were fabricated on heavily doped
Si wafers with a 200-nm-thick SiO2 layer with top-contact geometry, yielding
electron mobilities of ∼0.04, ∼0.02, and 0.03 cm2 V−1 s−1 for [5,6]-open APCBM,
[6,6]-closed APCBM, and PCBM, respectively. The higher electron mobility in
the [5,6]-open APCBMOFET can be attributed to its 60 π-electron nature, which
affords a stronger electron-acceptor strength than the [6,6] junctions [195]. Using
C60 and pentacene CMOS NOT logic circuits were also fabricated by Kanbara
et al. [196]. The voltage gain demonstrated was ∼4. Low-voltage CMOS inverters
with C60 (and pentacene) were reported by Kitamura and Arakawa on glass
substrates [197]. The inverter operated at low voltages (1–5V) and the C60 and
pentacene TFTs had high field-effect mobilities of 0.68 and 0.59 cm2 V−1 s−1
and threshold voltages of 0.80 and −0.84V, respectively. As expected from the
threshold voltages of the individual transistors, the inverter operates at supply
voltages of only VDD > 1.64V. The signal gain calculated is in the range −50 to
−150. More recently, Kippelen et al. demonstrated complementary inverters on
PEN substrates [198].
The chemical structures of several perylenes and quaterylene derivatives are

shown in Figure 1.32. Horowitz et al. [199] first demonstrated electron mobili-
ties of∼10−5 cm2 V−1 s−1 with an N ,N′-diphenyl-substituted perylene,M55-A. In
2001,Malenfant et al. [200] reported n-channelOFETs based onN ,N ′-dioctyl PDI
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M55-B (or PDI8) with electron mobility of 0.6 cm2 V−1 s−1 under nitrogen, but
with a high threshold voltage of +75V, which was attributed to a large trap den-
sity. Later, Chesterfield et al. [201] demonstrated that devices with a maximum
mobility of 1.7 cm2 V−1 s−1, an on/off current ratio of 107, and threshold voltages
of 10–15V can be obtained usingM55-B by coating the SiO2 gate dielectric with
poly(α-methylstyrene). Coating of the dielectric with polymers also considerably
improves the air stability of device operation for M55-B, presumably by passify-
ing the acidic silanol groups on the SiO2 surface which can act as electron traps
[202]. Ichikawa et al. [203] demonstrated that the mobility of OFETs based on
N ,N ′-bis-tridecyl M55-C can be increased 103 times to 2.1 cm2 V−1 s−1 by ther-
mal annealing; the thermal treatments improve both the thin-film crystallinity
andmorphology. Bao,Würthner, and coworkers [204] reported that OFETs based
on PDI M56 exhibit mobilities as high as 0.72 cm2 V−1 s−1, which decrease only
slightly after air exposure and remain stable for more than 50 days. As the partial
fluorination has only a small effect on the redox potential (LUMO energy) relative
to N ,N ′-di(alkyl) analogs, the stability was attributed to the hindrance of O2 and
H2O diffusion by the dense packing of the cores and by the fluoroalkyl chains.
Core-cyanated PDIs (M57, Figure 1.32) were first synthesized by Wasielewski

et al. [205].These systems are significantlymore readily reduced than their unsub-
stituted analogs (by about 0.36V); the associated high electron affinity is believed
to be a factor contributing to the high electron mobility (0.10 cm2 V−1 s−1)
achieved in air for OFETs based on PDICy-CN2. Combining partial fluorination
of the N,N′ substituents and 1,7-dicyano substitution in PDIF-CN2 affords a still
higher electron mobility (0.64 cm2 V−1 s−1). The effects of PDIF-CN2 film-growth
conditions on n-channel OFET performance have also been investigated [43];
dramatic enhancements of the on/off current ratio and mobility are obtained
with increased substrate temperature (T s) during film growth, the increased
mobility being correlated with higher levels of molecular ordering and with
minimization of film-surface irregularities [206]. In addition, the effects mod-
ifying the SiO2 surface of the gate dielectric with octadecyltrichlorosilane- or
hexamethyldisilazane-derived monolayers, as well as with polystyrene, were
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investigated for PDIF-CN2 films deposited at T s = 130 ∘C; the SiO2 surface
treatments substantially modulated the mobility and growth morphology of
PDIF-CN2 films. Recently, Morpurgo et al. [207] fabricated OFETs based on
PDIF-CN2 single crystals with PMMA as the gate dielectric, which exhibited
electron mobilities approaching 6 cm2 V−1 s−1, which is 10 times greater than
those of the corresponding thin-film devices, both in air and in vacuum. Fur-
thermore, these devices exhibit near-zero threshold voltage and subthreshold
slopes and current on/off ratios (103–104) comparable to the very best p-channel
single-crystal devices when the same gate dielectric is employed.
Weitz et al. [208] reported air-stable n-channel OFETs based on five dicyano

PDIs with fluorinated linear and cyclic N,N′-substituents (mobilities up to
0.1 cm2 V−1 s−1) and investigated the relationships between molecular structure,
thin-film morphology, substrate temperature, device performance, and air
stability. Interestingly, the mobility degradation rate in air was found to be similar
for all compounds and at all substrate temperatures, raising the question of
whether air stability can always be explained on the basis of kinetic barriers to
O2/H2O diffusion formed by densely packed fluorine substituents. In addition
to core cyanation, core halogenation is an effective way to functionalize the
perylene “bay” positions. Würthner et al. studied a series of core-halogenated
N ,N ′-bis(heptafluorobutyl) PDIs. While the introduction of halogens in the
“bay” positions facilitates reduction, with 1,6,7,12-tetrahalo derivatives being
slightly more readily reduced than their 1,7-dihalo analogs, the more highly
substituted examples tend to exhibit lower mobilities; this can be attributed to
the disruption of core planarity and, therefore, of effective π–π overlap due to
steric interactions [209]. Thus, both the difluoro compoundM58-A (Figure 1.32)
and the parent M56 (Figure 1.32) exhibit densely π-stacked, more-or-less pla-
nar PDI units (torsion angles of 3.0∘ and 1.5∘, respectively, between the two
constituent naphthalene units according to X-ray crystal structures), with the
FET electron mobility of M58-A being around half that of M56. On the other
hand, the perylene core of M58-B (Figure 1.32) is distinctly nonplanar because
of F–F steric interactions (torsion angles 20∘–25∘), leading to less dense and less
regular packing and to mobility that is an order of magnitude lower than that of
M58-A. The tetrabromo derivative M58-F (Figure 1.32) also exhibits about 10
times lower mobility than its dibromo analog,M58-E (Figure 1.32). Furthermore,
1,6,7,12-tetrachloro and bromo derivatives M58-C (Figure 1.32) and M58-F
(Figure 1.32) exhibit mobilities 103 times lower than that of their tetrafluoro
counterpart, M58-B, presumably due to the increased bulk of the substituents
leading to significantly increased torsion angles and reduced intermolecular π–π
interactions. Interestingly, replacing the N ,N′-fluoroalkyl substituents of the
1,6,7,12-tetrachloro M58-C (Figure 1.32) by an N ,N′-pentafluorophenyl groups
in M58-D (Figure 1.32) led to ∼104 times increase in the mobility. Müllen et al.
[210] have pioneered the synthesis of higher rylene diimide dyes and other species
based on extended PDI cores, investigating in detail their thermotropic behavior
and optical properties as well as the details of their microstructure. However,
exploitation of higher rylene diimides in organic electronics is limited to a report
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by Petit et al. [211] on the FET properties of vapor-deposited films of N ,N′-
dipentylterrylene-3,4:11,12-tetracarboxylic diimide derivative M59 (Figure 1.32)
on Si/SiO2 substrates; a maximum electron mobility of ∼0.07 cm2 V−1 s−1 and an
on/off current ratio in excess of 104 were obtained.
Katz et al. [212] reported the only example of an OFET based on a PyDI (M60,

