
Research paper

Fine-tuning blend morphology via alkylthio side chain engineering
towards high performance non-fullerene polymer solar cells

Ling Li, Liuliu Feng, Jun Yuan, Hongjian Peng ⇑, Yingping Zou, Yongfang Li
College of Chemistry and Chemical Engineering, Central South University, Changsha 410083, China

a r t i c l e i n f o

Article history:
Received 18 December 2017
In final form 12 February 2018
Available online 13 February 2018

Keywords:
Medium bandgap
Alkylthio side chain
Polymer solar cells (PSCs)
Quinoxaline (Qx)

a b s t r a c t

Two medium bandgap polymers (ffQx-TS1, ffQx-TS2) were designed and synthesized to investigate the
influence of different alkylthio side chain on the morphology and photovoltaic performance of non-
fullerene polymer solar cells (PSCs). Both polymers exhibit similar molecular weights and comparable
the highest occupied molecular orbital (HOMO) energy level. However, the polymer with straight
alkylthio chain delivers a root-mean-square (RMS) of 0.86 nm, which is slightly lower than that with
branched chain (1.40 nm). The lower RMS benefits the ohmic contact between the active lay and interface
layer, thus enhanced short circuit current (Jsc) (from 13.54 mA cm�1 to 15.25 mA cm�1) could be
obtained. Due to the enhancement of Jsc, better power conversion efficiency (PCE) of 7.69% for ffQx-TS2
could be realized. These results indicated that alkylthio side chain engineering is a promising method
to improve photovoltaic performance.

� 2018 Published by Elsevier B.V.

1. Introduction

During the past several decades, single junction bulk hetero-
junction structure (BHJ) polymer solar cells (PSCs) have been
widely investigated by scientific research workers due to the dis-
tinguished advantages of light-weight, low-cost and flexible
devices [1–6]. The conjugated polymers consisted of electron-rich
unit (D) and electron-deficient unit (A) have been considered as
an efficient backbone structure to achieve higher power conversion
efficiency (PCE) [7–11]. Recently, the fullerene PSCs based on poly-
mer as donor materials and fullerene derivative as acceptor mate-
rials have obtained PCE over 10%. Besides, the PCE of non-fullerene
PSCs has achieved 13%, which demonstrated great potential of
commercial application of regenerative solar energy [12–16].

In terms of D-A conjugated polymers, the quinoxaline (Qx) has
been widely used as a strong electron-withdrawing unit to achieve
higher photovoltaic (PV) performances [17]. A series of D-A conju-
gated polymers based on Qx structure with benzodithiophene
(BDT) as the donor unit exhibited desirable PV properties in previ-
ous literatures [18–20]. Our group have synthesized a BDT-Qx-
based conjugated polymer named HFQx-T, which demonstrated
outstanding performance in PSCs applications [21]. In addition,
some previous researches indicated that replacing alkyl side chains

with alkylthio side chains substitute on BDT unit has a significant
effect on improving PCE. The introduction of alkylthio side chains
down-shifted the highest occupied molecular orbital (HOMO)
energy level, thus higher open-circuit voltage (Voc) as well as supe-
rior photovoltaic performance could be obtained [22,23]. Particu-
larly, the active layer of alkylthio analogues showed smoother
surface compared to that substituted with alkyl side chain when
blending with the acceptor named as 3,9-bis(2-methylene-(3-(1,1
-dicyanomethylene)indanone)-5,5,11,11- tetrakis(4-hexylphenyl)
dithieno[2,3-d:20,30-d0]-s-indaceno[1,2-b:5,6-b0]-dithiophene (ITIC)
[24]. On the other hand, the donor unit substituted with straight
alkyl chains would display more ordered intermolecular stacking
compared to that substituted with branched alkyl chains and
showed higher charge mobilities [25–27]. Hence, the adjustment
of the active layer blending film morphology has become a crucial
way to improve the performances of the devices. Imperceptible
changes in molecular structure will also have a great impact on
the morphology of the active layer. Therefore, designing molecular
structure is one of the most effective way to optimize the morphol-
ogy [28–30]. On the basis of previous studies, optimization of side
chain has potential impact on morphology and change the PCE
[31–34].

