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Abstract
Research on semiconducting polymers is an interdisciplinary field that requires a wide range of knowledge ranging from
polymer syntheses to electronics applications. Clarifying the correlations between chemical structures and physical
properties leads to a better understanding of these materials. To find suitable application fields, it is necessary to repeatedly
prepare polymer samples with slightly different chemical structures and evaluate their physical properties. The author’s
group started their research with the aim of developing high-performance semiconducting polymers that exhibited high
charge carrier mobilities in thin film transistors, and this has recently been expanded to polymers that emit light in the near-
infrared region.

Introduction

Similar to silicon, organic semiconductors with p-type
semiconducting properties transport holes, and those with n-
type semiconducting properties transport electrons. They
can be used in organic electronic devices, including solar
cells and thin-film transistors, and have garnered significant
interest in both fundamental science and applied research.
This is partly because organic semiconductors can be
implemented into flexible and stretchable electronics. Fine
control of the weak intermolecular interactions in supra-
molecular chemistry enables the production of self-healing
organic electronic devices, which is difficult to achieve with
silicon-based devices. It is apparent from many studies of
organic semiconductors that the development of n-type
semiconducting polymers has lagged behind that of p-type
semiconducting polymers [1]. While hole mobilities
exceeding 10 cm2 V−1 s−1 have been reported for some

p-type semiconducting polymers [2], such high mobilities
are not easily obtained for n-type semiconducting polymers.
This is due to the difficult molecular design and the fact that
n-type semiconductors are intrinsically unstable under
atmospheric conditions.

There are several methods used for evaluating charge
transport, but in this study, bottom-gate top-contact thin-
film transistors were fabricated and evaluated. A series of
studies has shown that the mobilities mainly depended on
the polymer crystallinity and that the direction of charge
transport depended on the polymer orientation. Since it is
not possible to make a single polymer that is long enough
to connect electrodes several millimeters in length, the
charge carriers proceed by hopping in the π-π stacking
direction of the polymer. Accordingly, the higher the
crystallinity and the shorter the π-π stacking distance, the
higher the mobility. In the case of transistors, edge-on
orientations are more suitable than face-on orientations
because the carriers flow between the electrodes in a
direction horizontal to the gate electrode [3]. In the fol-
lowing sections, thin film transistors of organic semi-
conducting polymers that were developed in my laboratory
are shown. After optimization of the polymer structures,
some of the highest electron mobilities known for thin film
transistors were achieved (Supporting Information).
Finally, the near-infrared emission properties of some
narrow band gap polymers, which were found during the
course of this study, are introduced.
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Effect of molecular weight on the transistor
performance

First, naphthalenediimide (NDI) and benzothiadiazole (BT)
were chosen as common acceptors with which to produce
crystalline polymers, and the resulting donor-acceptor type
polymers pBTT were designed and synthesized via Pd-
catalyzed Stille polycondensation (Scheme 1) [4]. The
polymerization conditions were initially optimized. When
the solvent was changed from toluene to chlorobenzene, the
number-average molecular weight (Mn) of the resulting
polymer increased from 29.8 to 67.5 kg mol−1 due to the
higher solubility in chlorobenzene (entry 2, Table 1). It was
also found that a small amount of CuI improved the cata-
lytic efficiency and furnished a higher molecular weight
polymer with a Mn of 74.8 kg mol−1 (entry 3, Table 1). The
optimum CuI amount was determined to be 15 mol%, and it
yielded a polymer with a Mn of 116.4 kg mol−1 (entry 5,
Table 1).

As there was a series of pBTTs with different mole-
cular weights, the effect of the molecular weight on charge
transport in the thin film transistors was investigated. A
bottom-gate top-contact device was fabricated by spin-
coating a pBTT solution on an octadecyltrimethoxysilane
(OTMS)-treated n+-Si/SiO2 substrate followed by thermal
annealing under optimized conditions. This polymer
exhibited ambipolar properties, i.e., it transported both
holes and electrons. The carrier mobilities were plotted as
a function of the molecular weight (Fig. 1). Both the hole
and electron mobilities increased with increasing mole-
cular weight and reached maxima at a molecular weight of
just under 90,000. The polymer synthesized in chlor-
obenzene with 10 mol% CuI exhibited an optimized hole
mobility (μh) of 0.92 cm

2 V−1 s−1 and an electron mobility
(μe) of 0.19 cm2 V−1 s−1. Recently, there was a similar
report indicating that the critical polymerization degree
leading to maximum charge carrier mobilities was in the
range of 45–60 repeat units [5]. This can be explained by
the fact that in the low molecular weight range, the
crystalline domains did not grow sufficiently, which
resulted in low mobility, while in the high molecular
weight range, the polymer chains were too highly entan-
gled, which suppressed intermolecular charge transport via
π-π interactions.