Figure 1.32). The synthesis of PyDI derivatives involves one simple conventional
reaction between amines and pyromellitic dianhydride in dimethylformamide
(DMF) at 110 ∘C. Single crystals of M60 were obtained by slowly cooling hot,
saturated DMF solutions. The unit cell of the single crystal is monoclinic with
a= 10.24Å, b= 11.53Å, and c= 9.28Å, with the crystal packing exhibiting a
close π–π packing between the side-chain benzene ring and the PyDI core.M60
exhibited a mobility of 0.054 cm2 V−1 s−1 in air and very high on/off current
ratios.
The firstOFET based on a rylene diimidewas fabricated using the unsubstituted

NDI, M61-A (Figure 1.32), and yielded electron mobilities of ∼10−4 cm2 V−1 s−1
[213]. Later, Katz et al. demonstrated that the OFET performance could be
greatly improved by functionalizing the NDI core at the nitrogen positions
with n-octyl groups. The compound M61-B (or NDI-8, Figure 1.32) exhibits
electron mobilities of ∼0.16 cm2 V−1 s−1 in vacuum, although almost no FET
activity was measurable in air [214]. It was found that N,N′ substitution with
n-CH2C7F15 groups in M61-C (Figure 1.32) significantly improved the device
air stability, with mobilities of 0.05–0.1 cm2 V−1 s−1 in air [215]. Replacing the
methyl substituents on the N ,N′ benzyl groups ofM62-A (Figure 1.32) with CF3
groups in NDI-E led to 105 times enhancement of the mobility in air. Elongating
CF3 to n-CH2CH2C8F17 further enhances the mobility from 0.12 cm2 V−1 s−1
(M62-B, Figure 1.32) to 0.57 cm2 V−1 s−1 (M62-C, Figure 1.32) [25]. Strikingly,
inserting an ethylene bridge between the nitrogen atoms and the perfluorophenyl
substituents ofM63 (Figure 1.32) to giveM64-A (Figure 1.32) led to a crystalline
rather than an amorphous material and increased the mobility from <10−6 to
0.31 cm2 V−1 s−1 [216]. Shukla et al. [217] reported that, compared to linear
n-hexyl chains, cyclohexyl substituents assist in directing intermolecular π–π
stacking, affording a dramatic increase inmobility from 0.70 (M64-C, Figure 1.32)
to 6.2 cm2 V−1 s−1 (M64-B, Figure 1.32) in vacuum.
The studies described above show the great potential of core-unsubstituted

NDIs. Wasielewski et al. [218] reported two new core-cyanated NDI semicon-
ductors, NDI8-CN (M65-A, Figure 1.32) and NDI8-CN2 (M65-B, Figure 1.32),
which are air-stable, high-mobility, transparent organic n-type semiconductors.
The syntheses of NDI8-CN and NDI8-CN2 were achieved via a new NDI core
bromination–cyanation sequence. The electronic structures of NDI8-CN and
NDI8-CN2 were examined by cyclic voltammetry, optical spectroscopy, and
photoluminescence. Electrochemical reduction potentials in dichloromethane
versus SCE were −0.22V for NDI8-CN and +0.08V for NDI8-CN2, consis-
tent with systematic LUMO energy depression with increasing cyanation.
Importantly, NDI8-CN2 has a reduction potential similar to that of N ,N-
dialkylsubstituted core-cyanated perylenes (PDI, see above) (−0.07V vs SCE);
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therefore, the LUMO/charge-carrier energies in the NDI and PDI materials
should be similar. Optical and photoluminescence spectroscopy of these NDI
derivatives reveals a band gap of >3 eV, reflecting the smaller conjugated core
dimensions. Thus, thin films of these NDIs are transparent in the visible region.
OFET measurements performed in vacuum (<10−6 Torr) reveal optimal aver-
age electron mobilities for NDI8-CN and NDI8-CN2 films of 4.7× 10−3 and
0.15 cm2 V−1 s−1, for films vapor-deposited at 130 and 110 ∘C, respectively.
Interestingly, OFET operation in ambient atmosphere reveals that NDI8-CN
devices undergo severe I–V curve degradation, whereas the NDI-8CN2 devices
exhibit stable operation with only a slightly lower maximum average mobility
of 0.11 cm2 V−1 s−1. The current on/off ratios (Ion:Ioff) can be as high as ∼105
for NDI-8CN and ∼103 for NDI8-CN2 thin films. The lower Ion/Ioff ratio of
NDI8-CN2 was ascribed to a high Ioff, which is likely due to dopants in the
NDI8-CN2 thin films from contacts or donor sites in the dielectric. Top-contact,
bottom-gate, transparent, channel-flexible n-type OFETs were fabricated with
NDI8-CN2 to demonstrate its unique material properties. Thin NDI8-CN2 films
(50 nm) were vapor-deposited onto overhead transparency film coated with a
spin-cast poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS)
polymeric gate, a P-UV-013 (Polyera Corporation) polymer dielectric, and Au
contacts. This air-stable, flexible, transparent OFET exhibited a mobility of
0.03 cm2 V−1 s−1 in ambient atmosphere. An analogous rigid device fabricated on
an ultrasmooth ITO (indium tin oxide)/glass substrate as gate gave a mobility
value of ∼0.08 cm2 V−1 s−1 in ambient atmosphere.
Marks et al. [219] reported the only examples of OFETs based on anthracene-

