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ABSTRACT: Ambipolar polymer semiconductors are highly
suited for use in flexible, printable, and large-area electronics as
they exhibit both n-type (electron-transporting) and p-type
(hole-transporting) operations within a single layer. This
allows for cost-effective fabrication of complementary circuits
with high noise immunity and operational stability. Currently,
the performance of ambipolar polymer semiconductors lags
behind that of their unipolar counterparts. Here, we report on
the side-chain engineering of conjugated, alternating electron
donor−acceptor (D−A) polymers using diketopyrrolopyrrole-
selenophene copolymers with hybrid siloxane-solubilizing groups (PTDPPSe-Si) to enhance ambipolar performance. The alkyl
spacer length of the hybrid side chains was systematically tuned to boost ambipolar performance. The optimized three-
dimensional (3-D) charge transport of PTDPPSe-Si with pentyl spacers yielded unprecedentedly high hole and electron
mobilities of 8.84 and 4.34 cm2 V−1 s−1, respectively. These results provide guidelines for the molecular design of semiconducting
polymers with hybrid side chains.

■ INTRODUCTION

Solution-processable polymer semiconductors intrinsically
boast diverse advantages including ultralow-cost fabrication,
mechanical flexibility, and tunable optoelectronic properties.1,2

Logic circuits based on polymer semiconductors are expected
to open the possibilities of ubiquitous plastic electronics
including flexible displays,3,4 radio frequency identification
(RFID) tags,5 and large-area sensors.6 Recent efforts in
molecular design1,7 and processing architectures8−11 have
resulted in remarkable progress in the performance of
“unipolar” field-effect transistors (FETs) based on polymer
semiconductors. Nonetheless, as compared to dual unipolar
component systems such as bilayers12 or bulk-heterojunction
blends,13,14 “ambipolar” polymer semiconductors, in which
both hole- and electron-transporting functions are achieved in a
single active layer, are considered to be ideal candidates for
simple and low-cost fabrication of organic complementary
circuits15,16 and light-emitting field-effect transistors (LE-
FETs).17,18 State-of-the-art ambipolar polymers exhibit hole
and electron mobilities of 0.1−1.5 cm2 V−1 s−1.19−21 However,
the performance of ambipolar polymer semiconductors still lags
behind the best performing unipolar systems.
The rational design of novel polymers is typically based on

molecular orbital energetics and crystal engineering strategies
that are used to effectively tune the frontier orbital energy levels
and the π-orbital overlap.2,22,23 To date, tremendous efforts
have been focused on the design of building blocks for polymer

backbones, due to the conventional belief that the band gap and
energy levels are principally determined by the molecular
structure of the conjugated backbone.19−21,24 In contrast,
relatively little attention has been paid to the molecular
engineering of polymer side chains. Structural modification of
polymer side chains, such as alterations in length,2,25 shape,26

position,27 bulkiness,28,29 symmetry,30 density,31 and chirality,32

can substantially impact intermolecular interaction and
molecular packing. Inspired by the work of Bao et al. on the
effectiveness of siloxane-terminated hexyl chains on the
unipolar p-channel operation in an isoindigo-based polymer,33

we recently obtained ambipolar charge transport with high hole
(3.97 cm2 V−1 s−1) and electron mobilities (2.20 cm2 V−1 s−1)
by introducing selenophene units into the backbone of a
diketopyrrolopyrrole (DPP)-containing copolymer with silox-
ane-terminated hexyl chains (PTDPPSe-SiC6).34 The length of
the alkyl spacer chain in the siloxane-terminated side chains
affects the distance between conjugated backbones and the
degree of intermolecular interaction between polymer chains.
Therefore, charge transport can be optimized by tailoring the
length of the alkyl spacer in the hybrid side chain. In addition,
the influence of alkyl chain branching positions on charge
transport was very recently examined in unipolar p-channel35

