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The new D–A type polymers poly(dibenzosilole-diphenylquinoxaline) (PSiPDTQ) and dib-
enzosilole-dibenzophenazine) (PSiFDTQ), both of which adopted benzosilole as a donor,
were polymerized through a Suzuki coupling reaction. PSiPDTQ and PSiFDTQ were able
to be dissolved in organic solvents and exhibited high thermal stability. Due to the appro-
priate LUMO energy levels, an effective charge transport was observed in PSiPDTQ and
PSiFDTQ. According to X-ray diffraction measurements, a single broad diffraction peak
was detected at approximately 20.5�. The p–p stacking distances (dp) for PSiPDTQ and
PSiFDTQ were 4.4 and 4.3 Å, respectively. When PSiPDTQ and PC71BM were blended in a
1:3 ratio and used as the active layer in a solar cell, the resulting Voc, Jsc, FF and PCE were
0.89 V, 5.1 mA/cm2, 30.2% and 1.4%, respectively. For solar cells using a 1:6 ratio of PSiFDTQ
to PC71BM, the resulting Voc, Jsc, FF and PCE were 0.98 V, 3 mA/cm2, 52.8% and 1.6%, respec-
tively. In addition, for a PSiPDTQ and PC71BM blended film (1:3 ratio) with an additional
layer of PFN, the PCE of the resulting solar cells was improved (relative to solar cells with-
out PFN) to 2.1% due to the interfacial adhesion of PFN.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

For several decades, semiconducting polymers have
been used in diverse applications, such as organic light
emitting diodes (OLEDs) [1–4], organic photovoltaic cells
(OPVs) [5–11] and organic thin film transistors (OTFTs)
[12,13]. Of these applications, OPVs have drawn great atten-
tion with the global technology trend toward economic fea-
sibility and continuous development, while preserving the
environment. Low power conversion efficiency (PCE) has
been the largest obstacle to the development of OPVs [6].
Over the past few years, Donor–Acceptor (D–A) type low-
band gap polymers have drawn great attention, as their
electronic properties can be easily be changed based on
the unique combination of the D–A unit. These polymers
can also exhibit broader absorption spectra to longer wave-
lengths compared to more traditional polymers.

Among the D–A polymer acceptor units, the quinoxa-
line derivatives have been widely used due to the elec-
tron-withdrawing properties of the two imine nitrogens.
The quinoxaline derivatives can be easily structurally de-
formed and exhibit high solubility. In addition, the quinox-
aline derivatives exhibit electronic properties that can be
changed with various substituents [14–18]. Recently, the
Jen group reported that with the two phenyl rings con-
nected to the single bond between the ortho-positions,
the PCE of OPVs improved by 0.55% to achieve an efficiency
of 6.24% [19]. These fused-phenyl rings can enhance the
efficiency through a reduction of the energetic disorder
of the polymer after facilitating polymer coplanarity and
interchain p–p interactions. In these fused-phenyl rings,
however, it is difficult to introduce the akyl-chains neces-
sary to become highly soluble. Recently, we reported D–A
polymers of quinoxaline and dibenzo-phenazine deriva-
tives that introduced alkoxy-chains at the 6th, 7th or
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11th, 12th positions [20]. These types of alkoxy-quinoxa-
line and dibenzo-phenazine derivatives exhibit a high
solubility and maintain the absorption spectrum and elec-
tronic properties of quinoxaline. In particular, the polymer
of the alkoxy-dibenzo-phenazine derivative exhibited
effective intra-molecular charge transfer (ICT) and copla-
nar properties.

Recently, some copolymers that contain silicon atoms
have already been reported in the literature [21–23], and
have shown hole mobilities that rival those of polyfluo-
renes without any optimization of the polymer molecular
weight and film deposition/processing conditions.