2,3:6,7-tetracarboxylic diimides. Devices based on ADI8 (M66-A, Figure 1.32)
exhibited a mobility of 0.02 cm2 V−1 s−1 in vacuum, which is 10 times lower than
its NDI counterpart. However, OFETs based on ADI8 cannot be operated in air
because of thematerial’s relatively low electron affinity. Also, in this case, the intro-
duction of cyano groups in the 9,10 positions of the anthracene ring significantly
increases the electron affinity and, therefore, affords improved air stability; devices
based on ADI8-CN2 (M66-B, Figure 1.32) exhibit a mobility of 0.02 cm2 V−1 s−1
but very high current on/off ratios (>107).
In the last few years, several unconventional structures have been designed

and synthesized as n-channel semiconductor candidates. Figure 1.33 collects the
chemical structures of these derivatives. Yamashita et al. [220] have developed
several molecular materials, such as functionalized anthracenes exhibiting elec-
tron mobilities up to ∼5× 10−3 cm2 V−1 s−1, trifluoromethylphenyl-subtituted
thiazole (M67) and thiazolothiazole (M73) oligomers enabling electron mobil-
ities up to ∼2 cm2 V−1 s−1, and tetrathiafulvalene (M68 and M69) derivatives
with electron mobilities up to ∼0.1 cm2 V−1 s−1. Interesting are the perfor-
mances of indenofluorenedione (M74)- and diindenopyrazinedione-based TFTs,
which exhibit electron mobilities approaching 0.2 cm2 V−1 s−1. Tetracene (M72)
and perylene BF2 complexes are also very interesting new electron-deficient
arene semiconductors. Perfluoropentacene (M70) was developed by Sakamoto
et al. [221] and exhibits the highest electron mobility of 0.11 cm2 V−1 s−1.
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Figure 1.33 Chemical structure of n-channel small-molecule semiconductors M67–M74.

The same group also demonstrated the first CMOS circuit using pentacene
as the p-channel counterpart. Particularly interesting are two new trifluo-
romethyltriphenodioxazine derivatives, the devices of which exhibit electron
mobilities approaching 0.1 cm2 V−1 s−1 in ambient conditions [222]. Recently,
dimethyldicyanoquinonediimine (M71, Figure 1.32) was developed as an n-
channel semiconductor to achieve ambient-stable TFTs with electron mobilities
of ∼0.01 cm2 V−1 s−1 [223].
Dicyanomethylene-substituted quinoidal π-conjugated small molecules are

excellent electron acceptors with high structural coplanarity and low-lying
LUMO energy levels. Recently, they have been extensively studied as n-channel
semiconductors for applications in OFETs, and some of them exhibited high
charge-carrier mobilities of ≥0.5 cm2 V−1 s−1. In one of their papers, Zhu
and coworkers [224] reported the design, synthesis, and characterization of
a novel series of DPP-containing quinoidal small-molecule semiconductors
with branched alkyl substituents. M75 and M76 were the first demonstration
of DPP-based small molecules offering unipolar electron transport in OFET
devices (Figure 1.34). Ambient-stable electron mobilities as high as 0.55 and
0.35 cm2 V−1 s−1 (Ion/Ioff = 105–106) were obtained for vapor-deposited films of
M75 and solution-processed films ofM76, respectively.These results showed that
incorporation of a DPP unit to construct a quinoidal semiconductor architecture
was an effective design strategy to enhance the charge-transport characteristics.
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The same group recently reported another quinoidal semiconductor M77
(Figure 1.34), which is a dicyanomethylene-substituted fused tetrathienoquinoid
molecule with branched alkyl substituents [225]. OFET devices fabricated
with solution-cast films of M77, without any post treatment, displayed good
ambient stability and exceptionally high n-channel performance with an electron
mobility of up to 0.9 cm2 V−1 s−1. In a parallel study, Heeney and coworkers [226]
developed another DPP-based semiconductor M78 (Figure 1.34), which has
the same π backbone as M75 and M76 but with a linear alkyl chain (C16H33).
Solution-processed thin films of M78 were prepared with an insulating polymer
binder (PαMS), and the resulting top-gate OFET devices yielded maximum
electron mobilities of 0.5 cm2 V−1 s−1 and Ion/Ioff ratios of 102–103. M78-based
devices showed excellent operating stability when exposed to ambient air for
a prolonged period owing to their low-lying LUMO levels (−4.2 eV). Detailed
thin-film analysis indicated that blended films of M78 and the polymer binder
exhibited strong vertical phase separation, with the DPP molecules diffusing and
crystallizing on the surface of the composite film.
In another study, a new dicyanovinyl-substituted DPP-based molecule M79

(Figure 1.34) was developed as a potential n-channel semiconductor by Park
et al. [227]. The strong electron-withdrawing dicyanovinyl functionalities sta-
bilize the LUMO level while conserving the aromaticity of the DPP-thiophene
core. The authors claimed that the solubility and thin-film crystallinity of M79
were slightly higher than those of dicyanomethylene-substituted quinoidal
molecules M75 and M76. Exceptionally high electron mobilities of up to
0.96 cm2 V−1 s−1 were obtained with solution-processed single-crystal OFET
devices, which is one of the highest achieved to date for DPP-based small
molecules. Polycrystalline OFETs prepared via vapor deposition of M79 also
showed great promise with electron mobilities up to 0.64 cm2 V−1 s−1. The
remarkable crystallinity of M79 in the solid state displaying uniform terraces
along with the well-defined lamellar microstructure contributed to this high
OFET performance.
New promising classes of rylene diimide-based small molecule n-channel

semiconductors have recently been reported by several research groups. One
example of this family is the core-expanded NDI derivatives bearing two
2-(1,3-dithiol-2-ylidene)malonitrile moieties at the central naphthalene core
(M80–M83, Figure 1.34). These molecules were recently reported by Zhu et al.
[228, 229] with varied N-alkyl chain lengths and different branching points. This
study indicated that, although the N-alkyl substituent length has a moderate
influence on thin-film microstructure and OFET performances, the position of
branching point results in significant improvements in molecular packing and
charge-transport characteristics. With this new core-expanded NDI structure,
ambient-stable electron mobilities ranging from ∼0.001 to 3.5 cm2 V−1 s−1 were
observed depending on the nature of side-chain substituent (Figure 1.35). The
highest electron mobility was achieved with the semiconductor M81 which
includes three-branched N-alkyl chains. Thin films of M81 exhibit large grain
sizes with efficient in-plane packing, which enables achieving large electron
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mobilities of up to 3.5 cm2 V−1 s−1. This value of the mobility is currently a
world record for ambient-stable, solution-processed, small-molecule n-channel
OTFTs. Furthermore, an n-channel transistor array was fabricated by inkjet-
printing M83 on flexible substrates, which showed high mobility of up to
0.45 cm2 V−1 s−1 along with good saturation and sharp turn-on characteristics
(Figure 1.36) [230].
Another promising family of core-expanded NDI small molecules was