and n-channel polymers.36
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Herein, we present DPP-selenophene copolymers with
different siloxane-terminated points, that is, butyl (PTDPPSe-
SiC4) and pentyl units (PTDPPSe-SiC5), and systematically
investigate the effects of hybrid side-chain spacer length on
charge transport, in comparison with PTDPPSe-SiC6 and a
TDPPSe-based copolymer containing alkyl chains (PTDPPSe-
ref). The ambipolar performance of DPP-selenophene
copolymers may be further enhanced by optimizing the
branching position of hybrid side chains that controls the
distance of the bulky siloxane group from the conjugated
backbone. TDPPSe-Si copolymers with shorter side chains
(PTDPPSe-SiC4 and PTDPPSe-SiC5) exhibited better
electrical performance relative to that of PTDPPSe-SiC6.
Under the same solution processing conditions, reducing the
length of the siloxane-terminated side chain spacer from a hexyl
to a butyl group resulted in denser microstructures and better
electrical performance. Note that the solubility of PTDPPSe-
SiC4 was lower than that of the analogous polymers with
longer spacer groups. Therefore, homogeneous solutions of
PTDPPSe-SiC4 were difficult to obtain by filtration. By
utilizing a solution-shearing method that forms aligned

nanofibrillar films, unprecedentedly high hole and electron
mobilities of 8.84 and 4.34 cm2 V−1 s−1, respectively, were
obtained in homogeneous PTDPPSe-SiC5 films. To our
knowledge, these are the highest hole and electron mobilities
for organic- or polymer-based ambipolar FETs that have been
reported to date. In addition, the electron mobility surpasses
that of the highest performing polymer-based unipolar n-
channel FETs.36 Our findings demonstrate that there exists an
optimal spacer length of hybrid side chains for the most
effective molecular packing and highest possible charge
transport. Realizing this optimum is a function of balancing
polymer solubility and processing architecture. The results
given herein provide guidelines for the molecular design of
semiconducting polymers with siloxane-terminated solubilizing
side chains.

■ RESULTS AND DISCUSSION

Synthetic Strategies, Synthesis, and Characterization.
Two new copolymers, PTDPPSe-SiC4 and PTDPPSe-SiC5,
were synthesized, and their structures are shown in Figure 1. In
addition, a fresh batch of PTDPPSe-SiC6, which was

Figure 1. Synthesis and chemical structures of PTDPPSe-SiC4, PTDPPSe-SiC5, and PTDPPSe-SiC6. These copolymer structures allow systematic
investigation on the siloxane-terminated side chain-dependent molecular packing and field-effect transistors performance.

Figure 2. UV−vis absorption spectra and energy-minimized structures (B3LYP/6-31G*) of PTDPPSe-SiC4, PTDPPSe-SiC5, and PTDPPSe-SiC6.
(a) Chloroform solution at room temperature. (b) Films cast from chloroform solution. (c) DFT-optimized geometries and charge-density
isosurfaces for the model systems, respectively.
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investigated in a previous study,34 was also prepared. This
sequential series of polymers affords deeper insight into the
relationship(s) between electronic properties and macro-
molecular structure. All intermediate materials and monomers
were synthesized in their pure forms. The synthetic procedures
and characterization data are described in the Supporting
Information. Polymerization via Stille coupling was carried out
using dibrominated TDPPs and distannylated selenophene.
PTDPPSe-SiC5 and PTDPPSe-SiC6 were readily soluble in
common organic solvents including THF, chloroform, and
toluene. PTDPPSe-SiC4 was significantly less soluble at room
temperature. Gel-permeation chromatography (GPC) at 150
°C and with 1,2,4-trichlorobenzene as the eluent revealed
number-averaged molecular weights (Mn) of 25.1, 23.3, and
26.0 kDa for PTDPPSe-SiC4, PTDPPSe-SiC5, and
PTDPPSe-SiC6 with polydispersities of 3.56, 3.02, and 2.79,
respectively.
The absorption spectra of the three copolymers both in

chloroform solution and in thin film display similar features
with a broad absorption band extended from 600 to 1000 nm
(Figure 2a and b), which is attributed to the intramolecular
charge transfer arising from strong donor−acceptor inter-
actions. Note that PTDPPSe-SiC4 exhibits a relatively sharp
absorption peak. All of the copolymers exhibited an optical
band gap of ∼1.2 eV, estimated from the absorption edges of
the thin films. The thin film absorption peaks are slightly
broader than the peaks obtained from dissolved samples,
without any obvious chromatic shift. This indicates only
minimal conformational differences between the polymers
dissolved in chloroform and deposited as thin films. A closer
examination of the absorption features reveals that the 0−1
vibrational transition as a shorter-wavelength shoulder becomes
more distinct in the PTDPPSe-SiC4 film. It is also noteworthy