In this study, two new D–A type polymers, poly(dib-
enzosilole-diphenylquinoxaline) (PSiPDTQ) and poly(dib-
enzosilole-dibenzophenazine) (PSiFDTQ), in which
dibenzosilole derivatives were introduced as a donor, were
successfully polymerized. Compared with PSiPDTQ, a more
effective p–p interaction is expected in PSiFDTQ because of
the superior coplanarity properties of the fused-phenyl
rings, which enables a high FF in OPVs.
2. Experimental section

2.1. Instruments and characterization

Unless otherwise specified, all reactions were per-
formed under a nitrogen atmosphere. The solvents were
dried using the standard procedures. All column chroma-
tography was performed with silica gel (230–400 mesh,
Merck) as the stationary phase. 1H NMR spectra were col-
lected by a Bruker ARX 400 spectrometer using solutions
in CDCl3 with chemical concentrations recorded in ppm
units using TMS as the internal standard. The elemental
analyses were measured with an EA1112 apparatus using
a CE Instrument. The electronic absorption spectra were
measured in chloroform using an HP Agilent 8453 UV–
Vis spectrophotometer. The cyclic voltammetric waves
were obtained using a Zahner IM6eX electrochemical
workstation with a 0.1 M acetonitrile (purged with nitro-
gen for 20 min) solution containing tetrabutyl ammonium
hexafluorophosphate (Bu4NPF6) as the electrolyte at a
constant scan rate of 50 mV/s. ITO, a Pt wire, and silver/
silver chloride [Ag in 0.1 M KCl] were used as the working,
counter, and reference electrodes, respectively. The elec-
trochemical potential was calibrated against Fc/Fc+. The
HOMO levels of the polymers were determined using
the oxidation onset value. The onset potentials are the
values obtained from the intersection of the two tangents
drawn at the rising current and the baseline changing cur-
rent of the CV curves. TGA measurements were performed
on a NETZSCH TG 209 F3 thermogravimetric analyzer. All
GPC analyses were performed using THF as an eluent and
a polystyrene standard as a reference. X-ray diffraction
(XRD) patterns were obtained using a SmartLab 3 kW
(40 kV 30 mA, Cu target, wavelength: 1.541871 Å) instru-
ment of Rigaku, Japan. Topographic images of the active
layers were obtained through atomic force microscopy
(AFM) in a tapping mode under ambient conditions using
an XE-100 instrument. Theoretical analyses were per-
formed using density functional theory (DFT), as approxi-
mated by the B3 LYP functional and employing the 6-31G⁄

basis set in Gaussian09.

2.2. Fabrication and characterization of polymer solar cells

All of the bulk-heterojunction PV cells were prepared
using the following device fabrication procedure. The
glass/indium tin oxide (ITO) substrates [Sanyo, Japan
(10 X/c)] were sequentially lithographically patterned,
cleaned with detergent, and ultrasonicated in deionized
water, acetone, and isopropyl alcohol. The substrates were
then dried on a hot plate at 120 �C for 10 min and treated
with oxygen plasma for 10 min to improve the contact angle
immediately before the film coating process. Poly(3,4-ethyl-
ene-dioxythiophene): poly(styrene-sulfonate) (PEDOT:PSS,
Baytron P 4083 Bayer AG) was passed through a 0.45-lm
filter before being deposited onto the ITO substrates at a
thickness of ca. 32 nm by spin-coating at 4000 rpm in air
and then dried at 120 �C for 20 min inside a glove box. Com-
posite solutions with polymers and PCBM were prepared
using chlorobenzene (CB) with 1,8-diiodooctane (DIO). The
concentration was adequately controlled in the 0.3–
0.5 wt% range. The solutions were then filtered through a
0.45-lm PTFE filter and spin-coated (500–2000 rpm, 30 s)
on top of the PEDOT:PSS layer. The PFN solution in methanol
and acetic acid was spin-coated on the top of the obtained
active layer at 4000 rpm for 30 s to form a thin interlayer
of 5 nm. The device fabrication was completed by depositing
thin layers of Al (200 nm) at pressures of less than 10�6 torr.
The active area of the devices was 4.0 mm2. Finally, the cell
was encapsulated using a UV-curing glue (Nagase, Japan). In
this study, all of the devices were fabricated with the follow-
ing structure: ITO glass/PEDOT:PSS/polymer:PCBM/PFN/Al/
encapsulation glass.