developed by fusing heterocyclic rings such as thiophene, indole, pyrrole,
pyrazine, and thiazole to the NDI core [231]. Among such semiconductors,
the thiophene-fused NDI derivative M84 (Figure 1.34) was recently designed
and synthesized by Takimiya and coworkers [232] as an attractive structure
for the development of functional π-conjugated materials. Single-crystal X-ray
analysis showed that M84 had a highly planar core with relatively close π–π
stacking (∼3.43Å). Electrochemical and optical studies demonstrated that
the compound had a low-lying LUMO energy level (−4.0 eV) and a small
HOMO–LUMO gap (2.1 eV). Electron mobility as high as 0.05 cm2 V−1 s−1 was
achieved under vacuum, which is comparable to those of related core-expanded
NDIs such as indole-fused NDI (∼0.03 cm2 V−1 s−1) and thiazole-fused NDIs
(∼0.15 cm2 V−1 s−1). Another rylene diimide-based semiconductor family, which
was recently reported by Marder et al. [233], includes bis(NDI) derivatives with
conjugated bridging groups based on heterocyclic ring systems (M85–M87,
Figure 1.34). Solution-processed thin films of M87 exhibited electron mobility
values of up to 1.5 cm2 V−1 s−1. It is noteworthy that, because of the presence
of a strong donor unit in M87, these devices show slight ambipolar behavior
with low hole mobilities (𝜇h = 9.8× 10−3 cm2 V−1 s−1). On the other hand, OFETs
based on M85 and M86 showed unipolar n-channel charge transports with
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appreciable electron mobilities of 0.14 cm2 V−1 s−1 as a result of the decreased
donor strength of the bridging unit. Finally, more recently, Würthner et al. [234]
reported the preparation of high-quality thin films based on the dichlorinated
NDI derivative M88 (Figure 1.34) on bare SiO2 via a solution shearing method.
The OFET devices with these active layers exhibited electron mobilities of up to
0.95 cm2 V−1 s−1 in air. In this study, the authors optimized the device’s processing
parameters to enable the directional growth of large crystalline domains with
high anisotropy. Remarkably, a reversible up to fourfold increase in charge-carrier
mobility (𝜇e = 4.26 cm2 V−1 s−1) was observed under positive bias stress.

1.6
Ambipolar Semiconductors

The vast majority of known organic semiconductors are either hole (p-channel)
or electron (n-channel) transporting materials. However, very recently, ambipo-
lar organic semiconductors have been attracting attention for their potential
use in numerous technologically relevant applications [235]. The discovery of
ambipolarity as a general characteristic of several semiconducting polymers
was made possible by the understanding of the crucial role played by traps of
electrons on the surface of several dielectrics, such as hydroxyl, silanol, and
carbonyl groups. Representative technological examples include the area of
organic microelectronics where patterning of p- and n-channel semiconductors
is one of the major hurdles for the implementation of organic complementary
logic. In this context, the use of ambipolar materials should enable the fabrication
of complementary-like circuits through the use of a single semiconductor that
functions both as p- and/or n-channel, thereby significantly reducing fabrication
complexity [236]. The latest application of ambipolar organic semiconductors is
in bifunctional TFTs such as light-sensing organic organic thin-film transistors
(LS-OTFTs) and organic light-emitting transistors (OLETs) [237]. These types
of OTFTs can combine electrical switching with additional functionalities such
as light sensing or light emission in a single device, making them attractive for
various optoelectronic applications including nanoscale light sources and image-
sensor arrays. Ambipolar OFETs based on a number of different materials have
been reported. These include thermally evaporated small molecules, spin-coated
poly(9,9-dioctylfluorene-alt-benzothiadiazole) (F8BT), single crystals of copper
and iron phthalocyanines, solution-processed nickel dithiolenes, and spin-cast
squaraines. One of the common features in several ambipolar polymers is the
lower bandgap (<2 eV) compared to the corresponding unipolar semiconduc-
tors. This is the result of the typical (but not essential) donor–acceptor-like
structure characterized by copolymerization of electron-rich and electron-poor
heteroaromatic units. However, despite intensive research on ambipolar organic
semiconductors and OFETs, the key material and device properties that enable
ambipolar charge transport have been investigated to a much less extent than for
unipolar charge transport.
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1.6.1
Polymers

Sirringhaus et al. [238] reported the general observation of ambipolar charge
transport in a series of regioregular polyselenophene-based polymers. The
HOMO of polythiophenes has little contribution from the sulfur heteroatom,
whereas the LUMOhas significant electron density on the heteroatom [239]. Poly-
selenophenes were initially developed as promising alternatives to polythiophenes
for OPV cell applications, mainly because of their reduced optical bandgaps.
The regioregular polyselenophenes investigated in that work were poly(3-
octyl)selenophene (P93, Figure 1.37) and poly(3,3′′-di-n-alkylterselenophene)
(P94, Figure 1.37). Two-dimensional, grazing-incidence wide-angle X-ray scat-
tering (GIWAXS) indicated that the films were polycrystalline with the side-chain
stacking mainly along the out-of-plane direction (perpendicular to the substrate)
and π–π stacking in the in-plane direction. TG–BC TFT configurations with
gold source–drain electrodes were employed for all polymers. Polymer P94
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Figure 1.37 Chemical structure of ambipolar polymer semiconductors P93–P98.
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showed clean ambipolar transport characteristics with similar hole and electron
saturation and linear mobilities of >0.01 cm2 V−1 s−1 (PMMA as gate dielectric).
While the saturation mobility values for holes and electrons were similar, some
reversible hysteresis was systematically observed in the transfer characteristics in
the electron transport regime but not in the hole transport regime, thus indicating
the presence of a larger number of shallow traps for electrons than for holes.
Using the same device configuration, TFTs based on P93 exhibited ambipolar
properties in as-spun films, with hole mobilities of ∼0.02–0.09 cm2 V−1 s−1 and
electronmobilities of∼0.004–0.009 cm2 V−1 s−1. Using P94, complementary-like
inverters based on two identical TG–BC ambipolar transistors with a common
gate as input and a common drain as output were fabricated, eliminating the need
for semiconductor patterning. Despite the general fact that none of these TFTs
cannot be fully switched off in such an inverter, the authors obtained very high
gain in switching (absolute value as high as 86), much higher than the previously
reported gain values in inverters composed of ambipolar OFETs [240].
Watson and Jenekhe et al. [241] reported a new naphthalenebiscarboximide-

bithiophene copolymer semiconductor, P95 (Figure 1.37), with an alternating
donor–acceptor architecture consisting of electron-donating dialkoxybithio-
phene and electron-accepting naphthalene bisimide. High-mobility ambipolar
transistors and high-gain complementary-like inverters were fabricated, which
exhibited electron and hole mobilities as high as 0.04 and 0.003 cm2 V−1 s−1,
respectively, and output voltage gains as high as 30. P95-based devices showed
typical ambipolar features, such as a diode-like current increase with current
saturation at high gate voltage in output curves and V-shaped transfer curves with
a narrow off-state. However, the film annealing temperature (Ta = 100–250 ∘C)
had notable effects on the ambipolar P95 transistors. Figure 1.38a shows the
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transfer curves of the ambipolar TFTs, I1∕2SD versus VG, as a function of the
annealing temperature Ta. The saturation electron and hole mobilities extracted
from these transfer curves are shown in Figure 1.38b as a function of Ta. As
Ta was increased from 100 to 200 ∘C, the mobility increased monotonically
from ∼5× 10−4 to ∼0.03–0.04 cm2 V−1 s−1 for electrons and from ∼2× 10−4 to
∼0.002–0.003 cm2 V−1 s−1 for holes. About two orders of magnitude improve-
ment in electron mobility was observed, while the hole mobility improved by 10
times. No significant change in the charge-carrier mobilities was observed for
Ta > 200 ∘C. Unlike the carrier mobility and threshold voltage (Figure 1.38c), the
current on/off ratios for the p- and n-channel operation were not affected by the
annealing temperature.
Winnewisser et al. [74] reported on a new low-bandgap DPP-based polymer

