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ABSTRACT: In this work, position effects of an alkylthio side chain were 
investigated by designing and synthesizing two copolymers based on a phenyl- 
substituted  benzo[1,2-b:4,5-b′]dithiophene  (BDTP)  and  difluorobenzotria- 

zole (FTAZ). The polymer based on the meta-position-alkylthiolated BDTP, 

named m-PBDTPS−FTAZ, showed a relatively broader bandgap (2.00 vs 
1.96 eV) and lower highest occupied molecular orbital (HOMO) energy level 

(−5.40 vs −5.32 eV) than its para-positioned structural isomeric analogue 

polymer (named p-PBDTPS−FTAZ), that is, m- and p-PBDTPS−FTAZ with 
the side chain structured as ethylhexyl- in the phenyl unit and hexyldecyl- in 

the FTAZ moiety. When blended with ITIC, m-PBDTPS−FTAZ showed a 
comparable crystallinity but more uniform morphology compared to that of p- 

PBDTPS−FTAZ. A high power conversion efficiency of 13.16% was achieved for m-PBDTPS−FTAZ:ITIC devices with a high 
open circuit voltage (VOC) of 0.95 V, which is higher than that of p-PBDTPS−FTAZ:ITIC devices (10.86%) with a VOC of 0.89 
V. Therefore, m-BDTPS could be an effective donor unit to construct high-efficiency polymers due to its effectively decreased 
HOMO energy level of polymers while still maintaining good molecular stacking. 
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■ INTRODUCTION 

Organic  solar  cells  (OSCs)  have  been  considered  as  a 
promising photovoltaic technology for a bright marketing 
future   due   to   its   superiority  in   low   cost, large-scale 

manufacture, flexibility, etc.1−6  Based on the mutual develop- 
ment of photovoltaic materials and device-processing, 
remarkable progress has been achieved in the recent 2 years. 

Power-conversion efficiencies (PCEs) over 14−16% have been 
obtained  for  single-junction  solar  cells.7−10  Particularly,  a 
significant record PCE of 17.36% was reported by Chen et al. 

in tandem OSCs in 2018.6 Therefore, PCEs of OSCs can be 
further improved through a series of rational material design 
and device-engineering. Photovoltaic materials, especially for 

donor materials, are always a hot research topic in the progress 

of OSCs.11−22 Wide-bandgap (WBG) polymer donor materials 

 

short-circuit current density (JSC), open-circuit voltage (VOC), 

and fill factor (FF).27 A large JSC depends on a broad 
absorption spectrum of photovoltaic materials, and a high VOC 

relies on an enlarged gap between the highest occupied 
molecular orbital (HOMO) energy levels of donors and the 
lowest unoccupied molecular orbital (LUMO) energy levels of 
acceptors. Therefore, a high-quality WBG donor material 
should possess a complementary absorption spectrum for a 

larger JSC and a lowered HOMO energy level for a higher VOC, 

respectively. 
Side-chain  engineering,  as  an  effective  strategy,  has been 

widely used for tuning the absorption spectra and energy levels 
of   conjugated   polymers.  Benzo[1,2-b:4,5-b′]dithiophene 

(BDT) is a typical electron-donor unit for constructing high- 
efficiency  donor  materials  because  of  the  symmetrical and 

among them acquired a remarkable breakthrough due to the    
rise of non-fullerene acceptor materials possessing a lower 

bandgap.23−26  It is commonly known in the OSC  community 
that the PCE is determined by three parameters, which are the 
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planar molecular structure.28,29 Its two-dimensional (2D) side 
chains and substitutents play an important role in tuning the 

energy level and absorption spectra of materials.30−34 On the 
one hand, thienyl and phenyl as two main 2D groups have 
been studied. Compared with thienyl-substituted BDT 
(BDTT), phenyl-substituted BDT (BDTP) usually showed a 

weaker electron-donating effect due to its larger π-conjugated 
area and better planarity.35−39  Therefore, BDTP-based donor 
materials usually showed lower HOMO levels and higher VOC 

values compared to BDTT-based materials. On the other hand, 
an alkylthio side chain was usually introduced into the BDT 
moiety for a high VOC as Li et al. reported in their pioneer 
work on alkylthiolation on the BDT type of donor materials.40 