The illumination intensity used to test the OPVs was
calibrated using a standard a Si photodiode detector that
was equipped with a KG-5filter. The output photocurrent
was adjusted to match the photocurrent of the Si reference
cell to obtain a power density of 100 mW/cm2. After the
encapsulation, all of the devices were operated under an
ambient atmosphere at 25 �C. The current–voltage (I–V)
curves of the photovoltaic devices were measured using a
computer-controlled Keithley 2400 source measurement
unit (SMU) that was equipped with a Peccell solar simula-
tor under an illumination of AM 1.5G (100 mW/cm2). The
thicknesses of the thin films were measured using a KLA
Tencor Alpha-step 500 surface profilometer with an accu-
racy of 1 nm.

2.3. Synthesis

All reagents were purchased from Aldrich, Acros or TCI
companies. All chemicals were used without further purifi-
cation. 5,5-dioctyl-3,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxa-
borolan-2-yl)-5H-dibenzo[b,d]silole was purchased from
Luminescence Technology Crop (Product NO.: B1181). The
following compounds were synthesized following modified
literature procedures: 5,8-bis(5-bromothiophen-2-yl)-6,-
7-bis(octyloxy)-2,3-diphenylquinoxaline (M1), 10,13-
bis(5- bromothiophen-2-yl)-11,12-bis(octyloxy)dibenzo
[a,c]phenazine (M2) [20].



Scheme 1. Scheme of monomer synthesis and polymerization.

Table 1
Molecular weight and thermal properties of the polymers.

Polymer Mn (kg/mol) Mw (kg/mol) PDI Td (�C)

PSiPDTQ 18.6 36.9 1.98 338
PSiFDTQ 16.5 35.7 2.16 332
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2.4. Poly[dibenzosilole-alt-dithienyl-diphenylquinoxaline]
(PSiPDTQ)

5,5-Dioctyl-3,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxa-
borolan-2-yl)-5H-dibenzo[b,d]silole (0.15 g, 0.23 mmol),
M1 (0.2 g, 0.23 mmol), Pd(PPh3)4(0) (0.008 g, 0.007 mmol)
and Aliquat336, were placed in a Schlenk tube, purged
with three nitrogen/vacuum cycles, and under a nitrogen
atmosphere, added 2 M degassed aqueous K2CO3 (7 mL)
and dry toluene (10 mL). The mixture was placed in a
microwave reactor and heated to 90 �C using 300 W of
microwave power for 20 min. After the polymerization
was completed, the polymer was end-capped with bro-
mothiophene. After reaction quenching, the entire mix-
ture was poured into methanol. The precipitate was
filtered off and purified with a Soxhlet extraction in the
following order: methanol, acetone and chloroform. The
polymer was recovered from the chloroform fraction
and precipitated into methanol. The final product was ob-
tained after drying in vacuum. Dark red solid (0.13 g 56%).
1H NMR (400 MHz; CDCl3; Me4Si): d = 8.19–8.10 (m),
7.82–7.69 (m), 7.57–7.38 (m), 4.17 (br, 4H), 1.90 (br,
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4H), 1.53–1.23 (m), 0.90–0.64 (m). Anal. Calcd for: C72H90-

N2O2S2Si: C, 78.07; H, 8.19; N, 2.53; O, 2.89; S, 5.79.
Found: C, 76.25; H, 7.85; N, 2.53; O, 2.33; S, 5.85.
2.5. Poly[dibenzosilole-alt-dithienyl-dibenzophenazine]
(PSiFDTQ)

