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Summary

High-performance conjugated polymers for electronic applications can be
developed by modulating an appropriate chemical structure that optimizes
their crystal characteristics and charge-transport behavior. Herein, we demon-
strated the simultaneous enhancement of the in-plane and out-of-plane
charge transport of polythiophenes by random polymerization. We synthe-
sized a polythiophene polymer by varying the ratio of two different dialkyl-
substituted bi-thiophene and triethylene glycol-substituted mono-thiophene
units; this polymer exhibited weakened orientation preferences of polymer
crystallite films, a denser packing, and a more homogeneous surface mor-
phology in comparison with its homopolymer analogue. Furthermore, this
optimized random polymer afforded an enhanced in-plane mobility of
7.72 cm® V! second ™, measured by field-effect transistor, and out-of-plane
mobility of 8.86 x 10™* cm® V' second ™', measured by space-charge-limited-
current device. These are respectively 2.4 times and 10 times higher than the
mobilities of the homopolymer (field-effect mobility = 3.25 cm® V™' second ™
and space-charge-limited-current mobility = 8.73 x 107> cm® V™' second™).
The enhanced charge transport in out-of-plane direction was also confirmed
by fabricating perovskite solar cells using optimized polythiophene as a hole-
transporting material, which exhibited a higher efficiency of nearly 16.2% than
the device with homopolymer analogue (12.0%).
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1 | INTRODUCTION

Semiconducting conjugated polymers (SCPs) have been
extensively explored in electronics, owing to their unique
properties including cost-effective manufacturing based
on low-temperature solution processability, light weight,
and mechanical deformability. Numerous studies on the
electronic applications of SCPs, such as light-emitting
diodes, photovoltaics, field-effect transistors, and chemi-
cal sensors, have reported that the chemical structures of
the conjugated backbones and the attached side chains of
SCPs meaningfully affect their optoelectrical properties.
Hence, the SCPs should be specifically designed to realize
high-performance operations in electronic devices.'® Par-
ticularly, the crystal characteristic requirements, includ-
ing crystal structure, intermolecular distance, and
orientation, vary according to the required charge-
transporting ability of SCPs in electronic applications.
For example, organic solar cells are fabricated based on
the perpendicularly stacked device architecture, and
therefore the face-on orientation of the SCP in the
photoactive layer has been intensively studied to enhance
the out-of-plane (OOP) charge transport, which facilitates
the collection of charge carriers at the electrodes. Con-
trastingly, in organic field-effect transistors (OFETSs), the
edge-on crystal orientation of the SCP is preferred in the
channels for efficient in-plane (IP) transport of charge
carries between source/drain electrodes. Hence, an SCP
that has been designed to satisfy a specific application
may not be able to typically achieve high performance in
other types of electronic devices, because of the mismatch
of the crystal property.

Thus far, several strategies for structural design, such
as an alternating electron donor-acceptor conjugated
structure, optimization of side-chain, non-covalently con-
formational locking, and halogenations, have emerged
for modulating the crystal and charge-transport proper-
ties of SCPs.”?' Another attractive approach toward
developing high-performance SCPs for electronic devices
is that of random copolymerization, which refers to the
grouping of multiple different conjugated moieties into a
single polymer backbone by varying the composition
ratios. Random copolymerization has been demonstrated
to tune the light absorption/emission ability, solubility,
molecular ordering, frontier energy levels, and charge-
carrier transport in SCPs by selecting appropriate combi-
nations of different monomers. Moreover, recent studies
have reported that random copolymerization could
induce unexpected changes in the aggregation behavior
and interchain alignment of the SCP backbones, which
could be attributed to the random configuration of the
diverse monomers. This randomness in polymer packing
would provide different crystal characteristics and
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charge-transport behaviors in the polymer films, which
are not observed in the homopolymers synthesized using
repeated structural units.>**’ Therefore, random copoly-
merization is deemed a possible approach to develop a
highly charge transportable SCPs in various directions,
which is a required factor for multiple electronic
applications.

