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1. Introduction

Organic solar cells (OSCs) have attracted 
great attention in the past decade due to 
their several attractive features such as 
light weight, flexibility, portability, low-
cost, and large-scale applications.[1–8] 
During the development of the materials 
used for OSCs, non-fullerene acceptors 
(NFAs) play vital roles to push the device 
efficiencies to a high level.[9–19] Among 
them, the emerging Y-series acceptors 
exhibit excellent optoelectronic properties 
and contribute to excellent photovoltaic 
performances of over 17%.[20–29] Therefore, 
it is important to understand the structure-
property relationships of Y-series accep-
tors and figure out effective methods to 
further optimize their chemical structures.

Typically, Y-series acceptors consist of 
three parts: the electron-deficient core 
with the rigid aromatic systems, the elec-
tron-withdrawing end groups and two sets 

Chemical modifications of non-fullerene acceptors (NFAs) play vital roles in 
the development of high efficiency organic solar cells (OSCs). In this work, on 
the basis of the previously reported molecule named Y6-1O, chlorination and 
inner side-chain engineering are adopted to endow the corresponding devices 
with higher open-circuit voltage (VOC) and short-circuit current density (JSC) 
as well as good morphology for high fill factor (FF). As a result, the molecule 
named BTP1O-4Cl-C12 can help achieve a higher power conversion efficiency 
(PCE) of 17.1% than that of Y6-1O (16.1%). Furthermore, the following com-
parisons between BTP1O-4Cl-C12 and the two symmetric acceptors named 
BTP2O-4Cl-C12 and BTP-4Cl-C12 demonstrate the effect of asymmetric alkoxy 
substitution on the outer side chains, which not only achieves a balance 
between VOC and JSC, but also help obtain appropriate morphology for effi-
cient charge dissociation and suppressed charge recombination. Therefore, 
the asymmetric BTP1O-4Cl-C12 can achieve a higher PCE compared to the 
symmetric BTP2O-4Cl-C12 and BTP-4Cl-C12. The work not only reports an 
excellent NFA for high-performance OSCs, but also puts forward a series of 
methods for consecutive chemical modifications on Y-series acceptors, which 
can be further applied to boost the PCE of OSCs to a higher level.
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of side chains (in the inner and outer positions) with the config-
uration of A-DA’D-A.[30–32] All the three parts can be reasonably 
designed and regulated to fine-tune the molecular properties 
of Y-series acceptors.[33–41] For example, if the chlorine atoms 
are used to replace the fluorine atoms in one of the famous 
Y-series acceptors named Y6,[42] the resulting molecule BTP-
4Cl not only exhibits red-shifted absorption but also reduced 
voltage loss, leading to the BTP-4Cl-based devices showing an 
increased power conversion efficiency (PCE) of 16.5% with 
enhanced open-circuit voltage (VOC) and short-circuit current 
density (JSC) compared to those of the Y6-based devices.[43] It is 
also promising to modify the inner branched side chains which 
determine the solubility and crystallinity of Y-series accep-
tors. By replacing the 2-ethylhexyl chains of Y6 with the longer 
2-butyloctyl ones, the enhancement in solubility and electron 
mobility of the resulting molecule named BTP-4F-12 not only 
yielded a higher PCE of 16.4% but also enabled device pro-
cessing by environmentally friendly solvents.[44]

Besides the progress in the aforementioned chemical modi-
fications of Y-series acceptors, the outer side chains on the 
β-positions of the thienothiophene units also have several 
key effects. First of all, the outer side chains can render the 
 molecules with sufficient solubility.[45] Besides, the outer side-
chain engineering can also change the optoelectronic proper-
ties of the molecules with variant energy levels and absorption 
ranges.[46] Last but not least, the outer side chains can introduce 
steric hindrance between the rigid fused cores and the end 
groups, resulting in the so-called “conformational locking effect” 
to reduce the number of stereoisomers and change the planarity 
of the molecules, which will in turn affect the molecular packing 
and change the morphological properties of the active layers.[47–49] 
Previously, our group have devoted a lot of efforts in outer side-
chain engineering,[19,46,50,51] among which the  asymmetric 

 alkyl-alkoxy substitution strategy has shown great potential for 
the Y-series acceptors since this modification can maintain the 
advantages of alkoxy substitution to achieve a higher VOC while 
preventing over-aggregation caused by the alkoxy groups. As a 
result, the asymmetric acceptor named Y6-1O (Figure  1)-based 
ternary devices can achieve an excellent PCE of 17.6%.[50]