5,5-Dioctyl-3,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxa-
borolan-2-yl)-5H-dibenzo[b,d]silole (0.15 g, 0.23 mmol),
M2 (0.2 g 0.23 mmol), Pd(PPh3)4(0) (0.008 g, 0.007 mmol)
and Aliquat336 were placed in a Schlenk tube, purged with
three nitrogen/vacuum cycles, and 2 M degassed aqueous
K2CO3 (7 mL) and dry toluene (10 mL) were added under
a nitrogen atmosphere. The mixture was placed in a micro-
wave reactor and heated to 90 �C using 300 W of micro-
wave power for 20 min. After the polymerization was
complete, the polymer was end-capped with bromothio-
phene. After reaction quenching, the entire mixture was
poured into methanol. The precipitate was filtered off
and purified with a Soxhlet extraction in the following or-
der: methanol, acetone and chloroform. The polymer was
recovered from the chloroform fraction and precipitated
into methanol. The final product was obtained after drying
under vacuum. Dark violet solid (0.18 g 73%). 1H NMR
(400 MHz; CDCl3; Me4Si): d = 9.56 (s, 2H), 8.88 (s, 2H),
8.47–8.17 (m), 7.88–7.49 (m), 4.49 (br, 4H), 2.14 (br, 4H),
1.59–1.21 (m), 0.96–0.82 (m). Anal. Calcd for: C72H88N2O2-

S2Si: C, 78.21; H, 8.02; N, 2.53; O, 2.89; S, 5.80. Found: C,
76.38; H, 7.71; N, 2.55; O, 2.37; S, 6.05.
3. Results and discussion

Scheme 1 shows the chemical structure and the synthe-
sis process. As shown in this scheme, PSiPDTQ and PSiFDTQ
were polymerized through the Suzuki coupling reaction
using dibenzosilole and the M1, M2. The synthesis of
11,12-bis(octyloxy)-10,13-di(thiophen-2-yl)dibenzo[a,c]
phenazine exhibited an improved yield (81%) using micro-
Fig. 1. Absorption spectra of pol
wave reaction (reaction time 3 h) compared to thermal
reaction (reaction time: 24 h, yield: 59%). [20] The polymer-
ization was reacted in a microwave reactor for 20 min at
90 �C using palladium catalysts (0), a 2 M potassium car-
bonate solution, aliquot 336 as a surfactant and toluene
as a solvent. Upon completion, the polymer was end-
capped with boromothiophene. The synthesized polymer
was purified using a Soxhlet extractor with methanol, ace-
tone and chloroform. The chloroform fraction was recov-
ered. The polymerization rates of PSiPDTQ and PSiFDTQ
were 56% and 73%, respectively. The polymers were dis-
solved with organic solvents, such as THF, chloroform,
and chlorobenzene, to produce a red film through spin-
coating that is both homogenous and semi-transparent.

The molecular weights and thermal properties of the
synthesized polymers are shown in Table 1. Using GPC
with polystyrene as the standard, the number-average
molecular weights (Mn) of PSiPDTQ and PSiFDTQ were
determined to be 18.6 and 16.5 kg/mol, respectively. The
polydispersity indices (PDI) of PSiPDTQ and PSiFDTQ
exhibited very narrow distributions of 1.98 and 2.16,
respectively. According to a TGA thermal analysis, shown
in Table 1, high thermal stabilities were observed at 332–
338 �C (5 wt% loss). These results indicated a potential
use of PSiPDTQ and PSiFDTQ in polymeric solar cells or
other opto-electronic devices [4], which require high ther-
mal stabilities at temperatures of 300 �C or higher.

Fig. 1 shows the UV–Vis spectra of the solution (10�5 M)
and the thin film (50 nm) after spin coating. The solution
maximum absorption wavelengths (kmax) were 369 nm
and 479 nm for PSiPDTQ and 389 nm and 503 nm for
PSiFDTQ. The absorption between 300 and 400 nm is
caused by the p–p* transition of the conjugated backbone.
The absorption between 450–600 nm is caused by an intra-
molecular charge transfer (ICT) between the donors and
acceptors [14].

The maximum absorption wavelengths of the thin film
(kmax) occurred at 374 and 502 nm for PSiPDTQ and at
393 and 522 nm for PSiFDTQ. A 4–23 nm red-shift tendency
ymer in solution and film.



Fig. 2. (a) Cyclic voltammogram (b) DFT Gaussian simulation and band diagram of polymers (experiment level), ITO, PC71BM, Al.