semiconductor (P96, Figure 1.37) with marked ambipolar charge-transport prop-
erties. Solution-processed devices using polymeric insulators (PVP (poly(vinyl
pyrrolidone)) or PMMA) and an inorganic gate dielectric (octyltrichlorosilane-
treated SiO2) showed ambipolar behavior. The latter insulator resulted in
the highest field-effect mobilities, reaching ∼0.1 and up to ∼0.09 cm2 V−1 s−1
for holes and electrons, respectively. These values are larger by an order of
magnitude than the highest ones previously reported for solution-processed
ambipolar transistors. Ambipolarity in this material is not limited to one
particular transistor architecture but has been observed in five different con-
figurations including transistors with solution-processed gate dielectrics in
bottom-gate as well as top-gate structures. When driven under appropriate
bias conditions, the ambipolar P96 transistors emit near-infrared light. This
was the first time that NIR light emission was reported for organic transistors
with polymer gate dielectrics as well as for top-gate transistors (Figure 1.39). A
similar structure, P97 (Figure 1.37), was reported by Janssen et al. [242], which
exhibited ambipolar transport with balanced electron and hole mobilities in the
range of ∼0.01 cm2 V−1 s−1, making it an interesting candidate for CMOS-like
circuits.
To enable ambipolarity and simultaneously produce soluble low-bandgap

polymers, Reynolds et al. [243] utilized the strong donor dithieno[3,2-b:2′,3′-
d]pyrrole (DTP) functionalized with a trialkoxyphenyl group, combined with
a strong acceptor based on benzo[1,2-c;4,5-c′]bis[1,2,5]thiadiazole (BBT) to
produce the interesting polymer P98 (Figure 1.37). This strategy provides a
high-lying HOMO, planarity for π stacking, and solubility in the polymers due to
the long-chain alkoxy substituents. This polymer is spray-processable and shows
an optical bandgap of only 0.5–0.6 eV, which is the lowest value reported for a
soluble polymer. In electrochemical cells, four differently colored redox states
of the polymer can be accessed at moderate potentials and have good stability.
This polymer also shows potential for use in ambipolar OFETs, with respectable
mobilities of 1.2× 10−3 and 5.8× 10−4 cm2 V−1 s−1 measured for p-channel and
n-channel operation, respectively.
In a recent report by Pei et al. [244], ambipolar charge-transport behavior

was observed for the first time in isoindigo-based donor–acceptor π-conjugated
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Figure 1.39 Microscopy images of an oper-
ating light-emitting bottom-gate FET. (a)
Transistor with interdigitated source–drain
electrodes under external illumination. The
electrode fingers are 20mm wide and the
distance between them (i.e., the channel
length L) is 10mm. (b–f ) NIR light emit-
ted by the transistor when driven with

Vd = 140 V (the drain electrode is the one
contacted from the right side) and Vg = 30,
80, 84, 88, and 100 V, respectively. The cam-
era settings were not changed during this
series. The white arrow marks the position of
the second source finger from the top [74].
(Reproduced with permission. Copyright ©
2008, John Wiley & Sons, Inc.)

polymers. The new polymer P99 (Figure 1.40) was synthesized with alternating
fluorinated isoindigo and bithiophene units. As a result of fluorination, P99
had an effectively lowered LUMO level (ΔLUMO=−0.2 eV), and the electron
mobility increased from 10−2 to 0.43 cm2 V−1 s−1 in ambient compared to the
non-fluorinated isoindigo-based polymers. The most impressive feature of P99
is that it still maintains a high hole mobility of up to 1.85 cm2 V−1 s−1 in ambient
(Figure 1.41). This polymer represents the first ambipolar polymer based on an
isoindigo building block. GIXD and AFM studies indicated that the introduction
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Figure 1.40 Chemical structure of ambipolar polymer semiconductors P99–P111.

of fluorine in an electron-deficient isoindigo core led to enhanced crystallinity
with a differentmolecular packing.The structural influence of fluorine is based on
the planarizing interaction of the fluorine on the isoindigo with the β-hydrogen
on the bithiophene. The authors also believe that the strong crystallinity and
dense, ordered packing of P99 contributes to its improved ambient stability. The
same group recently extended the halogenation strategy to chlorine atoms as well
by developing an efficient chlorination reaction to engineer the isoindigo-based
polymers [245]. Two new copolymers P100 and P101 containing a dichlorinated
isoindigo unit as acceptor and bithiophene and biselenophene building blocks
as donor were realized (Figure 1.40). Polymer FETs fabricated with the new
ambipolar polymers in a TG–BC configuration showed high hole mobilities of
up to 1.05 cm2 V−1 s−1 and balanced electron mobilities of up to 0.72 cm2 V−1 s−1.
In addition, complementary-like inverters based on P100 and P101 showed
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Figure 1.41 (a) Schematic diagram of a
TG–BC OFET device structure based on P99.
(b) The transfer and (c) output characteristics
of P99-based devices fabricated in ambi-
ent. OFET devices (L= 50 μm, W = 1000 μm)

were fabricated with CYTOP (500 nm thick-
ness, Ci = 3.7 nF cm−2) [244]. (Reproduced
with permission. Copyright © 2012, American
Chemical Society.)

sharp signal-switching with high gains of up to 48. This report is the first study
demonstrating that chlorination is an effective design strategy to tune the
optoelectronic properties of semiconducting polymers and improve their device
performances.
DPP-based donor–acceptor polymers have recently become very promising