Despite the high performance using ternary strategy, binary 
devices based on Y6-1O only showed a moderate PCE of 16.1%, 
which can be further improved through rational chemical modi-
fication. Therefore, in this work, we first replaced the fluorine 
atoms of the end groups in Y6-1O with the chlorine atoms to 
obtain a new acceptor named BTP1O-4Cl-C8. Although the 
BTP1O-4Cl-C8-based device exhibited a slightly higher VOC and 
JSC, the excessive aggregation property caused by the replacement 
from F to Cl delivered a much lower fill factor (FF) of 69.9% and 
thus an inferior PCE of 14.7%. To solve this problem, inner side-
chain engineering was taken to extend the 2-ethylhexyl chains 
of BTP1O-4Cl-C8 to the 2-propylheptyl (BTP1O-4Cl-C10) and 
2-butyloctyl ones (BTP1O-4Cl-C12). BTP1O-4Cl-C10 still showed 
relatively poor solubility in chloroform at room temperature 
but can be dissolved well upon heating. Therefore, hot-solvent 
processing was adopted to fabricate the BTP1O-4Cl-C10-based 
devices, generating a higher FF of 77.6% and PCE of 16.4%. Fur-
thermore, BTP1O-4Cl-C12 has even better solubility that the cor-
responding devices can be directly processed at room tempera-
ture, achieving the highest FF of 78.8% and PCE of 17.1%. Finally, 
we compared the optoelectronic properties and photovoltaic 
performance of BTP1O-4Cl-C12 with two symmetric acceptors 
named BTP2O-4Cl-C12 and BTP-4Cl-C12. It is found that BTP1O-
4Cl-C12-based devices can obtain a good balance between VOC 
and JSC while achieving the highest FF and thus the best perfor-
mance, which again proves the wide applications of our asym-
metric alkyl-alkoxy substitution strategy in Y-series acceptors.

Figure 1. Chemical structure of Y6-1O, BTP1O-4Cl-C8, BTP1O-4Cl-C10, BTP1O-4Cl-C12, BTP2O-4Cl-C12, and BTP-4Cl-C12.
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2. Results and Discussion

The chemical structure of BTP1O-4Cl-C8, BTP1O-4Cl-C10, 
BTP1O-4Cl-C12, BTP2O-4Cl-C12 and BTP-4Cl-C12, and their 
design strategy are summarized in Figure 1. First we replaced 
the fluorine atoms of the end groups in Y6-1O with chlorine 
atoms to obtain BTP1O-4Cl-C8. Through inner side-chain 
engineering, BTP1O-4Cl-C10 and BTP1O-4Cl-C12 were synthe-
sized by replacing 2-ehylhexyl with 2-propylheptyl and 2-butyl-
octyl, respectively. In addition, the symmetric BTP2O-4Cl-C12 
and BTP-4Cl-C12 were designed for comparisons.[33] All the 
molecules can be synthesized through Knoevenagel conden-
sations between the corresponding dialdehyde precursors and 
the dichloro-substituted end groups as shown in Scheme S1 
(Supporting Information). The detailed synthesis procedures 
are described in the Supporting Information with the corre-
sponding NMR and mass spectra of the final small molecules. 
BTP1O-4Cl-C8 and BTP1O-4Cl-C10 cannot dissolve well in chlo-
roform at room temperature but show relatively better solu-
bility in hot chloroform, while the other three molecules can 
dissolve well in chloroform at room temperature. According 
to the thermogravimetric analysis results (TGA) shown in 
Figure  S1a (Supporting Information), the decomposition tem-
perature (Td, 5% weight loss) of all five molecules are above 
280 °C, which shows their great thermal stability for the appli-
cations in OSC devices. To further investigate the difference of 
the molecular aggregation and crystallinity, differential scan-
ning calorimetry (DSC) measurement was taken as shown in 
Figure S1b (Supporting Information). BTP1O-4Cl-C8 decom-
posed before melting so that its melting temperature (Tm) 