Table 2
Optical and electrochemical properties of the polymers.

Polymer Absorption, kmax (nm) Eonset
ox (V) EHOMO (eV)c ELUMO (eV)d Eopt (eV)e

Solutiona Filmb

PSiPDTQ 369, 479 374, 502 1.05 �5.40 �3.32 2.08
PSiFDTQ 389, 503 393, 522 1.05 �5.40 �3.47 1.93

a Absorption spectrum in CHCl3 solution (10�6 M).
b Spin-coated thin film (50 nm).
c Calculated from the oxidation onset potentials under the assumption of Fc/Fc + relative Ag/AgCl (�4.8 eV below a vacuum).
d HOMO – Eopt.
e Estimated from the onset of UV–Vis absorption data of the thin film.
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was observed in the thin film compared to the solution be-
cause of an effective intermolecular interaction between
the polymer chains at film formation [9]. Compared with
PSiPDTQ, a long-wave absorption was observed in PSiFDTQ
for both the solution or the thin film, because the fused-
phenyl ring of the dibenzophenazine derivative in PCzFDTQ
increased the effective conjugation length by enhancing the
planarity between the chain backbones, which can be ex-
plained by the ICT effects that are much stronger in
PSiFDTQ than those in PSiPDTQ [9,24]. In addition, the mag-
Fig. 3. (a) Out-of-plane and (b) in-plane in X-ray diffraction pattern in thin films
DFT Gaussian simulation.
nitude of the absorption was higher over the wavelength
range 350–450 nm in PSiFDTQ because of an increase in
the p–p* transition of the polymer backbone with the
fused-phenyl ring structure [14,20]. The optical band gap
energy of PSiPDTQ and PSiFDTQ calculated through the
band edge were 2.08 eV and 1.93 eV, respectively.

The cyclic voltammograms of the PSiPDTQ and PSiFDTQ
thin films, measured in 0.1 M tetrabutylammonium-hexa-
fluorophosphate acetonitrile, are shown in Fig. 2(a). Table 2
contains the optical and electrochemical properties of the
of thermal treatment (c) tilt angle of polymer backbones by calculation of
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polymers. As shown in Fig. 2(a) and Table 2, both of the oxi-
dation (Eonset

ox ) onset potential values for PSiPDTQ and
PSiFDTQ were +1.05 V. The HOMO levels of PSiPDTQ and
PSiFDTQ were – 5.40 eV. The LUMO levels of PSiPDTQ and
PSiFDTQ, calculated from the optical band gap energy from
the HOMO levels, were – 3.32 and �3.47 eV, respectively.
Because all of the polymer HOMO levels are lower than
the P3HT HOMO levels (4.9 eV), a relatively high air stability
is expected [25]. Fig. 2(b) shows the band diagram of the en-
ergy levels obtained through CV measurement and the
HOMO and LUMO distributions obtained using density
functional theory (DFT) calculations in Gaussian at the
B3LYP/6-31G* level. For the distribution of electrons in the
LUMO level, in particular, the fused-phenyl ring of PSiFDTQ
exhibited a higher electron distribution than the phenyl
ring of PSiPDTQ, because the fused-phenyl ring transports
electrons with a higher conjugation length than the sepa-
rated-phenyl ring. As shown in the HOMO and LUMO
distributions of the polymers, the LUMO orbitals of PSiPDTQ
Fig. 4. (a) J–V characteristics and (b) EQE spect
was partially located on the donor dibenzosilole derivative,
which suggests an incomplete ICT effect. In contrast, the
LUMO orbitals of PSiFDTQ were located primarily on the
acceptor quinoxaline derivative, which suggests a strong
ICT effect [26]. This result was confirmed by the aforemen-
tioned UV–Vis absorption measurement results (Fig. 1).

As shown in Fig. 2(b), among the polymers studied, the
lowest difference of the LUMO levels was 0.53 eV between
PSiFDTQ (�3.47 eV) and PC71BM (�4.0 eV), indicating that
an effective electron transport is expected between
PSiFDTQ and PC71BM [27].