Therefore, alkylthio-phenyl-substituted BDT (BDTPS)-based 
donor materials presented a great performance with a high 
VOC. However, these studies have been mainly concentrated on 

the para-position of the phenyl group (p-BDTPS) and 
alkylthiolation on other sites of the phenyl group has not 

been paid enough attention.41 It is known that substitutents in 
different sites on the phenyl group could make a significant 
influence concerning the density distribution of electron 
clouds. When the phenyl group was alkylthiolated in its meta-
position, the distance between the alkylthio group and the 
BDT core was shortened, which may improve the substituent 
group’s conjugation effect and increase its π- electron-
accommodating ability. In addition, its electron- withdrawing 
inductive effect might make a difference due to the closer 
distance in comparison with that of its analogue in the para-
position. Therefore, it is crucial to investigate the position 
effect of an alkylthio-substituted side chain by molecular 
design strategies. 

routes and structural characterizations are given in the 

Supporting Information. The polymer m-PBDTPS−FTAZ 
revealed a blue-shifted absorption spectrum and a lower 

HOMO energy level compared with p-PBDTPS−FTAZ due to 
the position-sensitive alkylthio-substituted side chain. Mean- 
while, the position modification affects the molecular-packing 

distance  (23.26 vs  20.26  Å  for p-PBDTPS−FTAZ and  m- 
PBDTPS−FTAZ, respectively), but has almost no effects on 
the crystallinity of the polymers. The corresponding solar cells 

based on m- and p-PBDTPS−FTAZ showed high PCEs over 
10% with a large JSC (over 18 mA/cm2). However, m- 

PBDTPS−FTAZ showed a higher PCE (13.16%) than p- 

PBDTPS−FTAZ:ITIC-based devices (10.86%), which mainly 
benefits from its higher VOC (0.95 vs 0.89 V) due to its lower 
HOMO level. More importantly, the high VOC indicated that 

m-PBDTPS−FTAZ would have a potentially increased PCE. 
Therefore,   m-BDTPS  could  be  used   to   construct  high- 
performance polymer donors by carefully copolymerizing an 
appropriate acceptor unit to achieve a high VOC while 
maintaining a large JSC in OSCs from such m-BDTPS-based 
donor polymers. 

■ RESULTS AND DISCUSSION 

The polymer p-PBDTPS−FTAZ and compound 1 were 
synthesized according to the literature.37,41 The general 
synthetic  routes  of   m-BDTPSSn  and   the   corresponding 
polymers  are shown  in Scheme S1. 1H NMR  and 13C  NMR 
spectra were used to identify the chemical structure of the 

intermediates and final products. The polymer m-PBDTPS− 
FTAZ was synthesized by the Stille coupling reaction with 
Pd  (dba) /P(o-tol)   as the catalyst. The chemical structures of 

In this work, m-BDTPS and p-BDTPS as donor units were 2 3 3 

applied for the syntheses of two polymers with difluorobenzo- 

triazole (FTAZ) as the acceptor unit, named m-PBDTPS− 
FTAZ and p-PBDTPS−FTAZ, respectively. Their chemical 
structures are illustrated in Figure 1a. The detailed synthetic 

 

Figure 1. (a) Chemical structure, (b) normalized absorption spectra, 

and (c) energy level diagram of m- and p-PBDTPS−FTAZ and ITIC. 

the two polymers are shown in Figure 1a. The detailed 
synthesis could be found in the Experiment Section of the 
Supporting Information. The two polymers displayed good 
solubility in general solvents such as chloroform (CF), 
chlorobenzene (CB), and o-dichlorobenzene (o-DCB), which 

was beneficial for fabricating photovoltaic devices through 
spin-coating. Their thermal properties were determined by 
thermogravimetric analysis (TGA). As shown in Figure S1, a 
good thermal stability was obtained for the two polymers with 
high onset decomposition temperature (Td) values of 354 and 

370  °C  at 5%  weight-loss  for p-  and  m-PBDTPS−FTAZ, 
respectively. The meta-positioned alkylthio substituent on the 
side chain of BDT had a positive influence on the thermal 
ability of the material. 