that the absorption maximum of the PTDPPSe-SiC6 film is
slightly blue-shifted relative to that of dissolved PTDPPSe-
SiC6. This is a result of what appears to be the 0−1 vibronic
profile increasing in intensity and becoming the dominant peak
with a less resolved 0−0 transition. All of the photophysical
data are summarized in Table 1. This observation indicates that
subtle changes in the length of the siloxane-terminated side
chains can greatly affect molecular packing and thin-film
morphology, which in turn have a significant impact on charge
transport.
The electrochemical properties of the copolymers were

investigated with cyclic voltammetry (CV). All of the
copolymers exhibited a stable and reversible p-doping/n-doping
process in cathodic and anodic scans, respectively (Figure S1).
All of these TDPPSe-Si copolymers possessed low bandgaps
from 1.61 to 1.68 eV with HOMO levels from −5.09 to −5.18
eV and LUMO levels from −3.41 to −3.55 eV (Table 1). The
observed differences in the HOMO and LUMO levels result
from changes in film microstructure as a result of the length of
the side chain. This is consistent with the aforementioned
optical properties. Notably, the effect of moving the side chain
termination point away from the conjugated backbone is more
pronounced on the LUMO than on the HOMO. This may
correlate, in part, with the degree of intermolecular interaction
between the polar siloxane chains and the main backbones in
the solid state. Nevertheless, molecular orbital distributions
predicted by density functional theory (DFT) calculations,
where each of the model systems was created with the actual
siloxane-terminated side chains, showed that both the HOMO
and the LUMO isosurfaces of the copolymers are extensively
delocalized over the polymer backbone (Figure 2c). This is
indicative of the ambipolar nature of the TDPPSe-Si
copolymers.

Table 1. Optical and Electrochemical Properties of PTDPPSe-SiC4, PTDPPSe-SiC5, and PTDPPSe-SiC6

polymer
λmax

sol(0−0)

[nm]a
λmax

sol(0−1)

[nm]a
λmax

film(0−0)

[nm]
λmax

film(0−1)

[nm]
Eg

opt

[eV]b
EHOMO
[eV]c

ELUMO
[eV]c

Eg
CV

[eV]d
EIP

UPS

[eV]e

PTDPPSe-SiC4 857 N/A 861 791 1.25 −5.17 −3.56 1.61 4.85
PTDPPSe-SiC5 851 N/A 855 N/A 1.24 −5.10 −3.49 1.61 4.76
PTDPPSe-SiC6 855 N/A 859 793 1.23 −5.09 −3.41 1.68 4.73
aChloroform solution. bDetermined from the onset of the electronic absorption spectra. cCyclic voltammetry determined with Fc/Fc+ (EHOMO =
−4.80 eV) as the external reference. dEg

CV = ELUMO − EHOMO.
eEIP

UPS = hν − (Ecutoff − EHOMO), incident photon energy (hν = 21.2 eV) for He I.

Figure 3. AFM height (left) and phase (right) images of solution-processed polymer films annealed at 220 °C. Drop-cast film of (a) PTDPPSe-SiC4
and (b) PTDPPSe-SiC5. Solution-sheared film of (c) PTDPPSe-SiC4 and (d) PTDPPSe-SiC5. The arrow indicates the direction of shearing.
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The discrepancy (∼0.4 eV) between the electrochemically
and optically determined band gaps may be due to the exciton
binding energy (0.4−1.0 eV) of conjugated polymers.37,38

Ionization potentials (IPs) measured by ultraviolet photo-
electron spectroscopy (UPS) showed similar trends and agreed
with the voltammetric results (Table 1 and Figure S2).
Thin-Film Microstructure Analyses. Tapping-mode

atomic force microscopy (AFM) was performed on drop-cast
and solution-sheared polymer films prepared on n-octadecyl-
trimethoxysilane (OTS)-modified SiO2/Si substrates after
thermal annealing at 220 °C (Figure 3). In the solution-
shearing method, a small volume of polymer solution is placed
on a substrate that has been preheated to a moderate
temperature. Another plate is then pulled across the polymer
solution at a controlled shearing rate, and film growth proceeds
from the receding edge of the dragged plate.10,39