From benzothiadiazole to
benzobisthiadiazole

Next, BT was replaced with a stronger acceptor, namely,
benzobisthiadiazole (BBT). BBT was first reported by Yama-
shita in 1994 [6], but its semiconducting polymers were not
realized for more than a decade. In 2011, Wudl et al. reported
the first BBT-based semiconducting polymers [7–9]. A
series of BBT-based semiconducting polymers displayed
ambipolar-type transistor properties with mobilities exceeding
1.0 cm2 V−1 s−1. However, there was room for improvement in
the thin film crystallinity and the on/off ratios of their transis-
tors. The first BBT-based polymer developed by our group was
PBBT-Tz-FT, which had the highest occupied molecular
orbital (HOMO) level of −5.42 eV and the lowest unoccupied
molecular orbital (LUMO) level of −3.80 eV (Fig. 2) [10].
Because these HOMO and LUMO levels were suitable for
charge injection, the thin film transistor based on this polymer
exhibited ambipolar behavior. The as-cast film showed a hole
mobility (μh) of 1.7 × 10−3 cm2 V−1 s−1 and an electron
mobility (μe) of 1.3 × 10−3 cm2 V−1 s−1. Thermal annealing
improved the crystallinity of the polymer thin film, resulting in
an increase in the mobility. The optimum annealing tempera-
ture was approximately the glass transition temperature of
170 °C, and μh and μe were 6.8 × 10−3 cm2 V−1 s−1 and
1.5 × 10−2 cm2 V−1 s−1, respectively.

One of the sulfur atoms in BBT was then substituted with
another atom. For example, PSeS was synthesized by

Scheme 1 Polymerization of
NDI and BTT monomers to
form pBTT

Table 1 Polymerization conditions for the NDI and BTT monomersa

Entry Solvent CuI
(mol%)

Mn

(kg mol−1)b
Mw/Mn

c Yield (%)d

1 Toluene 0 29.8 2.6 48

2 Chlorobenzene 0 67.5 3.3 58

3 Chlorobenzene 5 74.8 3.0 78

4 Chlorobenzene 10 86.0 3.1 84

5 Chlorobenzene 15 116.4 3.4 92

6 Chlorobenzene 20 92.5 3.2 86

aPolymerization was performed under reflux in the presence of
Pd2(dba)3 (3 mol%) and P(o-tolyl)3 (12 mol%) for 48 h under N2
bNumber-average molecular weight
cPolydispersity index
dYield of pBTT
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replacing a S with Se, which produced a localized LUMO
on the triply fused conjugated framework. Accordingly, this
change resulted in a deeper LUMO level of −3.86 eV.
Deeper LUMOs generally increase the electron injection
efficiency and improve the electron mobility. The thin film
transistor based on PSeS displayed an improved μe of
0.087 cm2 V−1 s−1 [11].

Similar to the Se substitution, one of the S atoms in BBT
was replaced by nitrogen to produce thiadiazolobenzo-
triazole and the corresponding polymer, PSN. It was found
that the sp3 hybridized nitrogen atoms increased the
electron-donating properties due to an inductive effect,
which elevated the HOMO level. PSN had a shallow
HOMO level of −5.21 eV, which facilitated hole injection
and improved the μh by approximately 100 times to
0.65 cm2 V−1 s−1 [11].