and enthalpy change (ΔHm) remain unknown. Compared to 
the Tm of 306 °C with a ΔHm of 23.7 J g−1 for BTP1O-4Cl-C10, 
BTP1O-4Cl-C12 shows a lower Tm of 302 °C but a greater ΔHm 
of 30.3 J g−1, which indicates the extension of inner side chains 
from 2-propylheptyl to 2-butyloctyl can achieve better molecular 
packing and crystallinity. Besides, BTP2O-4Cl-C12 has the 
highest Tm with the highest ΔHm of 66.1 J g−1 due to the strong 
intermolecular interaction and high crystallinity caused by the 
symmetric alkoxy substitution. The Tm and ΔHm of BTP1O-4Cl-
C12 are slightly higher than those of BTP-4Cl-C12 (290 °C and 
28.5 J g−1), which confirms that the asymmetric alkoxy substitu-
tion can cause slight enhancement in crystallinity of the mole-
cules but prevent their over-aggregation.

The ultraviolet–visible (UV–vis) measurements were car-
ried out to obtain the absorption spectra of the five acceptors in 
dilute chloroform solutions and thin films, shown in Figure S2a 
(Supporting Information) and Figure 2a, respectively (the corre-
sponding parameters are listed in Table  1). All the five mole-
cules show obvious redshifts and vibration shoulder peaks 
arising in the absorption spectra of the neat films compared to 
those in solution, indicating the strong molecular packing in 
the solid state. BTP1O-4Cl-C8, BTP1O-4Cl-C10, and BTP1O-4Cl-
C12 are found to have almost same absorption range in chloro-
form. They also exhibit similar absorption spectra in neat films, 
implying few changes in optical bandgaps are caused by the 
extension of the branched alkyl chains. But a small difference 
exists in the low-energy area that the absorption tails gradu-
ally appear from BTP1O-4Cl-C8, BTP1O-4Cl-C10 to BTP1O-4Cl-
C12, which is due to the decrease in molecular aggregation.[45] 
Same as our previous work, alkoxy side chains cause obvious 

Figure 2. a) Normalized absorption spectra of PM6, BTP1O-4Cl-C8, BTP1O-4Cl-C10, BTP1O-4Cl-C12, BTP2O-4Cl-C12, and BTP-4Cl-C12 in pristine 
films; b) The chemical structure of PM6; c) The energy levels alignment of PM6, BTP1O-4Cl-C8, BTP1O-4Cl-C10, BTP1O-4Cl-C12, BTP2O-4Cl-C12, and 
BTP-4Cl-C12.

Table 1. Summary of optical and electronic parameters for BTP1O-4Cl-C8, BTP1O-4Cl-C10, BTP1O-4Cl-C12, BTP2O-4Cl-C12, and BTP-4Cl-C12.

Acceptor λmax
a) [nm] λmax

b) [nm] λonset
a) [nm] λonset

b) [nm] Eg
optc) [eV] HOMOd) [eV] LUMOd) [eV] Eg

elee) [eV]

BTP1O-4Cl-C8 730 809 777 869 1.43 −5.83 −3.90 1.93

BTP1O-4Cl-C10 729 808 777 882 1.41 −5.81 −3.90 1.91

BTP1O-4Cl-C12 729 806 777 878 1.41 −5.84 −3.90 1.94

BTP2O-4Cl-C12 714 776 750 818 1.52 −5.85 −3.79 2.06

BTP-4Cl-C12 745 838 798 918 1.35 −5.81 −3.95 1.86

a)In solution state (Chloroform); b)In pure films; c)Obtained with equation: Eg
opt = 1240/λonset