In this work, we synthesized two polymers based on Qx and
BDT substituted with different alkylthio side chains (ffQx-TS1
and ffQx-TS2) on donor unit. Both two polymers showed fine solu-
bility in general solvents and wide absorption wavelength range
from 300 nm to 700 nm as well as balanced charge mobility. The
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polymer solar cell (PSC) based on the single layer device structure
of indium tin oxide (ITO)/poly(3,4-ethylenedioxythiophene):poly(
styrenesulfonate) (PEDOT:PSS)/polymer:ITIC/PDINO/Al demon-
strates a high power conversion efficiency (PCE) of 7.69% with
Voc of 0.91 V, short circuit current (Jsc) of 15.25 mA cm�2, fill factor
(FF) of 56% and the root-mean-square (RMS) of 0.86 nm
under the illumination of AM 1.5G, 100 mW cm�2. However, the
ffQx-TS1 obtained lower PCE of 6.94% with Voc of 0.93 V, Jsc of
13.54 mA cm�2, FF of 55% and RMS of 1.40 nm.

2. Results and discussion

The two polymers were obtained through classical Stille cou-
pling reactions, as shown in Scheme 1. Both polymers exhibited
good solubility in solvents such as chloroform (CF) chlorobenzene
(CB) and 1,2-dichlorobenzene (o-DCB). The molecular weight of
ffQx-TS1 and ffQx-TS2 were measured by gel-permeation chro-
matography (GPC) test method. The number-average molecular
weight (Mn) of ffQx-TS1 and ffQx-TS2 were 16.4 kDa and 18.6
kDa, the corresponding polydispersity indices (PDI) were 2.68
and 2.29, respectively. The weight average molecular weight
(Mw) of ffQx-TS1 and ffQx-TS2 were 44.1 kDa and 42.8 kDa, respec-
tively (see Table 1). Molecular weight of polymer has great impacts
on photovoltaic performance, similar molecular weight is needed
and benefited to investigate the relationship between the molecu-
lar structures and device performance.

Thermal gravimetric analyzer (TGA) was used to measure the
thermal stability of the two polymers under argon atmosphere.
As shown in Fig. 1, the thermal decomposition temperature (Td)
of 5% weight loss were 331 �C and 352 �C for ffQx-TS1 and ffQx-
TS2, respectively. The TGA data suggested that both polymers pos-
sess excellent thermal stability, which are appropriate for long-
term photovoltaic applications.

The ultraviolet–visible (UV–Vis) absorption spectra for ffQx-TS1
and ffQx-TS2 in CF solution and thin films at room temperature
have been measured (as shown in Fig. 2a) and the detailed data
was summarized in Table 2 for comparison. In diluted CF solution,

the absorption spectra of both two polymers could be divided into
two obvious absorption region. The absorption band range from
350 to 450 nm should be attributed to the p-p⁄ transition, and
the absorption band from 500 to 700 nm is originated from inter-
nal charge transfer (ICT) interaction. The maximum peaks for ffQx-
TS1 and ffQx-TS2 film are located at 577 nm and 587 nm, respec-
tively, compared with the solution state, which are distinctly
red-shifted due to stronger intermolecular interaction in solid state

Scheme 1. Synthetic routes of polymers.

Table 1
Summary of molecular weights and thermal properties for the polymers.

Polymer Mn (kDa) Mw (kDa) PDI Yield (%) Td (�C)

ffQx-TS1 16.4 44.1 2.68 65 331
ffQx-TS2 18.6 42.8 2.29 60 352

Fig. 1. TGA plots of ffQx-TS1 and ffQx-TS2 with a heating rate of 20 K min�1 under
N2 atmosphere.
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