to demonstrate balanced and high ambipolar charge-transport characteristics.
Ambipolarity of DPP-containing copolymers is attributed to their optimized
molecular orbital architectures and energy levels, which enables donor and
acceptor orbital hybridization and extends HOMO and LUMO distributions
along the π backbone. Although the first DPP-based ambipolar polymer was
reported with mobilities of 0.1 and 0.09 cm2 V−1 s−1 for holes and electrons,
respectively, much higher mobilities (≥1 cm2 V−1 s−1) were recently achieved
with modified chemical structures [246]. In one of these reports, a DPP-based
conjugated polymer, P102 (Figure 1.40), was synthesized by Sirringhaus and
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McCulloch et al. [247] with thiophene and thienothiophene comonomers. This
polymer possesses proper HOMO (−5.33 eV) and LUMO (−4.07 eV) energy
levels with a low bandgap of 1.26 eV, which enables efficient and balanced
ambipolar charge injection and transport. As a result, ambipolar OFETs with
high, balanced hole and electron mobilities of 1.4–1.6 cm2 V−1 s−1 were achieved
upon careful optimization of the device architecture, charge injection, and poly-
mer processing. In another recent study, Yang and coworkers developed a new
polymer P103 based on dithienyl-diketopyrrolopyrrole (TDPP) and selenophene
building blocks with siloxane-terminated solubilizing groups (Figure 1.40) [248].
Extraordinarily high hole and electron mobilities of 3.97 and 2.20 cm2 V−1 s−1
with relatively well-balanced polarities were achieved for solution-sheared OFET
devices made from P103. This ambipolar behavior is attributed to the synergistic
combination of rational polymer backbone design, side-chain dynamics, and
favorable solution processing. Additionally, in this study, CMOS-like inverters
based on two identical ambipolar transistors of P103 were fabricated, which
yielded a gain of 18.0. Following this initial report, the same group demonstrated
further improvement of charge-carrier mobilities based on P103 π backbone via
hybrid side-chain engineering [249]. In this study, two additional polymers (P104
and P105) were synthesized with different alkyl spacer lengths to systematically
study its effect on the ambipolar performance (Figure 1.40). The main goal
was to induce denser molecular packing in polymer thin film and to facilitate
charge transport through 3D conduction channels. Thin films of P104 with
pentyl spacers were found to exhibit the most optimized three-dimensional
charge transport, yielding exceptionally high hole and electron mobilities of 8.84
and 4.34 cm2 V−1 s−1, respectively. In this study, it was found by GIXD charac-
terizations that shorter alkyl spacer groups induced smaller lamellar spacing
with a close π–π stacking distance compared to the longer chains, which led to
enhanced charge transport in the as-prepared films (Figure 1.42). Additionally,
the solution-shearing method resulted in dramatically improved performances
compared to drop-casting technique as a result of improved alignment of the
polymer grains. Charge-carrier mobility of P104 currently represents the best
ambipolar OFET performance reported to date with relatively well-balanced
polarities.
Another promising acceptor building block, which was only recently incor-

porated into donor–acceptor polymers, is benzobisthiadiazole (BBT). BBT is a
14π electron system with a tetravalent sulfur atom. This core has a high electron
affinity asbecause it generates a more stable Kekulé-type thiadiazole moiety upon
accepting an electron. In the past few years, Wudl and Heeger et al. [250, 251]
reported a family of BBT-based polymers with various donor spacers.The general
observation was that ambipolar behavior is universal for these polymers owing
to their very low band gaps and proper HOMO/LUMO energy levels. One of
these polymers, P106 (Figure 1.40), consists of two coupled acceptor units, that
is, BBT and DPP, along with a thiophene-based donor moiety. This polymer
exhibited excellent ambipolar transistor performance with mobilities exceeding
1 cm2 V−1 s−1 for both electrons and holes. In this polymer, the BBT moiety was
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Figure 1.42 GIXD images of drop-cast
TDPPSe-based copolymer films annealed at
220 ∘C. (a) P105 (PTDPPSe-SiC4), (b) P104
(PTDPPSe-SiC5), (c) P103 (PTDPPSe-SiC6),
and (d) TDPPSe-based copolymer containing

2-octyldodecyl chains (PTDPPSe-ref ). The cor-
responding GIXD diffractogram profiles. (e)
In-plane and (f ) out-of-plane GIXD patterns
[249]. (Reproduced with permission. Copy-
right © 2013, American Chemical Society.)

found to strengthen the interchain interactions providing higher thermal stability
and higher OFET performance, compared to the reference polymers with no BBT
unit. P107 (Figure 1.40) is another recently synthesized ambipolar polymer con-
taining a bi(thiophen-2-yl)-thieno[3,2-b]thiophene donor alternating with a BBT
acceptor in the polymer backbone. This polymer exhibited an ultralow bandgap
of 0.56 eV with HOMO and LUMO energy levels located at −4.36 and −3.80 eV,
respectively, as a result of enhanced interactions between strong acceptor and
strong donor units. This semiconducting polymer exhibited nearly balanced
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electron and hole mobilities as high as 0.7 and 1.0 cm2 V−1 s−1, respectively,
under an inert atmosphere. Inverters fabricated with only P107-based transistors
exhibited a high gain of 35, which is much higher than values usually obtained
for unipolar logic.
NDI is a well-known electron-deficient core with favorable optoelectronic

properties, which has been successfully applied to high-performance n-channel
polymer semiconductors. Nonetheless, there have been only a limited number
of reports on its ambipolar behavior, especially in polymers with both electron
and hole mobilities exceeding 0.1 cm2 V−1 s−1. Recently, Noh and Facchetti
et al. [252] demonstrated that hole transport and injection for the well-known
n-channel polymer P(NDI2OD-T2) could be significantly enhanced by using a
fluorinated high-k dielectric (Figure 1.43). Balanced hole and electron mobilities
of ∼0.1 cm2 V−1 s−1 were obtained in the TG–BC device configuration. The
observed hole mobility increase was attributed to the dielectric surface C–F
dipoles and not to the bulk effects. In a parallel study, Liu and coworkers [253]
reported the synthesis of two novel donor–acceptor copolymers P108 and
P109 based on (NDI) acceptor and (E)-2-(2-(thiophen-2-yl)vinyl)thiophene
(TVT) donor (Figure 1.40). The incorporation of a TVT unit into polymer back-
bone effectively promoted intermolecular π–π stacking and enhanced charge
transport. Additionally, the HOMO level increased from −5.82 to −5.61 eV
while the energy level of LUMO was maintained at −3.90 eV, thus facilitating
both hole and electron injection/transport. TG–BC FETs fabricated with these
polymers yielded high hole and electron mobilities of 0.30 and 1.57 cm2 V−1 s−1,
respectively. This is among the best ambipolar performance reported to date in
NDI-based polymers. Additionally, ambipolar inverters fabricated with P108
exhibited a sharp signal switching with a high gain of 155 in ambient.
Recently, two new thiophene-fused, core-extended, diimide-based building

blocks were reported in ambipolar semiconducting polymers [232, 254]. In these
polymers P110 and P111 (Figure 1.40), the acceptor units are thiophene-fused
NDI and coronenediimide cores, respectively, while the donor units are based
on electron-rich thiophene. These polymers showed small optical bandgaps
(1.9–2.1 eV) with favorable HOMO and LUMO energy levels located at −5.6
and −3.7 to −4.4 eV, respectively. Solution-processed ambipolar OFETs have
been demonstrated, yielding charge-carrier mobilities up to 0.30 cm2 V−1 s−1
(electron) and 0.1 cm2 V−1 s−1 (hole) for P110, and 0.30 cm2 V−1 s−1 (electron)
and 0.04 cm2 V−1 s−1 (hole) for P111. Although these results are not among
the best, it indicates that through rational design and synthesis, core-extended,
π-conjugated, diimide-based building blocks are promising for ambipolar OFETs.