b); d)Measured by cyclic voltammetry (CV) method; e)Obtained with equation: 
Eg

ele = LUMO-HOMO.
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blue-shifted spectra from BTP-4Cl-C12, BTP1O-4Cl-C12 to 
BTP2O-4Cl-C12 with the increased optical bandgap from 1.35, 
1.41 to 1.52  eV, respectively.[50] According to Figure  2a, the 
absorption ranges of all five acceptors are complementary to 
that of the medium-bandgap polymer PM6 (structure shown in 
Figure  2b), which has strong absorption in the range of 400–
700 nm and can work well with most of Y-series acceptors.

To further investigate the energy levels of these five accep-
tors, cyclic voltammetry (CV) measurements were performed 
by using Ag/Ag+ as the reference and Fc/Fc+ (−4.80  eV) redox 
couple as the external standard. The CV plots of the films based 
on these five acceptors are shown in Figure S3 (Supporting 
Information), and the corresponding results are summarized in 
Table 1. According to energy level alignment shown in Figure 2c, 
the HOMO and LUMO levels of BTP1O-4Cl-C8, BTP1O-4Cl-C10, 
and BTP1O-4Cl-C12 are almost the same, indicating the exten-
sion of inner side chains has negligible effects on energy levels 
so that the absorption spectra are also similar. The alkoxy sub-
stitutions on the outer side chains, however, can significantly 
change the electrochemical properties of Y-series acceptors by 
upshifting the LUMO levels while maintaining the HOMO 
levels, which results in widening bandgaps. Since the LUMO 
levels increase gradually from BTP-4Cl-C12 to BTP1O-4Cl-C12 
and to BTP2O-4Cl-C12, it is expected that the alkoxy substitu-
tions afford higher VOC for the corresponding devices.

To understand the impact of the chlorinated end groups 
and inner side-chain modification, we first fabricated OSC 
devices based on BTP1O-4Cl-C8, BTP1O-4Cl-C10, and 
BTP1O-4Cl-C12 with the conventional device structure as 
shown in Figure  3a, i.e., (ITO)/poly(3,4-ethylenedioxythio-
phene): poly (styrene sulfonate) (PEDOT:PSS)/PM6:NFAs/ 

Poly[[2,7-bis(2-ethylhexyl)-1,2,3,6,7,8-hexahydro-1,3,6,8-
t e t r a o x o b e n z o [ l m n ] [ 3 , 8 ] p h e n a n t h r o l i n e - 4 , 9 - d i y l ] -
2,5-thiophenediyl[9,9-bis[3-(dimethylamino)propyl]-9H-flu-
orene-2,7-diyl]-2,5-thiophenediyl] (PNDIT-F3N) /Ag. Considering 
the poor solubility of BTP1O-4Cl-C8 and BTP1O-4Cl-C10 in 
chloroform at room temperature, hot-solvent processing was 
used to spin-cast the active layers. But for BTP1O-4Cl-C12, with 
good solubility at room temperature in chloroform, no heating 
condition was needed, which simplified the device fabrication 
process. The detailed device fabrication conditions are summa-
rized in the Supporting Information. The optimal photovoltaic 
parameters of the devices based on these three acceptors are 
summarized in Table  2 with the corresponding J–V curves 
depicted in Figure 3b.

Compared to the photovoltaic parameters of the Y6-1O-
based devices, the chlorinated BTP1O-4Cl-C8-based devices 

Figure 3. a) Device structure; b) Current density-voltage (J-V) curves of OSCs based on PM6:BTP1O-4Cl-C8, PM6:BTP1O-4Cl-C10, and PM6:BTP1O-4Cl-
C12; c) Corresponding EQE spectra of PM6:BTP1O-4Cl-C8, PM6:BTP1O-4Cl-C10, and PM6:BTP1O-4Cl-C12-based devices; Photoluminescence spectra 
of d) BTP1O-4Cl-C8, e) BTP1O-4Cl-C10, and f) BTP1O-4Cl-C12-based films excited at 785 nm.