The UV−vis absorption spectra of the two polymers both in 
chloroform solutions and in neat films are shown in Figure 1b, 
and the obtained data are listed in Table 1. All of the four 
spectra showed two distinct absorption peaks between 450 and 
650 nm. The main peak in the short wavelength was attributed 
to the intermolecular charge transfer, and the intense shoulder 
peak in the long wavelength implied that there should be a 
strong intra-/intermolecular aggregation. On the other hand, 
an apparent red shift was observed from solutions to their solid 

films,  implying  the  intense  intermolecular  aggregation  in 
 

 

Table 1. Optical and  Electrochemical Parameters of  m-  and  p-PBDTPS−FTAZ 
 

polymer 
a (nm) 

λabs 

a (nm) 
λonset 

b (nm) 
λabs 

b (nm) 
λonset Eg

opt (eV) ε (M−1 cm−1) 
CV (eV) EHOMO ELUMO

c (eV) 

p-PBDTPS−FTAZ 540, 583 624 544, 589 633 1.96 0.62 × 105
 −5.32 −3.36 

m-PBDTPS−FTAZ 525, 567 612 542, 579 621 2.00 0.60 × 105
 −5.40 −3.40 

aMeasured in CF solution. bMeasured in the neat film. cELUMO = EHOMO
CV + Eg

opt. 

http://pubs.acs.org/doi/suppl/10.1021/acsami.9b07112/suppl_file/am9b07112_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b07112/suppl_file/am9b07112_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b07112/suppl_file/am9b07112_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b07112/suppl_file/am9b07112_si_001.pdf
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pristine films. Nevertheless, compared with p-PBDTPS− 
FTAZ, m-PBDTPS−FTAZ exhibited a blue-shifted absorption 
spectrum. Their absorption edges in the films were 633 and 
621 nm, respectively. The two polymers showed a similar 
molar extinction coefficient (ε) of about 0.6 × 105 M−1 cm−1

 

(Table 1) in solution. Both polymers showed a favorable 
complementary absorption with ITIC, implying effective 
utilization of solar irradiation and a large JSC. According to 

the empirical formula, the optical band gaps of p-PBDTPS− 
FTAZ and m-PBDTPS−FTAZ were respectively calculated to 
be 1.96 and 2.00 eV. It indicated that modulating the position 
of the alkylthio substitutents in polymer donor materials could 
be an effective strategy to adjust their optical properties. 

Figure S2 shows cyclic voltammetry (CV) curves of p- 

PBDTPS−FTAZ and m-PBDTPS−FTAZ, and the corre- 
sponding data are listed in Table 1. Their energy-level 
diagrams are shown in Figure 1c. An onset oxidation potential 
of 0.93 V for the former and 1.01 V for the latter was observed. 
Based on the empirical formula, their HOMO energy levels 

were −5.32 and −5.40 eV, respectively. Their LUMO  energy 
levels were calculated to be −3.36 and −3.40 eV by their 
HOMO  energy  levels  and  optical  gaps.  The m-positioned 
alkylthio substitutent on the phenyl group caused a decreased 
HOMO energy level by comparison with that of the p- 
positioned substitutent on the phenyl group. From the view 
point of energy level, a decreased HOMO energy level was 
conducive to obtain a high VOC. 

The density functional theory (DFT) method was adopted 
for theoretical calculations at the B3LYP/6-31G level. To 
reduce the calculation workload, methyl groups were used to 
replace the long alkyl chains. HOMO energy levels were 

calculated for p- and m-BDTPS structural units (D) only. 
However, calculations on their  molecular conformation were 

carried out on dimers of BDTPS and FTAZ (D−A). The 

HOMO energy level was lowered from −5.18 eV for p-BDTPS 

to −5.22 eV for m-BDTPS in terms of the donor unit as shown 
in Figure S3a. This result verified our design idea of regulating 
energy levels by changing different substituent sites. As shown 
in Figure S3b, a slightly larger torsion angle was observed for 

m-PBDTPS−FTAZ in comparison to that of the polymer p- 

PBDTPS−FTAZ. It may be caused by a larger steric hindrance 
of the m-substituent. Even so, they all exhibited a relatively 
plane backbone conformation, which could facilitate an 
effective interchain interaction and charge transport. 