The TDPPSe-Si copolymer films were composed of dense
nanofibrillar structures with interconnected domains, implying
the formation of efficient pathways for charge carrier transport.
However, distinct size differences were observed between the
molecular domains in PTDPPSe-SiC4 and PTDPPSe-SiC5
films. We hypothesize that these differences are closely related
to the filtration process used during preparation of the polymer
solutions. PTDPPSe-SiC5 films were prepared by passing the
polymer solution through a syringe filter with a pore size of
0.45 μm. In contrast, because PTDPPSe-SiC4 was less soluble
at room temperature, the PTDPPSe-SiC4 films were prepared
from an as-dissolved solution without filtration. Therefore,
aggregates of PTDPPSe-SiC4 may have been available to act as
nucleation sites, resulting in an increased nuclei concentration

and the formation of smaller fibrils (∼115-nm thickness).
PTDPPSe-SiC5 films prepared after filtration exhibited larger
fibrillar structures (∼200-nm thickness). Without filtration, the
PTDPPSe-SiC5 films exhibited similar morphologies but with
slightly reduced dimensions (∼170-nm thickness) (Figure S3).
As-cast TDPPSe-Si copolymer films exhibited smaller fibrillar
domains as compared to the annealed films (Figure S4). This
implies enhanced charge transport in the annealed films. Large-
area AFM scans of solution-sheared TDPPSe-Si films showed
highly aligned nanofibrillar networks oriented along the
shearing direction (Figure S5). Such aligned molecular
networks are known to be highly beneficial to charge transport
along the direction of oriented molecular packing.10,39

Grazing incidence X-ray diffraction (GIXD) analyses were
also performed to further investigate the crystalline nature and
molecular orientation of TDPPSe-based copolymer films. For
comparison, thin films of a TDPPSe-based copolymer
containing 2-octyldodecyl chains (PTDPPSe-ref) were also
evaluated. The GIXD images and the corresponding diffracto-
gram profiles of annealed TDPPSe-copolymer films fabricated
by drop-casting are shown in Figure 4. The crystallographic
parameters are presented in Table S1. Out-of-plane GIXD
diffractograms of TDPPSe-Si copolymers exhibited a remark-
ably strong peak at qz = ∼1.7 Å−1, regardless of the length of
the alkyl spacer in the siloxane-terminated side chains. This
implies that the hybrid side chains contribute to the formation
of efficient π−π stacking (π-stack distance ∼3.6 Å) with face-on
orientations.40−42 Furthermore, this suggests that these
PTDPPSe-Si films would be able to adopt 3-D conduction
channels that would enhance charge transport over that of

Figure 4. GIXD images of drop-cast TDPPSe-based copolymer films annealed at 220 °C: (a) PTDPPSe-SiC4, (b) PTDPPSe-SiC5, (c) PTDPPSe-
SiC6, and (d) PTDPPSe-ref. The corresponding GIXD diffractogram profiles: (e) in-plane and (f) out-of-plane GIXD patterns.
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polymer films with only perpendicular π-planes.40 In contrast,
the annealed film of PTDPPSe-ref did not show any
discernible peak in the same range, while the as-prepared film
revealed a weak and broad peak centered at qz = ∼1.6 Å−1 (π-
stack distance ∼3.8 Å). This indicates that the PTDPPSe-ref
film completely constitutes edge-on orientations after anneal-
ing, while a small portion of the as-prepared film forms face-on
orientations. For TDPPSe-Si copolymers, the (100) layer
distance decreased with decreasing alkyl spacer length, shifting
from 24.6 Å with a hexyl chain to 22.1 Å with a butyl chain. The
π−π stacking distance remained relatively constant. This
indicates that shorter spacers resulted in the smaller lamellar
distance without affecting the π−π stacking distance. Moreover,
the TDPPSe-Si copolymer films exhibited higher-order
diffraction peaks, revealing relatively long-range order across
the film thickness. Interestingly, the crystalline coherence
length in the (100) direction increased with increasing length of
the spacer in the siloxane-terminated side chains, implying that
the hexyl spacer resulted in a higher degree of crystallinity and
self-organization. Nevertheless, higher mobilities were observed
in TDPPSe-Si copolymer films with alkyl spacers that were
shorter than a hexyl group (vide inf ra). This demonstrates the
subtle trade-off between enhanced crystallinity, driven by the
hydrophobic interactions of the side chain, and the charge
transport, hampered by the insulating characteristics of the side
chains. As compared to the as-cast films, the annealed polymer
films were more crystalline and exhibited denser molecular
packing with a lesser (100) layer distance (Figure S6).
Furthermore, after thermal treatment, the solution-sheared
TDPPSe-Si copolymer films exhibited increased coherence
lengths and decreased (100) layer distances. These factors
represent the formation of more crystalline and denser
molecular structures than those in the drop-cast films (Figures
S7 and S8).