Table 2. The photovoltaic parameters of OSCs based on BTP1O-4Cl-C8, 
BTP1O-4Cl-C10, BTP1O-4Cl-C12.

Active layer VOC [V] JSC [mA cm−2]a) FF [%] PCE [%]b)

PM6:BTP1O-4Cl-C8 0.90 23.37 (22.97) 69.9 14.7 (14.4)

PM6:BTP1O-4Cl-C10 0.90 23.42 (23.00) 77.6 16.4 (16.1)

PM6:BTP1O-4Cl-C12 0.91 23.85 (23.55) 78.8 17.1 (16.7)

PM6:Y6-1Oc) 0.89 23.2 (23.0) 78.3 16.1 (15.4)

PM6:BTP2O-4Cl-C12 0.96 21.14 (21.09) 77.2 15.6 (15.3)

PM6:BTP-4Cl-C12 0.85 25.73 (25.07) 74.6 16.3 (16.1)

a)The values in bracket are obtained by integration of the EQE curves; b)The values 
in bracket are the average PCE of 20 devices; c)Data from the literature.[50]
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can achieve a slightly higher VOC and JSC, which agrees well 
with the previously reported literature.[43] But the FF dramati-
cally decreases from 78.3% to 69.9%, which indicates the poor 
morphology of the blend films possibly due to the excessive 
aggregation property and poor solubility of BTP1O-4Cl-C8. 
Therefore, the device performance of BTP1O-4Cl-C8 (14.7%) is 
even worse than that of Y6-1O. The extension of the inner side 
chains can address the morphology issue to obtain excellent 
FF. As shown in Table 2, in addition to the slight enhancement 
in VOC and JSC, the FF of the devices based on BTP1O-4Cl-C8, 
BTP1O-4Cl-C10, and BTP1O-4Cl-C12 increases from 69.9% to 
77.6% and to 78.8%. As a result, an outstanding PCE of 17.1% 
can be achieved by the BTP1O-4Cl-C12-based OSCs with a VOC 
of 0.91 V, a JSC of 23.85 mA cm−2, and a FF of 78.8%. Although 
the BTP1O-4Cl-C10-based devices can also achieve a moderate 
PCE of 16.4%, the high cost of the intermediates, 3-(bromo-
methyl)heptane, and the hot-solvent processing make it not 
the ideal material for OSCs compared to BTP1O-4Cl-C12. To 
test the reproducibility of these OSCs, twenty devices of each 
acceptor were made to calculate the mean values and standard 
deviations of photovoltaic parameters as listed in Table S1 (Sup-
porting Information).

The external quantum efficiency (EQE) spectra of the 
devices based on BTP1O-4Cl-C8, BTP1O-4Cl-C10, and 
BTP1O-4Cl-C12 were acquired (Figure  3c). All the three 
devices exhibit a broad and high photon response from 300 to 
900 nm, which are consistent with the absorption of the cor-
responding blend films (Figure S2b, Supporting Information). 
The integrated JSC of the three devices from the EQE spectra 
also agrees well with the values measured from the J–V curves 
(Table 2). It is very clear that the BTP1O-4Cl-C12-based device 
has the highest EQE values in the range of 500–800  nm 
among the three devices, indicating the most efficient photon-
to-electron conversion in the PM6:BTP1O-4Cl-C12 blend. As a 
result, the BTP1O-4Cl-C12-based devices can achieve a higher 
JSC compared to the BTP1O-4Cl-C8 and BTP1O-4Cl-C10-based 
ones.