Nitrogen substitution exhibited another good character-
istic: it could introduce an additional alkyl side chain on the
nitrogen atom. Since the BBT unit has low solubilities in
common organic solvents, alkylated thiophene rings are
usually added to provide sufficient solubility. However, it
has been noted that this alkyl chain creates steric hindrance
with the comonomer unit and reduces the backbone

planarity of the polymer main chain. To solve this problem,
the octyl chains introduced into the thiophene rings were
removed because the N-alkylated thiadiazolobenzotriazole
unit provided sufficient solubility of the polymer in com-
mon organic solvents and enabled thin film fabrication by
wet processes (Fig. 3a, b) [12]. This subtle change in the
chemical structure caused significant improvements in the
charge carrier mobilities of the transistors. It was found that
the electron mobility was improved more than 1000-fold
from 10−3 cm2 V−1 s−1 for pSN-NDI to 4.87 cm2 V−1 s−1

for pSNT (Fig. 3a–c) [4]. Grazing-incidence wide-angle
X-ray scattering (GIWAXS) measurements showed that the
crystallinity of the polymer thin film was significantly
changed. pSN-NDI was almost amorphous, whereas pSNT
showed higher-order lamellar peaks and high crystallinity
(Fig. 3d, e). The crystalline domains had a mixture of edge-
on and face-on orientations and were capable of three-
dimensional charge transport. The transistor performance
suggested some hole transport in addition to electron
transport.

To construct a unipolar n-channel transistor that com-
pletely blocked hole transport, the device structure was
improved. A self-assembled monolayer, such as OTMS, is
usually fabricated on top of the insulating SiO2 layer to
control the wettability between the gate electrode and the
semiconductor polymer. However, this monolayer cannot
trap holes. In this case, an alkylamine, i.e., [3-(N,N-dime-
thylamino)propyl]trimethoxysilane (NTMS), was intro-
duced on the surface of the self-assembled monolayer [4].
The few existing holes were then efficiently trapped by the
amine moieties, resulting in only n-channel characteristics.
As a result, the electron mobility was further improved to
5.35 cm2 V−1 s−1 (Fig. 3f).

Intramolecular hydrogen bonding was adopted to
improve the planarity of the main chain backbone even
further. By inserting a vinylene spacer into the polymer
based on NDI and thiadiazolobenzotriazole (pSNT), intra-
molecular hydrogen bonds were formed in the main chain
backbone of P4 (Fig. 4) [13]. This resulted in a very high
crystallinity for the thin film state. The distance for the π-π

Fig. 2 Effects of heteroatom substitution on the electronic states and thin film transistor mobilities

Fig. 1 Relationship between the molecular weights (Mn) and the
charge carrier mobilities of thin film transistors based on pBTT

Charge transport and near-infrared emission properties of semiconducting polymers 1051



interactions, which were estimated from the GIWAXS
patterns, provided a good guide to estimate the thin film
crystallinity and potentials of the charge carrier mobilities.
Most crystalline semiconducting polymers display π-π
interaction distances of 3.6–3.7 Å, but this polymer exhib-
ited a much shorter value of 3.40 Å. This result was con-
sistent with the observed electron mobility. A thin film
transistor based on this polymer showed unipolar n-channel
charge transport properties with a μe of 7.16 cm

2 V−1 s−1.
This value is one of the highest values reported for organic
polymers.

Although optimization of the main backbones of polymers
has already been discussed, the design of the side chain alkyl
groups is also very important. Accordingly, the effects of
substitution positions for the alkyl side chains on the transistor
performance were investigated. The three polymers P1–P3
shown in Fig. 5 had the same main chain backbone structures,
but they differed in the number of alkyl side chains and their
substitution positions [14]. For example, P1 was highly
soluble in common organic solvents (even in hexane) due to
the presence of two types of alkyl side chains (the green and
blue substituents in Fig. 5). In addition, this polymer exhibited
a large torsional angle (θ) of 53.0° between the thienothio-
phene and thiophene moieties due to steric repulsion between
these alkyl chains, which resulted in low crystallinity and a
low hole mobility (μh) of 1.94 × 10−4 cm2 V−1 s−1 in the thin
film transistor. To improve the thin film crystallinity, one of
the alkyl chains (blue substituents in Fig. 5) was removed,
which reduced θ to 31.0° and increased μh by a factor of 10 or
more. Furthermore, when the position of the alkyl chain was
changed (pink substituents in Fig. 5), the main chain back-
bone became nearly flat with a θ of 11.5°, and μh exceeded
0.1 cm2 V−1 s−1. All of these results suggested that the
positions of the alkyl side chains had a significant impact on
the planarity of the main chain backbone as well as the charge
carrier mobilities.

