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A B S T R A C T

It has been proven that the introduction of F atom and the replacement of alkyl side-chain with alkylthio
substituent could be the effective side-chain strategies, to obtain the deep highest occupied molecular orbital
(HOMO) energy level with little influence on the optical absorption, and in turn, the small photo energy loss
(Eloss). In this work, we combine the advantages of D–A(π)–Q–A(π) strategy and the above side chain en-
gineering, to construct a series of high-performance polymers P1-P3 with high open-circuit voltage (VOC) of
exceeding 0.90 V in the conventional solar cells. Meanwhile, small Elosss of 0.73–0.78 eV are achieved accom-
panying high VOC and almost unchanged optical bandgaps of ~ 1.70 eV, which are the smaller values in com-
parison with that of the other high-performance polymer systems. More encouragingly, P2-based solar cells
exhibit high PCE of 10.30% and VOC of 0.97 V, which is one of the highest values for polymer/fullerene based
solar cells. Our work not only demonstrates a series of high-efficiency new materials, but also strongly confirms
that the combination of D–A(π)–Q–A(π) arrangement and rational side chain engineering is a very promising
strategy to construct high-performance photovoltaic polymers with reduced energy loss.

1. Introduction

Polymer solar cells (PSCs) would be a promising renewable energy
technology due to the advantages of large-area fabrication of flexible
photovoltaic modules via ease of solution processing and low energy
payback time [1–3]. In the past few years, the bulk heterojunction
(BHJ) PSCs have undergone rapid developments in new light-har-
vesting polymers, interfacial engineering, and device processing tech-
nologies, and in turn, the power conversion efficiency (PCE) of over
11% has been reported in the single-junction fullerene-based solar cells
[4]. Moreover, open-circuit voltage (VOC) is one important parameter
that determines the photovoltaic efficiency, and high VOC could be
more desirable in the multi-junction PSCs or under low light intensity
for practical applications [5]. Generally, VOC is closely related to the
active materials in organic photovoltaic devices under traditional de-
vice processing. Among the representative high-performance PSCs
(PCE>9%) with various optical bandgaps as shown in Fig. 1 [4,6–29],
photovoltaic devices with PCEs exceeding 10% based on low bandgap

PBDTTT or PBTnT family only exhibit moderate VOC of ~ 0.80 V
[4,6–11]. In contrast, high VOC of> 0.9 V usually can be found in wide
bandgap polymers-based solar cell (Eg of ≥ 1.80 eV) [24–31], and only
a few polymers exhibited the VOC over 1.0 V but with relatively low
PCEs of< 8% [32–34]. Moreover, photo energy loss (Eloss = Eg - eVOC)
according to the optical bandgap of the main light-harvesting materials
(here means donor polymers for fullerene-based solar cells) is an im-
portant factor to evaluate the performance of active materials. As far as
experience is concerned, the minimum Eloss of 0.6 eV could realize ef-
ficient charge generation and high external quantum efficiency (EQE)
[35,36], and decreasing Eloss will be in favor of high VOC at the same
optical bandgap. However, the typical efficient polymers with high VOC

usually exhibit large Eloss of 0.8–0.9 eV as shown in Fig. 1. Therefore, in
order to get further breakthroughs in the PCE and VOC of PSCs, devel-
oping new light-harvesting polymers with low energy loss is an effec-
tive strategy and becomes particularly important.

In our previous work, a new D–A(π)–Q–A(π) construction strategy
with incorporating weak acceptor unit as π bridge into the main
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backbone of the quinoid polymer was proposed, which combines the
advantages of employing the A unit to decrease the highest occupied
molecular orbital (HOMO) energy level and the Q unit to maintain the
broad optical absorption. The new polymer PTBTz-2 exhibits high ef-
ficiency of 9.72%, significantly higher than that of the reference
polymer PBDTTT-E-T just without π-spacer (6.21%), but with high
energy loss of 0.87 eV calculated from the optical bandgap of 1.70 eV
and optimal VOC of 0.83 V [37]. In many D-A systems, it has been
proven that the strategy of replacement of alkyl side chain with al-
kylthio substituent could increase VOC with little influence on the op-
tical absorption. Li reported the alkylthio substituted polymer PBDTT-S-
TT, which exhibits the nearly same optical bandgap of ~1.57 eV to that
of analog PBDTT-TT with alkyl side chain. However, PBDTT-S-TT-based
devices exhibit the VOC of 0.84 V, higher than that of PBDTT-TT
(0.77 V), resulting in a decreased Eloss of 0.07 eV [38]. In addition,

fluorine (F) atom also plays an important role in decreasing Eloss.
Compared with PTB5 just without F substituent, the polymer PTB4 with
F atoms shows a higher VOC and a decreased Eloss of 0.08 eV [11].
Employing the above strategies and side chain engineering, three new
polymers P1, P2, and P3 (see Scheme 1) were designed and synthesized
upon the introduction of fluorine (F) atom on TT, and the replacement
of alkyl side-chain thiophene with alkylthio thiophene or benzene. The
devices based on the three polymers with conventional structures show
high VOC of> 0.93 V, especially, it can reach 0.99 V for P3-based solar
cells, and their Elosss (0.73–0.78 eV) were markedly decreased, which
were rarely reported in the present high-performance systems with
Egs> 1.70 eV. More encouragingly, P2-based photovoltaic device
showed a PCE of 10.30% and VOC of 0.97 V, both are among the highest
values for polymer/fullerene solar cells. Our work not only demon-
strates a series of high-performance donor polymers with high VOC and

Fig. 1. Maximum PCE vs VOC (a) and Eg vs eVOC (b) for reported highly efficient polymer solar cells (the details are shown in Table S1).

Scheme 1. Synthetic routes of the monomers and polymers.
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