Time-resolved photoluminescence (TRPL) technique is 
used to further understand the differences in JSC caused by 
the charge generation process of the three blends. As shown 
in Figure S4a (Supporting Information), although BTP1O-4Cl-
C8, BTP1O-4Cl-C10, and BTP1O-4Cl-C12-based blends show 
similar photoluminescence decay process, the decay dynamics 
of the neat BTP1O-4Cl-C12 film is the slowest, which indi-
cates the longest exciton lifetime of BTP1O-4Cl-C12. Therefore, 
PM6:BTP1O-4Cl-C12 blend film should exhibit more efficient 
exciton dissociation for charge transfer.[52,53] Besides, steady-
state photoluminescence (PL) measurements were taken to 
figure out the efficiency of the exciton dissociation. As shown 
in Figure 3d–f, the quenching efficiency of the PM6:BTP1O-4Cl-
C12 film (95.7%) is higher than that of PM6:BTP1O-4Cl-C8 
(93.1%) and PM6:BTP1O-4Cl-C10 blend ones (92.8%), demon-
strating more efficient exciton dissociation, hole transfer and 
the highest EQE and JSC of this material combination.[41]

In order to probe the charge mobility of the three blends, the 
space-charge-limited current (SCLC) methods were employed 
(Figure S5a,b: Supporting Information) to calculate the hole 
and electron mobility (μh and μe). As summarized in Table S2 
(Supporting Information), both μh and μe increase from 

PM6:BTP1O-4Cl-C8 (5.81 × 10−4 and 3.05 × 10−4 cm2 V−1 s−1), 
PM6:BTP1O-4Cl-C10 (6.10 × 10−4 and 3.57 × 10−4 cm2 V−1 s−1) 
to PM6:BTP1O-4Cl-C12 (6.28 × 10−4 and 3.81 × 10−4 cm2 V−1 s−1). 
In addition, the PM6:BTP1O-4Cl-C12 blend also shows a more 
balanced charge transport with a smaller μh/μe ratio of 1.65 than 
those of PM6:BTP1O-4Cl-C8 (1.90) and PM6:BTP1O-4Cl-C10 
(1.71). The high and balanced charge mobility contributes to the 
high FF for the OSCs based on PM6:BTP1O-4Cl-C12.[54,55]

To estimate the interaction between donor and acceptor 
that are relevant to nanoscale phase separation from the per-
spective of molecular interactions, the contact angle measure-
ments were performed to study the surface tension (γ) of PM6, 
BTP1O-4Cl-C8, BTP1O-4Cl-C10, and BTP1O-4Cl-C12. The con-
tact angle images of the four films using water and ethylene 
glycol (EG) as the solvents are provided in Figure S6a–d (Sup-
porting Information). By Fowkes method, the γ values of the 
materials are calculated from measured contact angles on water 
and EG (Table S3, Supporting Information).[56,57] As a result, 
the γ for PM6, BTP1O-4Cl-C8, BTP1O-4Cl-C10, and BTP1O-4Cl-
C12 are determined to be 32.1, 58.3, 27.2, and 23.2 mN m−1, 
respectively, which shows that BTP1O-4Cl-C10 and BTP1O-4Cl-
C12 have similar γ while BTP1O-4Cl-C8 has a dramatically 
higher γ. Accordingly, the interaction parameters (χ) between 
each pair of material combinations were acquired through 
the Flory-Huggins model (Table S3, Supporting Informa-
tion). The results show that the interaction parameter between 
PM6 and BTP1O-4Cl-C8 is the highest (χ  = 3.901), indicating 
low miscibility between these two materials.[58,59] This should 
be due to its excessive aggregation property, which causes the 
poor morphology of the blend films and a low FF of the cor-
responding devices.[60,61] In contrast, both PM6:BTP1O-4Cl-C10 
and PM6:BTP1O-4Cl-C12 show small χ values (0.203 and 0.710, 
respectively), which implies remarkable miscibility between 
PM6 and these two acceptors towards good morphology and 
high FF.[62]