Herein, we demonstrate that the IP and OOP charge-
transporting abilities of polythiophene SCPs are simulta-
neously enhanced by random polymerization. We synthe-
size polythiophenes by changing the ratio of two different
dialkyl-substituted bi-thiophene (2R-BT) and triethylene
glycol-substituted monothiophene (TEG-T) units in order
to identify the influences of random polymerization with
different thiophene units on the molecular ordering and
charge-transport behavior of SCPs. Random polymers
exhibit weakened orientational preferences of polymer
crystallites in the film state, while the homopolymer syn-
thesized using only the 2R-BT unit exhibits a more inten-
sive tendency toward edge-on orientation. However, the
optimized random polymer is observed to provide a
denser packing and a more homogeneous morphology,
and therefore afford improved charge-transporting abili-
ties in both the IP and OOP directions, as evidenced by
the systematic studies using OFETs, hole-only space-
charge-limited-current (SCLC) devices, and perovskite
solar cells (PSCs). As a result, it was verified that random
polymerization is able to finely tune the charge trans-
ports of SCPs in diverse directions and is an attractive
method to develop SCPs for multiple -electronic
applications.

2 | RESULTS AND DISCUSSION

As shown in Figure 1, one homopolymer (P0) and three
random copolymers (2R-BT:TEG-T = 9:1, 8:2, and 7:3
for P10, P20, and P30, respectively) were prepared
using Stille polymerization with Pd(PPh;), catalyst. 2-
Octyldodecyl side groups were attached to 2R-BT mono-
mer for improving the solubility of SCPs in organic sol-
vents, while a polar and hydrophilic triethylene glycol
(TEG) side group was chosen for the TEG-T monomer to
obtain random copolymers with improved molecular
ordering and interaction with the ionic compounds.?**°
Furthermore, difluorinated-bithiophene (2F-BT) mono-
mer was introduced as a counterpart of the SCPs to
obtain deeper energy levels of highest occupied molecu-
lar orbital (HOMO), improved planarity of conjugated
backbones, and enhanced intermolecular interactions of
polymer chains.’*>?> We also attempted to synthesize the
SCPs with higher TEG-T monomer content (2R-BT:TEG-
T = 6:4 and 5:5), however, those SCPs showed limited
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FIGURE 1 Synthesis of PO, P10, P20, and P30 polymers
SCP M, (kDa) PDI  HOMO®(eV)  LUMO®(eV)  Egop(ev)  'ABLE1 Molecularweightsand
energy levels of synthesized
PO 17.8 2.58 —5.32 -3.36 1.96 polythiophenes
P10 16.5 2.87 —5.32 —3.37 1.95
P20 12.7 2.76 —5.29 -3.37 1.92
P30 15.6 2.59 —5.26 —3.39 1.87

Abbreviations: HOMO, highest occupied molecular orbital; LUMO, lowest unoccupied molecular orbital;

PDI, polydispersity index; SCP, semiconducting conjugated polymers.
Obtained from Figure S1A.

bCalculated by HOMO - Eg op.

‘Calculated from Figure 2A.

solubility and processability. Thus, we studied the effects
of random polymerization on the charge transport of
SCPs by focusing on the comparison of PO, P10, P20, and
P30 polymers. The number of average molecular weights
(M,,) of SCPs, estimated by gel permeation chromatogra-
phy (GPC), is in the range of 12.7 to 17.8 kDa with poly-
dispersity index (PDI) in the range of 2.58 to 2.87, as
listed in Table 1. Furthermore, the HOMO energy levels
of PO, P10, P20, and P30 SCPs are —5.32, —5.32, —5.29,
and — 5.26 eV, respectively, indicating that all SCPs have
appropriate HOMO energy levels for effective hole
extraction at the hole-transporting material (HTM)/
perovskite interface in perovskite solar cells (valence
band maximum of perovskite = —5.4 eV).>* The slightly
increased HOMO energy levels in the polymers with
higher TEG-T monomer content are possibly because of
the electron-donating nature of the TEG side group.
Moreover, the energy levels of the lowest unoccupied
molecular orbital (LUMO) were extracted from the opti-
cal bandgaps and HOMO energy levels: all polymers are
observed to have similar values of approximately
—3.37 eV, resulting in a sufficient electron-blocking abil-
ity to prevent the undesirable transfer of electrons at the
HTM/perovskite interface.’® In addition, high thermal
stabilities of synthesized polymers were revealed in ther-
mogravimetric analysis (TGA) (Figure S1B): The weight
of all polymers was well-conserved without thermal deg-
radation under 350°C.