1.6.2
Small Molecules

Bao et al. reported the acene-based semiconductors M89–M91 (Figure 1.44).
CompoundM89 exhibited balanced ambipolar performance with a hole mobility
of ∼0.1 cm2 V−1 s−1 and electron mobility of 0.133 cm2 V−1 s−1 in nitrogen [255].
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Figure 1.44 Chemical structure of ambipolar small-molecule semiconductors M89–M96.

M90 was reported as the constitutional isomer of M92 with only a different
position of the N atom [256]. M92 (Figure 1.44) showed only high electron
mobility while M90 exhibited ambipolar performance with a hole mobility of
0.22 cm2 V−1 s−1 and an electron mobility of 1.1 cm2 V−1 s−1. Note that the high
electron performance could only be obtained in vacuum, and when tested in
ambient air, the electron mobility decreased to the range of 10−3 cm2 V−1 s−1
because of the electron trapping of oxygen or water. M91 OFETs showed
performance similar to that of M89 [257]; An M90-based CMOS-like inverter
with high gain up to 180 was also reported [258]. All these three acene-based
semiconductors showed ambipolar performance only in vacuum or inert atmo-
sphere because of their relatively high LUMO level.M93 andM94 were reported
with similar chemical structures by the same group (Figure 1.44). They are a
kind of natural material for ambipolar OFETs and circuits.M93- andM94-based
OFET devices were fabricated on the natural resin shellac substrates, and Al
was employed as gate electrode and AlOx/tetratetracontane for dielectric layer.
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Ambipolar performance was observed in vacuum, but after extensive exposure
to air, n-channel performance showed deterioration in both M93 and M94
OFETs [259]. One interesting thing is that, apart from tetratetracontane, only
evaporated polyethylene films allowed the observation of ambipolar transport
in M94-based OFETs. M94 did not show any semiconductor behavior on other
investigated dielectrics, that is, poly(vinyl alcohol), shellac, melamine, adenine,
and guanine, as well as plain aluminum oxide. Complementary-like inverter
circuits were fabricated with both M93 and M94, and the highest gain of
255 was obtained, which is one of the highest reported for organic ambipolar
devices.
Single-crystal OFETs based on highly luminescent oligo(p-phenylenevinylene)

derivativesM95a–M95c (Figure 1.44) were reported by Nakanotani et al. [260].
All the OFETs based on M95a–M95c showed ambipolar behavior, in which
M95c-based OFETs exhibited balanced hole and electron mobilities both higher
than 0.1 cm2 V−1 s−1. Intense electroluminescence was also observed in the chan-
nel ofM95c single-crystal-based OFETs.M96a–M96c (Figure 1.44) are recently
reported tetrathiafulvalene-fused NDI derivatives with a low LUMO energy level
of −4.3 eV. Ambipolar behaviors were obtained for all the M96a–M96c-based
OFETs in ambient air because of their low LUMO level [261]. However, the
mobility was relatively low (about 10−4 cm2 V−1 s−1) for M96a–M96c OFETs.
The highest mobilities of up to 0.03 and 0.003 cm2 V−1 s−1 were observed for
holes and electrons, respectively, forM96c-based devices.
Wang and coworkers developed an ambient-stable, ambipolar, DPP-based

oligomerM97 with cyano terminal functionalities (Figure 1.45).M97 was found
to exhibit a very low bandgap of 1.48 eV with HOMO and LUMO energies of
−5.45 and −3.74 eV, respectively. Bottom-gate/top-contact OFETs fabricated by
solution-processing of M97 exhibited hole and electron mobilities of 0.07 and
0.03 cm2 V−1 s−1, respectively, under ambient conditions [262]. This performance
is currently among the highest for solution-processable, ambipolar, small-
molecule semiconductors measured under ambient conditions. The authors also
synthesized a reference oligomer without cyano groups, which exhibited only
p-channel behavior. The ambient ambipolar characteristic ofM97 was attributed
to its relatively low-lying LUMO and dense intermolecular packing.
In a recent study by Nishinaga and Kunugi et al. [263], a new sulfur-bridged

tetra[2,3-thienylene] semiconductor (M98, Figure 1.45) with (triisopropylsi-
lyl)ethynyl groups was synthesized and characterized in single-crystal FET
devices. M98 has a narrow HOMO–LUMO gap of 1.9 eV because of the
antiaromatic cyclooctatetraene core. OFET devices based onM98 single crystals
exhibited ambipolar characteristics with hole and electronmobilities of up to 0.40
and 0.18 cm2 V−1 s−1, respectively. Different from the previous donor–acceptor
approaches, ambipolarity of a small-molecule semiconductor was achieved
for the first time with antiaromaticity. This is a novel and effective strategy
to realize high and balanced ambipolar charge transport, because it does not
lead to HOMO and LUMO localization on separate donor and acceptor units.
Another example of an antiaromatic, small-molecule, ambipolar semiconductor,
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which was recently reported by Haley and coworkers, is 6,12-diarylindeno[1,2-
b]fluorene (IF). A single crystal of the pentafluorophenyl-substituted IF derivative
M99 (Figure 1.45) yielded ambipolar OFET devices with hole and electron
mobilities of 7× 10−4 and 3× 10−3 cm2 V−1 s−1, respectively [264].
Quinoidal oligothiophene derivatives have shown great promise for the real-

ization of ambipolar OFETs. Aoyama et al. [265] reported high-performance,
air-stable, solution-processed ambipolar M100 (Figure 1.45) with hole and
electron mobilities of 0.1 and 0.006 cm2 V−1 s−1, respectively. This semiconductor
exhibits an extremely low bandgap of ∼0.9 eV in the solid state, which enables
efficient injection of both charge-carrier types. The same group recently reported
more optimized device structures with M100, which yielded more balanced
hole and electron mobilities of 0.08 and 0.015 cm2 V−1 s−1, respectively [266].
In this study, the relationship between OFET performance and semiconductor
film thickness was explained on the basis of the effects of grain boundaries and
contact resistances.
In another study by Nguyen et al. [267], ambipolar charge transport in a

solution-processed thin film of newly synthesized bis-DPP compound, M101
(Figure 1.45), was investigated with a low-work-function (Φm = 2.7 eV) Ba elec-
trode. M101 includes two electron-accepting units, DPP and benzothiadiazole,
along with thiophene-based donor units. Ambipolar OFETs fabricated with
M101 showed hole and electron mobilities of up to 0.016 and 0.015 cm2 V−1 s−1,
respectively. Thermal annealing at 150 ∘C was found to be critical to enhance
field-effect mobilities of M101 due to the formation of continuous grain
boundaries with low surface roughness (Figure 1.46). Larger crystalline domain
formation at 240 ∘C leads to discontinuous grain boundaries, which deteriorates
charge-transport characteristics. Additionally, in M101-based OFET devices,
electron injection was greatly enhanced by using low-work-function Ba contacts,
leading to an improvement of electron current at the saturation regime.
Müllen et al. [268] utilized a discotic dye M102 (Figure 1.45) as an ambipolar