Fabrication of Solution-Processed FETs and I−V
Characterizations. To elucidate the relationship between
the length of the alkyl spacer in the siloxane side chains and
charge transport, bottom-gate top-contact FETs were fabricated
using PTDPPSe-SiC4 and PTDPPSe-SiC5. The polymer films
(∼30-nm thickness) were deposited on OTS-modified SiO2/Si
substrates from a TDPPSe-Si copolymer solution in chlor-
obenzene (∼3 mg mL−1) by spin-coating, drop-casting, or
solution-shearing. Solutions of PTDPPSe-SiC4 and PTDPPSe-
SiC5 in chlorobenzene were heated to 80 °C to fully dissolve
the polymer. Charge transport characteristics were measured in
a nitrogen atmosphere. The experimental details regarding
surface modification43−45 and FET fabrication are included in
the Supporting Information. The performance of FETs
fabricated with PTDPPSe-SiC4 and PTDPPSe-SiC5 is
summarized in Table 2. The TDPPSe-Si copolymer exhibited
ambipolar characteristics regardless of the type or length of side
chain, as predicted by DFT calculations on the TDPP-
selenophene copolymer.34 The relatively lower on/off ratios
were observed from n-channel operation, due to the high off-
current engendered by the superior hole conduction. The
electrical performance of the solution-sheared polymer thin
films was superior to that of the other solution-processed films
due to the highly crystalline and aligned nature of the solution-
sheared films, as observed in XRD and AFM analyses.
Furthermore, the TDPP-selenophene copolymers containing
siloxane-terminated side chains were easy to deposit as thin
films on highly hydrophobic surfaces such as crystalline OTS-
modified SiO2/Si substrates. Very low contact angles were
observed when the polymer solution was placed on these
hydrophobic substrates, indicating that the siloxane-containing
copolymers tended to have lower surface tensions than the
same copolymers with conventional alkyl chains. This resulted
in good wettability and facilitated the formation of uniform thin
films. Figure 5 shows the representative transfer and output

Table 2. OFET Performance of Optimized TDPPSe-Si Copolymer Films

conditiona p-channel n-channel

polymer films Ta [°C] μh,max
d [cm2 V−1 s−1] μh,avg

e [cm2 V−1 s−1] Ion/Ioff μe,max [cm
2 V−1 s−1] μe,avg [cm

2 V−1 s−1] Ion/Ioff

PTDPPSe-SiC4 spin-coated N/Af 1.38 1.19 (±0.13)g >104 0.79 0.37 (±0.24) >10
220 2.78 1.40 (±0.56) >105 0.85 0.41 (±0.29) >102

drop-cast N/A 2.06 1.81 (±0.17) >103 0.98 0.45 (±0.23) >10
220 3.72 2.75 (±0.62) >105 1.13 0.70 (±0.24) >102

solution-sheared N/A 5.36 5.05 (±0.31) >104 1.42 1.28 (±0.15) >103

220 6.16 5.12 (±0.74) >104 3.07 1.39 (±0.73) >103

PTDPPSe-SiC5b spin-coated N/A 1.38 1.12 (±0.26) >103 0.70 0.40 (±0.26) >10
220 2.92 2.57 (±0.47) >105 1.13 0.54 (±0.37) >10

drop-cast N/A 1.82 1.58 (±0.18) >104 0.78 0.38 (±0.23) >10
220 3.05 2.29 (±0.47) >104 1.32 0.53 (±0.40) >10

solution-sheared N/A 4.86 4.58 (±0.39) >103 2.06 0.99 (±0.63) >10
220 8.84 5.66 (±1.45) >104 4.34 1.75 (±1.49) >10