Single-junction OSCs were fabricated based on p- and m- 

PBDTPS−FTAZ as the donor materials and ITIC as the 
acceptor material. A typical device structure of indium-tin 
oxide    (ITO)/poly(3,4-ethylenedioxythiophene):poly(styrene 
sulfonate) (PEDOT:PSS)/polymer:ITIC/PFN-Br/Al was 

adopted to test their photovoltaic performance. The J−V 
curves under  different ratios  are  given in  Figure  S4, and the 
optimal curves are given in Figure 2a. The detailed 
photovoltaic parameters are listed in Table 2. The thicknesses 

of the  active layers  were  about 100−110 nm. m-PBDTPS− 
FTAZ showed an increased VOC of 0.95 V compared to 0.89 V 

in p-PBDTPS−FTAZ. The PCE was increased from 10.86% 
for p-PBDTPS−FTAZ  to  13.16%  for m-PBDTPS−FTAZ, 
which was mainly benefited by the higher VOC of the latter. In 
terms of the VOC, the position of the alkylthio substituent on 
the phenyl side chain has a remarkable impact. This may be 
caused by the change of density distribution of electron clouds 

on the phenyl moiety. On the other hand, a slightly increased 

FF value for m-PBDTPS−FTAZ was obtained, which may be a 

 

 

Figure 2. (a) J−V curves and (b) external quantum efficiency (EQE) 
spectra of the optimized OSCs. 

 
 

 

result of its more balanced charge-transport ability. Therefore, 
a promising BDT unit m-BDTPS was obtained for constructing 
polymers with a large VOC and FF under synergistic effects of 
the position of the substitute. 

Based on the report from Bisquert and Garcia-Belmonte et 

al.,42,43 we have performed a study on the chemical 
capacitance, enabling us to understand the relevant density    
of state (DOS), which determines the VOC of the devices. The 

chemical capacitance tests on p-PBDTPS−FTAZ:ITIC- and 
m-PBDTPS−FTAZ:ITIC-based OSC devices are displayed in 
Figure S5. A smaller downshift of the DOS of m-PBDTPS− 
FTAZ was found compared with that of p-PBDTPS−FTAZ. 
This may be one of the reasons for the higher VOC of m- 

PBDTPS−FTAZ:ITIC as the same acceptor ITIC was used. 
As shown in Figure 2b, the OSCs based on both p- and m- 

PBDTPS−FTAZ showed a broad photoresponse during 350− 
750 nm. Particularly, a strong photoresponse ability was 
observed over 500−700 nm, which caused a large JSC of both 

OSCs (18.12 and 18.76 mA/cm2 for p-PBDTPS−FTAZ and 

m-PBDTPS−FTAZ, respectively). The integrated current 
densities   (JSC

EQE)  from  the  EQE   curves  were  17.51  and 
18.15 mA/cm2  for their OSCs, respectively, being  consistent 
with the measured JSC values with an error <5%. The relatively 

higher JSC based on m-PBDTPS−FTAZ:ITIC may be 
benefited from the better morphologies as shown in Figure 3. 

Blended-film morphologies were studied via the measure- 
ments of an atomic force microscope (AFM) and a 
transmission electron microscope (TEM). As shown in Figure 

3a,b, both the optimal blend films showed relatively smooth 
surfaces with root mean square (RMS) surface roughnesses of 

1.09 and 0.99 nm for p- and m-PBDTPS−FTAZ:ITIC blends, 

respectively. The m-PBDTPS−FTAZ:ITIC blend displayed a 

more uniform surface morphology than the p-PBDTPS− 
FTAZ:ITIC  blend.  As  shown  in  Figure  3c,d,  their  bulk 
morphologies showed a fibril-like phase separation. It was 
conducive to create a fine channel for exciton diffusion and 
charge transport, affording large JSC values. 