The influences of random polymerization on the poly-
mer ordering of synthesized SCPs were explored by UV-
Vis spectroscopy (Figure 2A). All synthesized polymers
exhibited vibronic shoulders at around 600 nm, rep-
resenting the existence of molecular ordering and aggre-
gation of the SCPs in the film state.*® Furthermore, P20
and P30, the random copolymers, exhibited distinct
vibronic shoulders of similar intensity in comparison
with the homopolymer PO, indicating that the former can
form a highly ordered structure despite random copoly-
merization. However, the intensity of the vibronic shoul-
der of P10 was lower than that of the other polymers,
suggesting not only that the interchain interaction
between the polymers of P10 is weaker than in the
others, but also that adding a small quantity of different
monomer would disrupt the ordering of the polymer
chains.?” Furthermore, the optical bandgaps of PO, P10,
P20, and P30 polymers were observed to be 1.96, 1.95,
1.92, and 1.87 eV, respectively; the narrower bandgap
observed for P30 is possibly due to the shallower energy
levels of HOMO by the introduced electron-donating
TEG side groups.

The crystal characteristics of the synthesized poly-
mers were studied by GIXRD analysis (Figure S3).
Figure 2B,C, respectively, show the OOP scan (q,) and IP
scan (gyy) obtained from GIXRD data of SCP films. When
estimated from the peaks of (100) diffraction in the g,
direction, the interchain distances of 21.2, 21.1, and
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(A) UV-Vis absorption spectra of the SCP films. (B) g, and (C) g, from GIXRD scans. (D) Azimuthal angle scans for the

(100) diffraction peaks of PO, P10, P20, and P30 polymer film. (E) AFM topographic images of PO, P10, P20, and P30 polymer films

(2 pm x 2 pm) [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 2 Crystallographic parameters for SCP polymers
SCP (100) Peak® (A7) doy* (A) (010) Peak® (A7) di0)° (A) FWHM of (100) diffraction peak® (°)
PO 0.28 22.2 1.66 3.78 9.1
P10 0.30 21.2 1.72 3.65 13.7
P20 0.30 211 1.73 3.64 239
P30 0.31 20.3 1.74 3.62 27.3

Abbreviations: FWHM, full-width-at-half-maximum; SCP, semiconducting conjugated polymers.

“Extracted from Figure 2B.
Extracted from Figure 2C.
“Calculated from Figure 2D.

20.3 A for P10, P20, and P30 polymers, respectively, were
observed to be smaller than that of the homopolymer PO
(22.2 A) (Table 2). This may be because two long alkyl
side chains of the random polymers are partially replaced
with one short TEG group. The denser packing of the
crystallites observed in the random polymers was further
supported by the (010) diffractions in the g,y profiles. The
distances of n-n stacking calculated from the (010) diffrac-
tion peaks of the polymers were observed to be reduced
from 3.78 A for PO to 3.65, 3.64, and 3.62 A, respectively,
for P10, P20, and P30 (Table 2). On the other hand,
strong (h00) diffractions were observed in the g, scans of

all polymer films, suggesting that the crystallites in all
polymer films prefer an edge-on orientation. However,
slightly different orientational orderings of polymer crys-
tallites were observed in the azimuthal angle scans of the
(100) reflection.”®** As shown in Figure 2D, the full-
width-at-half-maximum (FWHM) of the peaks at the azi-
muth angle of 0° for PO, P10, P20, and P30 were 9.1, 13.7,
23.9, and 27.3°, respectively (Table 2). This would indicate
that the orientation preferences of our SCPs are weakened
and the random copolymerization of our polymers gener-
ates crystallites with mixed orientations.** Weakened ori-
entation preferences after random copolymerization might
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be related to the reduced regularity in conjugated back-
bone with two different monomeric units.*!