Next, the orientations of the polymer main chain
backbone structures were successfully controlled by the
lengths of the alkyl side chains. Although an edge-on
orientation is desirable for the construction of high-
performance organic transistors, there was no way to
create it intentionally until recently [15]. Two polymers,
PSNVT-DTC16 and PSNVT-DTC8, were designed and
synthesized (Fig. 6) [16]. It should be noted that they have
the same main chain backbone structures, but the lengths
of the alkyl side chains are different. For example,
PSNVT-DTC16 has two alkyl chains with approximately
the same lengths, i.e., the C16 and C14 chains (green and
blue substituents, respectively) (Fig. 6a). In this case, the
GIWAXS pattern revealed that the polymer tended to
adopt a face-on orientation suitable for organic photo-
voltaic applications. On the other hand, PSNVT-DTC8
has different lengths for the alkyl chains, such as the C8

and C14 chains (green and blue substituents, respectively)
(Fig. 6b). This polymer was more likely to adopt an edge-
on orientation based on the GIWAXS pattern. This dif-
ference in the molecular orientation was also reflected in
the transistor characteristics; PSNVT-DTC16 had a
moderate μh of 0.13 cm2 V−1 s−1, while PSNVT-DTC8
achieved a much higher μh of 3.22 cm

2 V−1 s−1.

P4
e = 7.16 cm2 V-1 s-1

(a) (b)

Fig. 4 a Chemical structure and electron mobility and b transfer curve
of P4 under optimized conditions [13]. Copyright 2019 American
Chemical Society

pSN-NDI
e = 10-3 cm2 V-1 s-1

pSNT
e = 4.87 cm2 V-1 s-1

(a) (b) (c)

(d) (e) (f)

Fig. 3 Chemical structures and
electron mobilities of (a) pSN-
NDI and (b) pSNT. c Transfer
curve for pSNT fabricated on
OTMS-treated SiO2/n

++-Si
under optimized conditions [12].
GIWAXS patterns for the thin
films of (d) pSN-NDI [12] and
(e) pSNT [4]. f Transfer curve
for pSNT fabricated on NTMS-
treated SiO2/n

++-Si under
optimized conditions [4].
Copyright 2017 and 2018 Wiley

1052 T. Michinobu



In addition, high stability must be achieved under
atmospheric conditions for practical applications. One of the
degradation mechanisms for n-channel organic transistors
involves a reaction with water. To avoid this, it is said that
the LUMO levels of organic semiconductors must be lower
than −4.0 eV [17]. In this context, all-acceptor copolymers
with very deep LUMO levels were designed and success-
fully synthesized by using an environmentally friendly
polymerization method called direct arylation polymeriza-
tion (Fig. 7a). A thiophene unit with a reactive C-H bond is
commonly employed in direct arylation polymerizations,
but this study demonstrated that an electron-accepting unit
of the thiazole was also employed to produce the electron-
deficient copolymer P2 with a LUMO level of −4.0 eV
[18]. It was recently demonstrated that the same strategy
can be applied to other electron-deficient aromatic ring
monomers, such as oxazoles, to yield the corresponding
copolymers [19]. As the thin film of P2 showed good
crystallinity, the transistor displayed an electron mobility of
1.87 cm2 V−1 s−1. It is noteworthy that even after a month
of exposure to air at room temperature, it maintained a
mobility of more than 1.0 cm2 V−1 s−1 (Fig. 7b). In addi-
tion, no degradation was observed even after approximately
100 cycles of voltage application, indicating the extremely

high stability of this polymer device (Fig. 7c). The versa-
tility of the all-acceptor molecular design for high-
performance n-type semiconductors was also recently pro-
ven by using small molecules. An n-channel transistor
based on the NDI-thiadiazolobenzotriazole-NDI semi-
conductor exhibited high air stability [20].

Conjugated polymer nanoparticles

Semiconductor polymers, also called conjugated polymers,
are known for their luminescent properties. They have
been used as the emitting layers of organic light emitting
diodes, chemosensors, and biosensors [21–23]. It is well
known that the crystalline regions of conjugated polymers
provide quenching site when they aggregate. However, it
was found that relatively high fluorescence quantum yields
were maintained even in the solid-state by adopting
conjugated polymers with nonplanar backbone structures.
In this study, the molecular design and functionalization of an
electron-rich carbazole unit was noted. For example, 2,7-
carbazole-based donor-acceptor copolymers are often
employed to form crystalline and high-mobility polymers
due to the linear structure of the 2,7-carbazole connectivity.