The  charge  carrier  mobilities  of  the  blend  films  were 
measured by means of space-charge-limited current, and the 

corresponding J−V cures are displayed in Figure S6. Hole 
mobilities  of  1.15 × 10−4  and  4.16  × 10−4  cm2/(V  s) were 
respectively observed for the blend films of p- and m- 

PBDTPS−FTAZ:ITIC.  Additionally,  electron  mobilities of 
3.93  × 10−4  and  3.16  × 10−4  cm2/(V  s)  were  respectively 

observed for the blend films of p- and m-PBDTPS− 
FTAZ:ITIC. Furthermore, ratios of the electron to hole 
mobilities (μe/μh) were calculated for both blend films 
according to their charge mobility values, which are 0.76 for 

m-PBDTPS−FTAZ:ITIC  and  3.42  for  p-PBDTPS−FTA- 
Z:ITIC.  Therefore,  both  polymers  present  decent electron 

http://pubs.acs.org/doi/suppl/10.1021/acsami.9b07112/suppl_file/am9b07112_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b07112/suppl_file/am9b07112_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b07112/suppl_file/am9b07112_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b07112/suppl_file/am9b07112_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b07112/suppl_file/am9b07112_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b07112/suppl_file/am9b07112_si_001.pdf
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Table 2. Performance Parameters of Optimal Devices Based on the Two Polymersa
 

device VOC (V) JSC (mA/cm2) FF (%) PCE (%) 

p-PBDTPS−FTAZ:ITIC 0.89 (0.88 ± 0.01) 18.12 (17.91 ± 0.32) 67.37 (66.11 ± 1.51) 10.86 (10.54 ± 0.31) 

m-PBDTPS−FTAZ:ITIC 0.95 (0.95 ± 0.01) 18.76 (18.02 ± 0.53) 73.85 (71.53 ± 2.1) 13.16 (13.01 ± 0.22) 
aAverage PCE is calculated from 20  cells. 

 

 

Figure 3. (a) Atomic force microscope (AFM) height image and (c) 

transmission electron microscope (TEM) image of the p-PBDTPS− 
FTAZ:ITIC blend film; (b) AFM height image and (d) TEM image  

of the m-PBDTPS−FTAZ:ITIC film. 

 
and hole mobilities with a good balance of μe/μh, which are 
beneficial for their high photovoltaic performance. 

The molecular orientations in active layers were investigated 
deeply by employing grazing-incidence wide-angle X-ray 
scattering  (GIWAXS).  As  shown  in  Figure  4c,  there were 

obvious (100) diffraction peaks at 0.27 and 0.31 Å−1 in the in- 

plane direction for p- and m-PBDTPS−FTAZ:ITIC, respec- 

 

about 23.26 and 20.26 Å, respectively. The difference of 
lamellar distance may arise from the substituent on different 
sites on the phenyl group. Although the two blend films display 
a similar crystallinity here, the shorter corresponding d-spacing 

of the m-PBDTPS−FTAZ:ITIC blend suggests stronger 
intermolecular interactions than those of its para-isomer and 
therefore   an   improved   charge   transport   (as   the above- 
presented enlargement of four times of their hole mobility), 
which can also lead to a higher FF (from 67.37% for para- to 
73.85% for meta-isomers).44 Meanwhile, their AFM images 

and the RMS value of 0.99 nm for m-PBDTPS−FTAZ:ITIC 
have also confirmed a more uniform surface morphology than 

that of 1.09 nm for p-PBDTPS−FTAZ:ITIC, leading to the 
possible high mobility of the former than the latter. In 

addition,  both  the  blend  films  exhibited  a  π−π  stacking 
diffraction  plotted  at  1.74  Å−1  as  shown  in  Figure  4d, 
indicating that a face-on molecular orientation existed relative 
to the substrate. Meanwhile, the change of substituent sites had 

no obvious influence on the π−π stacking. Therefore, this work 
provided an effective way to modulate lamellar stacking while 

maintaining a π−π stacking feature. 
The photocurrent density (Jph) and the saturation current 