Furthermore, the morphologies of the SCP films were
explored by AFM. Figure 2E shows well-developed inter-
connected networks of nanoscale fibrils in all SCP films,
although P20 exhibits a smoother, a more homogeneous
morphology, and a slightly lower root-mean-square (RMS)
surface roughness (RMS = 1.22, 1.64, 1.00, and 1.74 nm,
respectively, for PO, P10, P20, and P30). This morphology
of P20 is favorable for forming a better contact at the
SCP/perovskite or SCP/metal electrode interfaces.*® The
increased RMS values in the P10 and P30 films could be
due to the disruption of ordering (Figure 2A) and strong
aggregation behavior (Figure 2B,C), respectively, causing
the formation of inhomogeneous polymer films with unfa-
vorable nucleation and crystallite growth.

The charge-transport behavior of the SCPs was identi-
fied by fabricating OFETs and hole-only SCLC devices.
Figure 3A shows OFET with top-gate/bottom-contact
(TGBC) configuration (channel length/width = 50 pm/
1 mm) used for investigating the IP electrical properties of
the synthesized SCPs, where a high-capacitance solid-state
electrolyte gate insulator (SEGI) composed of P(VDF-HFP)
(poly[vinylidene fluoride-co-hexafluropropylene]) and
[EMIM][TFSI]) ionic liquid (1-ethyl-3-methylimidazolium
bis[trifluoromethylsulfonyl]imide) was employed as a
gate dielectric layer (Figure 3B). The SEGI layer was
formed from the mixture of the P(VDF-HFP) solution
and the P(VDF-HFP)/[EMIM][TFSI] gel solution
(98:2 v/v ratio), which yielded a high capacitance of 21.86
pF cm*(measured at 1 Hz using the metal/insulator/
metal geometry), resulting from the combined formation
of -C-F- dipole and electric double-layer through the
polarization of SEGL.*® Thus, not only a high charge-
carrier density is induced at the semiconductor/gate
dielectric interface, but also a low operating voltage is
enabled in the OFETs.*®*** Figure 3C,D shows the
OFET transfer and output curves of SCPs, and Table 3

(A) (B) 10°

summarizes their relevant device parameters. We attrib-
uted the low saturation behavior of the output character-
istics to the short channel effect with the high channel
width/length ratio, which is 20 (typically 10 in
electrolyte-gated transistors).*>** Hysteresis behavior was
observed in the forward and reverse scan of the transfer
characteristics of the SEGI-gated OFETs due to the ferro-
electric nature, typical to those of conventional ion-gel
transistors (Figure S4).** We measured relatively high
gate leakage current (Ig) in the SEGI devices due to para-
sitic leakage pathways through the spin-coated SCPs
layer around the contact electrodes (Figure S4). Patterning
the active channel using strategic approaches such as pho-
tolithography or direct (inkjet) printing would decrease
the I substantially. The random polymer P20 exhibited a
higher average field-effect mobility (unprr) of 4.57
+ 1.34 cm® V! second™! than homopolymer PO (average
pnrer = 249 + 0.59 cm?® V™! second '), with a maximum
value of up to 7.72 cm* V™! second™*, which is ~2.4 times
improved than that of PO (3.25 cm? V" second™). This
enhancement in the uy, rer value is considered to be a con-
sequence of the dense packing and smooth morphology of
the P20 film (Figure 2B, C and E). However, P10 and P30
exhibited lower pn per values than PO, attributed to their
high surface roughness. On the other hand, the SEGI-
gated SCPs devices showed high charge mobilities com-
pared to conventional OFETs with low-k poly(methyl
methacrylate) (PMMA) dielectric. Fabricated homopoly-
mer PO and optimized P20 random copolymer SCPs
PMMA-gated OFETs measured average hole mobility of
0.049 =+ 0.003 and 0.065 + 0.099 cm? V™" second ™", respec-
tively, attributing to lower charge-carrier density despite
the high driving voltage of —80 V.*®