Fig. 3(a) and (b) shows X-ray diffraction measurements
of the film used to analyze the ordering structure of the ob-
tained polymers. The out-of-plane peak, observed in all dif-
fraction patterns with a highly ordered lamellar polymeric
structure, was not observed. In the (010) crystal plane re-
lated to p–p stacking, a broad diffraction peak for PSiPDTQ
and PSiFDTQ were detected at approximately 19.8� and
20.3�, respectively. Using the calculation (k = 2dsinh), the
ra of the BHJ solar cells with the device.



Fig. 5. Topographic AFM images of (a) PSiPDTQ: PC71BM 1:3 (3 � 3 lm2) (b) PSiFDTQ:PC71BM 1:6 (3 � 3 lm2).
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p–p stacking distances (dp) of PSiPDTQ and PSiFDTQ were
4.4 Å and 4.3 Å, respectively, indicating that the p–p stack-
ing was more effective in PSiFDTQ than in PSiPDTQ. These
results are similar to the benzene–thiophene aromatic sys-
tem polymers that have exhibited good performance in
OPVs [24].

According to a comparative analysis of the tilt angle
through DFT calculations, as shown in Fig. 3(c), the tilt an-
gle of the dibenzosilole-thiophene linkage was 28�. The
thiophene–quinoxaline of PSiPDTQ and thiophene-dib-
enzophenazine of PSiFDTQ were 19� and 47�, respectively.
In terms of the tilt angle, PSiFDTQ was greater than
PSiPDTQ. However, an effective p–p stacking is enabled
in PSiFDTQ because the fused-phenyl ring (tilt angle: 0�)
has strong planarity properties between the chain back-
bones. As shown in the XRD measurement in Fig. 3,
PSiFDTQ had a shorter p–p stacking distance than
PSiPDTQ. A high FF is expected occur in the PSiFDTQ-con-
taining OPVs due to the close p–p stacking of PSiFDTQ with
its planarity properties.

Fig. 4(a) and Table 3 show the results of the evaluation of
the characteristics of the OPV devices. Each of the devices
were structured as follows: ITO (170 nm)/PEDOT:PSS
(40 nm)/active layer (50 nm)/Al (100 nm). The active layer
had an optimized blending ratio obtained by dissolving
the polymer and PC71BM in chlorobenzene (CB) and 1 8-
diiodooctane (DIO) with a concentration of approximately
0.5–1 wt%. For PSiPDTQ with a 1:3 ratio of PC71BM (50 nm
in thickness), the open-circuit voltage (VOC), short-circuit
current (JSC), fill factor (FF) and PCE were 0.89 V, 5.1 mA/
cm2, 30.2% and 1.4%, respectively. At a PSiFDTQ and PC71BM
ratio of 1:6, the values of VOC, JSC, FF and PCE were 0.98 V,
3.0 mA/cm2, 52.8% and 1.6%, respectively. While VOC and
JSC were similar, the value of FF for PSiFDTQ increased by
74% compared to PSiPDTQ. As supported by the XRD data
in Fig. 4, this increase was caused by the effects of the back-
bone planarity of the polymers. In other words, the effective
p–p stacking found in PSiFDTQ with a high coplanarity in-
creases the FF. Both of the synthesized polymers exhibited
greater open circuit voltage values than P3HT (Voc = 0.5–
0.6) when used in OPVs, because of the lower HOMO levels
[25]. Moreover, both of the synthesized polymers exhibited
greater open circuit voltage values and fill factor than poly-
mers using carbazole derivative (VOC = �0.85, FF = �44.9)
[20]. In other words, the polymers consisting dibenzosilole
derivative show superior properties than the polymers con-
sisting carbazole or fluorene derivative due to planarity and
interaction of silicon atom [8,23].