density (Jsat) were tested for exploring the exciton dissociation 
efficiencies (Pdiss) via Jph/Jsat, which could help understanding 

the photocurrent behaviors of OSCs. Jph = JL − JD, where JD 

and JL are the current density in the dark and under 
illumination, respectively.45 Jsat values could be obtained by 

fitting the Jph − Veff curves. Here, Veff = V0 − V, where V0 and V 
are the voltage at which Jph = 0 and the applied voltage, 
respectively. The Jsat values were about 19.5 and 19.8 mA/cm2 

for p- and m-PBDTPS−FTAZ OSCs, respectively, as displayed 
in Figure 5a. Corresponding Pdiss values of 93 and 95% were 

tively. This can be assigned to the ordered polymer interchain    
stacking in active layers. The corresponding d-spacings were 

 
 
 
 
 
 

 
Figure 5. (a) Jph − Veff curves and (b) JSC−P curves for p-PBDTPS− 

FTAZ-  and  m-PBDTPS−FTAZ-based OSCs. 

 
 

 
 
 
 
 

Figure 4. GIWAXS scattering images for p-PBDTPS−FTAZ:ITIC (a) 

and m-PBDTPS−FTAZ:ITIC optimal blend films (b); and 
corresponding  curves  in  the  plane  direction  (c)  and out-of-plane 
direction (d). 

obtained for the former and latter, respectively. A high Pdiss 

indicated that charge carriers could be efficiently transported 
and collected by the corresponding electrodes. On the other 
hand, their charge recombination behavior was evaluated 
according to the dependence of JSC on the incident light power 

(P). JSC shows typically a power−law dependence on P (JSC ∝ 
Pα). The α values are about 0.92 and 0.96 for p-PBDTPS− 
FTAZ- and m-PBDTPS−FTAZ-based OSCs, respectively, as 
shown in Figure 5b. The α values of both devices are closer to 
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■ 

■ 

■ 

■ 

■ 

1.0, which indicated that bimolecular recombination was weak. 
Therefore, high FF values were achieved in both devices. 

CONCLUSIONS 

In conclusion, the position of the alkylthio-substituted side 
chain has an impact on the HOMO energy level and 
molecular-packing distance, but no obvious effect on molecular 

crystallinity. Compared with p-PBDTPS−FTAZ, m-PBDTPS− 
FTAZ showed a slightly blue-shifted absorption and a lower 
HOMO energy value. When blending with ITIC, both of the 

polymers showed an obvious π−π stacking, and m-PBDTPS− 
FTAZ showed a more uniform morphology than p-PBDTPS− 
FTAZ. Therefore, a promising PCE of 13.16% was achieved 
for m-PBDTPS−FTAZ:ITIC devices with a high VOC of 0.95 

V, which was superior to that of p-PBDTPS−FTAZ. This work 
reported that m-BDTPS could be an effective donor unit to 
construct high-performance polymer donors with an appro- 
priate acceptor unit to obtain both a higher VOC and larger JSC. 

EXPERIMENTAL  SECTION 

Organic solar cells were prepared with a typical structure of ITO/ 
PEDOT:PSS/polymer:ITIC/PFN-Br/Al. The patterned ITO glass 

with a sheet resistance of 15 Ω/square was precleaned in an ultrasonic 
bath  of  acetone  and  isopropyl  alcohol  and  then  treated using an 

ultraviolet−ozone  chamber  for  6  min.  Then,  a  30  nm  thick 
PEDOT:PSS layer was spin-coated onto the ITO glass and baked    
at 150 °C for 15 min. The mixed solutions of polymer and ITIC in o- 
DCB were stirred all night and then spin-coated on the PEDOT:PSS 

layer to prepare the light absorption layer with a thickness of 100− 
150 nm. A Veeco Dektak 150 profilometer was used to measure the 
thickness of the light absorption layer. The electron transport layer 
was prepared by spin-coating the PFN-Br solution (in CH3OH). 
Finally, the metal electrode Al with a thickness of about 100 nm was 

thermally evaporated under about 4 × 10−4 Pa and the device area 
was 0.1 cm2 as defined by a shadow  mask. 
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