Figure 4A shows the hole-only SCLC device architecture
used for measuring the OOP charge-transporting abilities of
the SCPs.*** Furthermore, as shown in Figure 4B and
Table 3, the random copolymers provided higher SCLC
mobilities (upscrc) than the homopolymer PO, which

oy
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FIGURE 3

1.5 -1.0

0.5 0.0 05

v, (V) ' Vv

(A) Top-gate/bottom-contact OFET geometry for measuring the IP mobility of SCPs. (B) Chemical structures of P(VDF-HFP)

and [EMIM][TFSI] used for preparing solid-state electrolyte gate insulator (SEGI) layer. (C) Transfer and (D) output curves of OFETs for PO,
P10, P20, and P30 polymers [Colour figure can be viewed at wileyonlinelibrary.com]
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(A) Hole-only space-charge-limited-current (SCLC) device geometry for measuring the OOP mobility of SCPs. (B) Dark J-V

curves of SCLC devices for PO, P10, P20, and P30; the linear fit of the data points are represented by the solid lines. (C) Comparison of IP and

OOP mobilities of the SCPs obtained from the OFET and SCLC devices [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 3

EnreT (Best) Hn FET (Ave.)

(cm?V?! (cm?>V!
SCP second ™) second™1)? Vr (V)
PO 3.25 2.49 + 0.59 —0.97 + 0.07
P10 1.38 0.95 + 0.23 —0.94 + 0.20
P20 7.72 4.57 + 1.34 —1.08 + 0.16
P30 6.90 3.72 + 1.70 —0.99 + 0.11

Calculated from at least eight devices.

indicates that the random polymers provide an improved
charge transport in the direction of OOP, owing to the
increased randomness in the crystal orientations of their films
(Figure 2D). Moreover, P20 exhibited the highest yupgscrc
value of 8.86 X 10~* cm? V™' second ™ and it has an order of
magnitude higher than that of PO (0.87x 10™* cm® V'
second ) (Figure 4C). The results of the above studies on the
OFET and SCLC mobilities suggest that the introduction of
random polymerization could simultaneously improve the IP
as well as OOP charge-transporting abilities of the SCPs. We
attribute the origin of simultaneous enhancement in both IP
and OOP charge transport of P20 to closer distances of n-n
and interchain stackings. (Table 2).

To ensure improvement in the charge transport of
polythiophenes, the PSCs (ITO/Sn0O,/(Csg osFAg14MAg51)
Pb(IygBro.14)s/SCP(HTM)/Au) were also fabricated by
employing the SCPs as HTMs, as shown in Figure 5A.*%*
The J-V curves of PSCs are displayed in Figure 5B and
their solar cell properties are listed in Table 4. The PSCs
using P20 and P30 HTMs exhibited similar and high aver-
age power conversion efficiencies (PCEs) of approximately
14.2%. This supports the observed higher hole mobilities of
P20 and P30 polymers in the OOP direction (Figure 3F),
which would provide the facilitated hole extraction from
the perovskites and enhance hole-transport to the metal

Electrical characteristics of PO, P10, P20, and P30 semiconducting conjugated polymer (SCPs)

# nscrc (Ave.)
(x10*cm?>v?

H nscrc (Best)
(x10 4 cm?>v?

Ion/oft second ™) second 1)?
>10* 0.87 0.77 + 0.09
>10* 1.15 1.03 + 0.02
>10* 8.86 6.91 + 0.44
>10* 7.78 6.34 + 0.66