PTDPPSe-SiC6c spin-coated N/A 0.59 0.46 (±0.15) >104 0.046 0.042 (±0.003) >10
220 1.69 1.54 (±0.10) >105 0.20 0.14 (±0.04) >102

drop-cast N/A 1.07 0.98 (±0.11) >105 0.095 0.092 (±0.009) >103

220 2.48 2.02 (±0.38) >105 0.78 0.26 (±0.24) >102

solution-sheared N/A 3.16 2.87 (±0.26) >105 0.37 0.18 (±0.10) >102

220 3.97 3.48 (±0.30) >104 2.20 0.97 (±0.50) >10
aThe p-channel and n-channel characteristics of ambipolar FETs were measured with VDS = −100 and +100 V, respectively. bFiltration was applied
prior to the solution processing (the FET performance of PTDPPSe-SiC5 films prepared without filtration is included in Table S2). cThe
performance of PTDPPSe-SiC6 FETs reported in a previous paper34 is included for comparison. dThe maximum mobility of the FET devices (L =
50 μm and W = 1000 μm). eThe average mobility of the FET devices (L = 50 μm and W = 1000 μm). fThermal annealing was not applied. gThe
standard deviation.
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characteristics of optimized FETs based on solution-sheared
films of PTDPPSe-SiC4 and PTDPPSe-SiC5. Both polymers
exhibited typical V-shaped, ambipolar behavior. Hysteresis was

negligible in both the transfer and the output characteristics of
PTDPPSe-SiC4 and PTDPPSe-SiC5 FETs. PTDPPSe-SiC4
films obtained from the as-prepared solutions without filtration

Figure 5. Current−voltage (I−V) characteristics of OFETs with optimized thin-film fabricated by solution-shearing method. Transfer characteristics
for PTDPPSe-SiC4 films of as-cast and annealed at 220 °C at (a) hole-, (b) electron-enhancement operation with VDS = −100 and +100 V,
respectively. (c) Output characteristics for PTDPPSe-SiC4 films after annealing at 220 °C. Transfer characteristics for PTDPPSe-SiC5 films of as-
cast and annealed at 220 °C at (d) hole-, (e) electron-enhancement operation with VDS = −100 and +100 V, respectively. (f) Output characteristics
for PTDPPSe-SiC5 films after annealing at 220 °C (L = 50 μm and W = 1000 μm).

Figure 6. Temperature effects on the electrical characteristics of drop-cast TDPPSe-Si copolymer FETs. (a)−(c) PTDPPSe-SiC4 FETs. (a) IDS−VG
characteristics at various temperatures (80−280 K) with VDS = −100 V. (b) Temperature dependence of electron and hole mobilities in vacuum. (c)
Arrhenius plot of the temperature dependence of the FET mobilities. The linear fits to the Arrhenius plot revealed EA’s of 9 meV for p-channel and 8
meV for n-channel operation. (d)−(f) PTDPPSe-SiC5 FETs. (d) IDS−VG characteristics at various temperatures (80−280 K) with VDS = −100 V.
(e) Temperature dependence of electron and hole mobilities in vacuum. (f) Arrhenius plot of the temperature dependence of the FET mobilities.
The linear fits to the Arrhenius plot revealed EA’s of 14 meV for both p-channel and n-channel operations. A slight decrease in the average ambipolar
mobility is presumably due to the exposure of devices to ambient air during the transfer process from a N2-filled glovebox to the vacuum chamber.
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also showed excellent electrical performance. The as-cast,
solution-sheared PTDPPSe-SiC4 films showed remarkably
high hole and electron mobilities of up to 5.36 and 1.42 cm2