P1
h = 1.94 10-4 cm2 V-1 s-1

P2
h = 8.97 10-2 cm2 V-1 s-1

P3
h = 0.146 cm2 V-1 s-1

Fig. 5 Effects of the positions of alkyl side chains on the backbone planarity and transistor mobilities. The torsional angles (θ) were estimated from
DFT calculations of model oligomers

PSNVT-DTC16
h = 0.13 cm2 V-1 s-1

face-on

PSNVT-DTC8
h = 3.22 cm2 V-1 s-1

edge-on (dominant)

(a) (b)Fig. 6 Chemical structures,
transistor mobilities, and
GIWAXS patterns for (a)
PSNVT-DTC16 and (b)
PSNVT-DTC8 [16]. Copyright
2017 Wiley
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On the other hand, it was demonstrated that 1,8-carbazole-
based copolymers were highly distorted due to the 1,8-car-
bazole structure [24–26]. The 1,8-carbazole-based copoly-
mers thus showed lower crystallinities and relatively higher
fluorescence quantum yields in the aggregated state. These
polymers were converted into nanoparticles by reprecipita-
tion and employed in bioimaging applications [27]. The
selection of appropriate acceptor units enabled emission in
the near-infrared region, which is classified as the window for
living organisms. A correlation between the fluorescence
peak positions and the quantum yields was investigated
comprehensively (Fig. 8) [28]. For example, use of the BBT
acceptor produced emission at wavelengths >1000 nm. In
addition, the 1,8-carbazole-based nonplanar conjugated
polymers exhibited noticeable advantages for various appli-
cations. Highly crystalline conjugated polymers, such as PSN
and PSeN, showed drastic decreases in the fluorescence
quantum yields when polymer nanoparticles were formed
(see red circles in Fig. 8). However, the 1,8-carbazole-based
BBT polymer displayed a slight decrease in the fluorescence
quantum yield in almost the same wavelength range (blue
circles in Fig. 8). Since these organic polymer-based

nanoparticles do not contain toxic elements such as quan-
tum dots, they are expected to enable safe bioimaging.

Conclusions

It was shown that the semiconducting properties of con-
jugated polymers can be controlled by molecular design. To
achieve excellent transistor performance with semi-
conducting polymers, there are many parameters to be
optimized. There is a molecular weight range suitable for
efficient charge carrier mobilities. It was shown that the
high planarity of the main chain backbone is key to
achieving crystalline thin films. In addition, polymer
packing orientations were tuned by side chain engineering.
Recently, the effects of doping and additives have also been
investigated, and it was found that the addition of qua-
ternary ammonium salts lowered the contact resistance
between the organic semiconductor layer and the source and
drain electrodes, leading to an increase in the carrier
injection efficiency [29–32]. Combinations of molecular
design and device engineering will further enhance the

(a) (b)
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Fig. 8 a Chemical structures of 1,8-carbazole-based donor-acceptor copolymers and the control polymers PSN and PSeS and b the correlations
between fluorescence wavelengths and quantum yields in THF solutions and nanoparticles [28]. Copyright 2020 American Chemical Society

P2
e = 1.87 cm2 V-1 s-1

(a)

(b) (c)

Fig. 7 a Synthesis of the all-
acceptor polymer P2 by direct
arylation polymerization.
b Time-dependent mobility
change for the transistor based
on P2 during storage under
ambient conditions.
c Operational stability of the
transistor based on P2 [18].
Copyright 2019 Wiley
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capabilities of organic transistors. Moreover, it was
demonstrated that these high-mobility polymers are also
useful for all-polymer solar cells [33–35] and perovskite
solar cells [36, 37].

BBT-based conjugated polymers were initially investi-
gated in thin film transistors. However, recent interest has
been directed toward luminescence in the near-infrared
region. The original design of nonplanar backbone struc-
tures based on the 1,8-carbazole unit was shown to have a
significant advantage in suppressing aggregation-induced
quenching of conjugated polymers even in the near-infrared
range. 1,8-Carbazole-based donor-acceptor copolymers are
thus promising for further bioimaging applications.
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