electrode. Specifically, P20 exhibited the highest effi-
ciency, with a PCE of 162% (Voc = 1.05V,
Jsc = 21.2 mA cm ™2, FF = 72.6%) while the PSCs using
PO and P10 exhibited device efficiencies of around 11.4%.
This is due to the insufficient charge-transporting abili-
ties of PO and P10 causing an increase in the interface
recombination and ineffective hole extraction at the
HTM/perovskite interface, which reduces the Jsc and FF
in PSCs. Furthermore, the reliability of the PSCs was ver-
ified by analyzing incidental photon-to-electron conver-
sion efficiency (IPCE) spectra (Figure 5C). The Jsc
determined by the integration of IPCE spectra were 18.6,
18.8, 21.0, and 19.5 mA cm™? for PO, P10, P20, and P30,
respectively, and these were consistent with the Jsc
values measured in J-V curves. In addition, as shown in
Figure 5D, the charge extraction/transport of SCPs was
investigated by steady-state photoluminescence (PL). The
perovskite films on P20 and P30 exhibited more efficient
quenching of PL compared with those on PO and P10,
indicating the better hole-extraction abilities of P20 and
P30 at the HTM/perovskite interface. Moreover, the
perovskite films with P10, P20, and P30 random copoly-
mers exhibited more blue-shifted PL emission peaks at
801 nm in comparison with the homopolymer PO
(803 nm). This shift could be a result of the reduced trap
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Comparison of hole extraction/transport abilities of semiconducting conjugated polymers (SCP) HTMs in PSCs. (A) Device

architecture of the PSCs used in this study. (B) J-V curves and (C) IPCE spectra of PSCs using P0, P10, P20, and P30 SCPs as HTMs. (D) Steady-
state PL spectra of the perovskite films deposited on bare glass and SCP films [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 4 Device performances of perovskite solar cells prepared by employing semiconducting conjugated polymers (SCPs) as hole-

transporting materials (150 nm)

Jsc Best (Ave.)* (mA cm™?) FF Best (Ave.)* (%)

SCP PCE Best (Ave.)? (%) Voc Best (Ave.)? (V)
PO 12.0 (11.4 + 0.4) 1.00 (0.97 + 0.03)
P10 12.7 (11.4 + 0.6) 1.04 (0.98 + 0.03)
P20 16.2 (14.3 £ 0.5) 1.05 (0.99 + 0.02)
P30 14.4 (14.0 + 0.2) 1.00 (0.99 + 0.02)

19.2 (19.0 + 0.5)
19.2 (19.1 + 0.3)
21.2(20.3 + 0.2)
20.8 (20.1 + 0.7)

62.3 (60.3 + 2.0)
64.1 (60.2 + 2.1)
72.6 (69.3 + 0.9)
69.2 (65.6 + 1.8)

#Calculated from at least 10 devices.

density due to the passivation effect of the triethylene gly-
col side chains attached to the polymers.”*>?

3 | CONCLUSION

In summary, we synthesized polythiophene SCPs by the
random copolymerization of two units, namely 2R-BT

and TEG-T, in different ratios. In comparison with the
homopolymer synthesized 2R-BT (P0), the optimized ran-
dom polymer P20 was observed to exhibit increased crys-
tal orientation randomness, denser packing, and more
homogeneous surface morphology. This improved its
charge-transport abilities in both directions of IP and
OOP, as verified by the OFETs and hole-only SCLC mea-
surements. P20 exhibited an enhanced IP pupprr of
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7.72cm®* V' second™’ and OOP ppscrc  of
8.86 x 10™* cm® V™! second ™", and these are respectively
2.4 times and 10 times improved values than those of the
homopolymer PO (uy per = 3.25 cm® V' second™' and
HnscLe = 8.73 x 107> cm?® V™! second™"). Furthermore,
among the PSCs fabricated using the SCPs as the HTMs,
P20 exhibited not only improved hole extraction/trans-
port but also a higher PCE of up to 16.2% when compared
to PO (PCE = 12.0%). Moreover, the distinct change in
the mobility in the direction of OOP in comparison with
the direction of IP indicates a weakened orientation pref-
erence induced by the random copolymerization, which
contributes to the development of a more efficient charge
pathway in the former direction. Thus, our study demon-
strates that the crystal properties can be tuned by utiliz-
ing a random polymerization, which paves a way for
developing efficient charge-transporting SCPs in all direc-
tions, as required for the multiple electronic applications
of the SCPs. This study provides insightful prospects for
structural modification by random copolymerization
strategy toward the development of versatile and high-
performance SCPs, which are of primary importance for
the fabrication of organic electronic devices—such as
OFETs, organic photovoltaics, organic memories, and
chemical sensors.
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