Recently, a number of studies aimed at improving the
performance of OPV devices using poly [(9,9-bis(30-(N,N-
dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctyl-
fluorene)] (PFN), because PFN improves the interfacial
adhesion and electron transport between the active layers
and the cathodes [28]. Thus, we fabricated the devices
introducing PFN, and the results are summarized Fig. 4(a)
and Table 3. For a device with the structure of ITO/PED-
OT:PSS/active layer (PSiPDTQ:PC71BM = 1:3)/PFN/Al, the
values of VOC, JSC, FF, and PCE were 0.95 V, 6.0 mA/cm2,
36.6%, and 2.1%, respectively. The device with PFN exhib-
ited the best performance, with improved JSC and FF com-
pared with the device without PFN, because the PFN
interlayer improved the electron transport between the
active layers and the Al electrode. On the other hand, for
a device with the structure of ITO/PEDOT:PSS/active layer



Table 3
Photovoltaic performance of the BHJ solar cells with the device.

Active layer (w/w) Weight
ratio
(P:A, w/
w)

VOC

(V)
JSC

(mA/
cm2)

FF
(%)

PCE
(%)

Polymer
(P)

Acceptor
(A)

PSiPDTQ PC71BM 1:3 0.89 5.1 30.2 1.4
1:3a 0.95 6.0 36.6 2.1

PSiFDTQ PC71BM 1:6 0.98 3.0 52.8 1.6

a Device structure: ITO/PEDOT:PSS/blend film/PFN/Al.
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(PSiFDTQ:PC71BM = 1:6)/PFN/Al, almost no photovoltaic
response was observed. This result can be because interfa-
cial adhesion between the blended film layer
(PSiFDTQ:PC71BM = 1:6) and the PFN layer is poor.

To verify the accuracy of the device measurements, the
External Quantum Efficiency (EQE) was measured, and the
EQE curve for a device with the PC71BM blend is shown in
Fig. 4(b). In the EQE curve, photons were primarily ab-
sorbed in the polymer phase, as the EQE spectrum corre-
lated with the absorption spectrum of the relevant
polymer [29]. As shown in Fig. 4(b), the EQE curve was
similar to the UV–Vis spectra curve in Fig. 1. For PSiPDTQ,
the short-circuit current density obtained from the EQE
against PC71BM (1:3 ratio) was 3.4 mA/cm2. For PSiFDTQ,
the theoretical short-circuit current density obtained from
the EQE against PC71BM (1:6 ratio) was 1.9 mA/cm2.
Although there were slight differences, the results are sim-
ilar to the device performance measured at the AM 1.5
conditions.

The AFM of the polymer/PCBM blend films are shown in
Fig. 5. As observed in Fig. 5(a), a smooth morphology ap-
peared when PSiPDTQ and PC71BM were blended in a 1:3
ratio. Compared with PSiPDTQ, a large-phase separation
was observed when PSiFDTQ and PC71BM were mixed at
a 1:6 ratio, as shown in Fig. 5(b). In addition, macro p–n
channels were formed. The large-phase separation pro-
duces a low photocurrent by reducing the charge separa-
tion and increasing the exciton diffusion length and the
recombination of electric charges [30]. Thus, the lowest
photocurrent (3.0 mA/cm2) was observed for a PSiFDTQ/
PC71BM ratio of 1:6. However, the FF improved by 74%
due to the superior p–p stacking coplanarity. As a result,
the PSiFDTQ OPV devices exhibited a relatively higher effi-
ciency than the PSiPDTQ OPV devices for the same device
structure.
4. Conclusions

In this study, two new acceptor units, in which octyloxy
with a high solubility was introduced, have been synthe-
sized. In addition, D–A type polymers, PSiPDTQ and
PSiFDTQ, which accepted benzosilole derivatives as a do-
nor, were polymerized. Both PSiPDTQ and PSiFDTQ exhib-
ited high solubility and high thermal stability. According
to XRD measurements, the p–p stacking distance (dp) of
PSiPDTQ and PSiFDTQ were 4.4 Å and 4.3 Å, respectively.
With a large-phase separation, the JSC of OPV devices with
PCzFDTQ was lower than those with PCzPDTQ. On the
other hand, with the superior coplanarity of the fused phe-
nyl rings, the FF of the PSiFDTQ OPV device was 74% higher
than that of the PSiPDTQ device.
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