V−1 s−1, respectively. These mobilities are approximately 2 and
3 times higher than those measured on the other solution-
processed films. Even higher hole and electron mobilities of
6.16 and 3.07 cm2 V−1 s−1 were obtained after annealing these
films at 220 °C, which demonstrated the effect of thermal
annealing on charge transport. Similarly, very high charge
carrier mobilities were obtained in annealed PTDPPSe-SiC5
films (μh = 5.97 cm2 V−1 s−1 and μe = 3.94 cm2 V−1 s−1) without
prior solution filtration (Table S2). These mobilities are higher
than those of previously reported PTDPPSe-SiC6 films. Note
that under identical conditions, PTDPPSe-SiC4 exhibited the
highest average mobilities due to the formation of optimized
microstructures that facilitated charge transport. This result is
consistent with the relatively dense molecular packing observed
in XRD analyses of the PTDPPSe-SiC4 films. However, when
solutions of PTDPPSe-SiC5 were passed through a syringe
filter prior to solution-shearing, the annealed films exhibited
extraordinary hole and electron mobilities of up to 8.84 and
4.34 cm2 V−1 s−1, respectively. This is in line with the formation
of larger nanofibrillar crystalline domains after filtration. To our
knowledge, these hole and electron mobilities are the highest
reported ambipolar mobilities measured in organic or polymer-
based semiconductors to date. These results demonstrate that
charge transport is critically affected by both solubility and
processing architecture. Achieving the desired results is a
balancing act between these two factors. In particular,
optimization of solution processing parameters to facilitate
the formation of homogeneous films is important for device
fabrication using polymer semiconductors with short side
chains. The hole-dominant transport characteristics are
presumably due to smaller injection barriers for holes with
respect to the gold contacts. For the TDPPSe-Si copolymers,
the HOMO−LUMO energy levels gradually shifted depending
on the side-chain length. The lowest HOMO level was
observed in PTDPPSe-SiC4.
The charge transport behavior of the TDPPSe-Si copolymers

and their temperature dependencies were investigated between
80 and 280 K at 1 × 10−5 Torr. The measurements were
conducted with a temperature step of 50 K and a time delay of
1 h for stabilization. The hole and electron mobilities of the
PTDPPSe-SiC4 and PTDPPSe-SiC5 FETs increased with
increasing temperature, yielding a positive mobility temperature
coefficient (dμ/dt > 0) (Figure 6). These results indicate that
the PTDPPSe-SiC4 and PTDPPSe-SiC5 FETs follow a
thermally activated charge hopping transport model.46

Furthermore, Arrhenius plots of temperature-dependent
mobility in p- and n-channel operations were generated for
each copolymer to estimate the activation energy (EA) (Figure
6). For PTDPPSe-SiC4 FETs, linear fits of the data revealed
EA’s of 9 and 8 meV for p- and n-channel operations,
respectively. PTDPPSe-SiC5 FETs yielded EA’s of 14 meV for
both p- and n-channel operations. These EAs’ are lower than
those of high-performance D−A copolymers with alkyl
chains.11

The complementary metal−oxide−semiconductor (CMOS)-
like inverter characteristics of TDPPSe-Si copolymers were also
investigated using two ambipolar transistors. Output voltage
(VOUT) was monitored as a function of input voltage (VIN) at a
constant supply bias (VDD). The voltage transfer characteristic
(VTC) curves and corresponding output voltage gains of

PTDPPSe-SiC4 and PTDPPSe-SiC5 are shown in Figure S9.
High gains of 55.1 and 53.0 were obtained from PTDPPSe-
SiC4 and PTDPPSe-SiC5, respectively, although asymmetry in
mobilities and threshold voltages in p- and n-channel operation
resulted in a hysteresis between the forward and reverse sweeps
and a signal inversion at a relatively large VIN.

■ CONCLUSION

Solution-processable, high-performance, ambipolar polymer
semiconductors were developed via side-chain engineering of
TDPP-selenophene copolymers with well-delocalized HOMO
and LUMO isosurfaces over the polymer backbone
(PTDPPSe-SiCn, where n = 4−6). The length of the alkyl
spacer group in the hybrid side chain was delicately tuned to
induce denser molecular packing and facilitate charge transport
through 3-D conduction channels. Although both crystallinity
and solubility were enhanced with increasing alkyl spacer
length, the shorter side chains induced smaller lamellar spacing
while retaining a close π−π stacking distance, leading to
enhanced charge transport in the as-prepared films. PTDPPSe-
SiC5 films prepared in optimized conditions exhibited the best
electrical performance with unprecedentedly high hole and
electron mobilities of 8.84 and 4.34 cm2 V−1 s−1, respectively.
Our results demonstrate the subtle trade-off between
crystallinity, which is enhanced by the insulating side chains,
and the charge transport. In addition, our findings provide new
insight into the molecular design of organic electronics. Several
remarkable features, including high mobility, good wettability
on hydrophobic surfaces, and low activation energies for charge
hopping, make these polymers highly promising materials for
use in printed and flexible electronics.
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