semiconductor in solution-processed OFETs. M102 includes a quaterrylenedi-
imide π backbone with swallow tails, and the design rationale was that the
conjugation of perylenediimides was extended along the long axis to effectively
increase the HOMO energy level without effecting the LUMO level. Hole and
electron mobilities of ∼10−3 cm2 V−1 s−1 were obtained in solution-processed
bottom-gate/bottom-contact OFETs. For this semiconductor, ambipolarity was
found to be lost after a thermal treatment, which was attributed to a change
in morphology. Another solution-processable, rylenediimide-based, ambipo-
lar semiconductor, terrylenediimide M103 (Figure 1.45), was developed by
Müllen and Sirringhaus et al. [269]. When applied in a TG–BC OFET struc-
ture with a polycyclohexylethylene-based gate dielectric, M103-based devices
exhibited ambipolar transport with electron and hole mobilities of 7.2× 10−3
and 2.2× 10−3 cm2 V−1 s−1, respectively. Spin-coated, annealed M103 films
indicated a terraced crystalline microstructure with an “edge-on” molecular
orientation, a favorable packing arrangement for charge transport in the plane of
the film.
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Figure 1.46 2 μm× 2 μm AFM topographic
images of M101 films prepared at different
conditions. (a) As cast, and annealed at (b)
120 ∘C, (c) 150 ∘C, (d) 200 ∘C, and (e) 240 ∘C.

(f ) root-mean-square (RMS) film roughness
versus the annealing temperature [267].
(Reproduced with permission. Copyright ©
2012, John Wiley & Sons, Inc.)

The first successful synthesis of a tetrathienyl-fused tetracene diimide M104
(Figure 1.45) was reported by Chi et al. [270] via a FeCl3-mediated oxidative
cyclodehydrogenation reaction.The design strategy was tomake a core expansion
from a smaller NDI building block with the aim of obtaining a low bandgap
(1.52 eV) as a result of strong intramolecular donor–acceptor interactions.M104
showed a liquid-crystalline behavior and ambipolar charge transport in thin-film
FETs.The devices exhibited typical ambipolar behavior in ambient, with hole and
electron mobilities approaching 10−3 cm2 V−1 s−1 and Ion/Ioff ratios of 103–104. It
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is noteworthy that the hole transport of M104 could only be obtained when the
devices were measured in ambient, which indicated that it was most likely due to
doping by molecular oxygen.
Solution-processed, small-molecule, bulk heterojunction (BHJ), ambipolar

OTFTs were very recently reported by Chu et al. [271] based on a combination
of two heteroacene-based p-channel small molecules and C60. An optimized
blending of two p-channel semiconductors with the n-channel semiconductor
C60 results in an efficient charge-transport network with balanced hole and elec-
tron mobilities of 0.03 and 0.02 cm2 V−1 s−1, respectively. Complementary-like
inverter with a large transfer gain of 115 was achieved by using these blend-based
ambipolar transistors.
Würthner and coworkers [272] recently reported a new core-cyanated isoindigo

derivative M105 (Figure 1.45) with a decreased LUMO level of −3.88 eV. The
synthesis was achieved via palladium-catalyzed cyanation of a core-brominated
isoindigo compound. As shown in Figure 1.47, the crystal structure of M105
reveals a highly planar core adopting a favorable packing with face-to-face π–π
contacts with a minimum interplanar spacing of 3.22Å and hydrogen bonding
between cyano and CH units (Figure 1.47c). OFET devices fabricated via vacuum
deposition on pentadecylfluorooctadecylphosphonic acid (FOPA)-modified
substrates exhibit ambipolar behavior with very good Ion/Ioff ratios of 105–106
and electron and hole mobilities of 0.11 and 0.045 cm2 V−1 s−1, respectively.
However, only n-channel transport was observed with other self-assembled
monolayers such as n-tetradecylphosphonic acid, which is most likely due to
the absence of polarization of the active layer by the electronegative fluorine
substituents of the FOPA.

(a) (b)

(c)

Figure 1.47 Molecular structure of M105 (a)
and solid-state packing (b,c). In (b), the one-
dimensional face-to-face π–π stacking and
in (c) the hydrogen bonding between cyano
and CH groups are shown (the details for the
C–H· · ·N H-bonding are as follows: H· · ·N

2.40 Å, C· · ·N 3.3339(15) Å, and C–H· · ·N
168∘). Hydrogen atoms are partially omitted
for clarity [272]. (Reproduced with permis-
sion. Copyright © 2014, The Royal Society of
Chemistry.)
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A new family of cyclopent[hi]aceanthrylene derivatives, which have a
cyclopentadiene moiety to accept electrons, was synthesized by Miao et al.
[273] as potential ambipolar semiconductors. Similar to fullerenes, cyclopenta-
fused polycyclic aromatic hydrocarbons exhibit low LUMO energy levels
because the five-membered ring tends to form aromatic cyclopentadienide
structure (6π-electrons) by accepting one additional electron. M106 and M107
(Figure 1.45) are two examples of this family with low LUMO energy levels of
about −3.6 eV and balanced HOMO levels of about −5.4 eV. OFET devices with
thermally evaporated films ofM106 andM107 as semiconductor layers exhibited
ambipolar characteristics, and hole and electron mobilities as high as 0.21 and
0.10 cm2 V−1 s−1, respectively, were achieved. This study demonstrates that the
incorporation of a cyclopentadiene unit into π-conjugated cores is an effective
strategy to realize ambipolar charge transport.

1.7
Conclusions

In this chapter, we reviewed several first-generation and recently reported molec-
ular and polymeric semiconductors for TFTs. It is now clear that during the last
2–3 years impressive performance, now approaching that of polycrystalline sil-
icon, have been achieved. p-Channel semiconductors based on small molecules
now achieve field-effect mobilities of ∼30 cm2 V−1 s−1, also when processed from
solution. Polymeric p-channel TFTs have reached new heights, with hole mobili-
ties unthinkable only few years back and surpassing 10 cm2 V−1 s−1. Implemented
into a commercially relevant process, thesematerials could be useful in fabricating
unipolar backplane arrays for electrophoretic as well as LCD and possibly OLED
displays. The performance of n-channel semiconductors continues to lag behind
that of p-channel devices, but small molecules have now demonstrated electron
mobilities as high as 7 cm2 V−1 s−1 whereas polymers as high as ∼1 cm2 V−1 s−1.
These results are encouraging for enabling the design of complementary circuits.
Ambipolar semiconductors, where both hole and electron transport is promoted
by the sign of the gate bias, have also experienced dramatic performance improve-
ments, with balanced ambipolarmobilities surpassing 1 cm2 V−1 s−1. However, the
stability and reproducibility of this performance remains an issue for practical
application in, for example, CMOS and light-emitting transistors. All these results
combined clearly demonstrate that electronics based on organic semiconductors
will be part of a new generation of widely employed products.
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