Next, we investigated the effects of the asymmetric alkyl-
alkoxy substitution strategy in BTP1O-4Cl-C12 by comparing 
the device performance of BTP2O-4Cl-C12, BTP1O-4Cl-C12, 
and BTP-4Cl-C12. First, density-functional theory (DFT) calcu-
lations were carried out at B3LYP/6-31G* level to calculate the 
optimized molecular geometries and frontier molecular orbitals 
(FMOs) of BTP2O-4Cl-C12, BTP1O-4Cl-C12, and BTP-4Cl-C12. 
Since the length of alkyl chains have little effects on energy 
levels and molecular geometry, the long side chains were sim-
plified with methyl, ethyl or methoxy groups to shorten the cal-
culation time. As shown in Table S4 (Supporting Information), 
all the three molecules show similar molecular geometry, indi-
cating few changes caused by the alkoxy substitution. But the 
alkoxy groups upshift the calculated LUMO levels of BTP-4Cl, 
BTP1O-4Cl, and BTP2O-4Cl from −3.62, −3.57 to −3.46 eV while 
their HOMO levels are similar (≈−5.60) eV, which is also sup-
ported by CV measurements. Furthermore, the dipole moments 
of BTP-4Cl, BTP1O-4Cl, and BTP2O-4Cl increase from 1.18, 
3.45 to 4.96 D, which implies the gradually enhanced intermo-
lecular interactions.[63,64] The increase of dipole moments can 
be explained by the corresponding electronic potential diagram 
shown in Table S4 (Supporting Information), where the alkoxy 
groups push the electrons from the core to the end groups. 
Also, alkoxy substitutions can bring stronger intramolecular 
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conformational locking effect than alkyl substitutions, which 
can also enhance the packing of the molecules.[50]

To further support the calculation results, the molecular 
packing of BTP2O-4Cl-C12, BTP1O-4Cl-C12, and BTP-4Cl-C12 
were studied by the 2D grazing incidence wide-angle X-ray 
scattering (GIWAXS). The 2D GIWAXS patterns and the 
corresponding 10° sector averaged 2D-GIWAXS profiles of 
three neat films are shown in Figure S7 (Supporting Informa-
tion) with the morphological data summarized in Table S4 (Sup-
porting Information).[65] All the three films exhibit strong (010) 
peak in the out-of-plane direction, indicating their preferential 
face-on orientation. The (010) diffraction peaks of BTP2O-4Cl-
C12, BTP1O-4Cl-C12, and BTP-4Cl-C12 are located at 1.73, 1.73, 
and 1.76 Å−1, which stands for the d-spacing of 3.63, 3.63, and 
3.57 Å, respectively. It should be noted that the coherence 
lengths (CLs) of the (010) peaks of BTP2O-4Cl-C12, BTP1O-4Cl-
C12, and BTP-4Cl-C12 calculated by Scherrer equation are 
20.1, 18.7, and 17.0 Å, which indicates the decreased molecular 
packing. Besides, in the in-plane direction, both BTP1O-4Cl-
C12 and BTP-4Cl-C12 only show one peak at 0.38  Å−1 with 
the d-spacing of 16.5 Å. But for BTP2O-4Cl-C12, there are two 
peaks at 0.39 and 0.26 Å−1 respectively, demonstrating more 
ordered structures with the d-spacing of 24.1 and 16.1 Å. The 
2D-GIWAXS results as well as calculation results support that 
alkoxy substitutions can enhance the molecular packing of the 
molecules, which can change the blend morphology and the 
charge transport properties.

In order to investigate the photovoltaic performance of 
BTP2O-4Cl-C12, BTP1O-4Cl-C12, and BTP-4Cl-C12, the con-
ventional OSCs were fabricated with the same device structure 
shown in Figure 3a. Still, PM6 was chosen as the donor polymer 
and the detailed fabrication conditions are summarized in 

the Supporting Information. The J–V curves are shown in 
Figure  4a, and the photovoltaic parameters of the optimized 
devices are collected in Table 2. It is obvious from the J–V curves 
that the VOC the devices increases from BTP-4Cl-C12 (0.85 V), 
BTP1O-4Cl-C12 (0.91  V) to BTP2O-4Cl-C12 (0.96  V), which is 
consistent with the higher LUMO levels measured by CV and 
DFT calculation results. Meanwhile, the JSC decreases form 
BTP-4Cl-C12 (25.73 mA cm−2), BTP1O-4Cl-C12 (23.85 mA cm−2) 
to BTP2O-4Cl-C12 (21.14  mA cm−2) caused by the blue-shifted 
absorption onset. It should be noted that the energy loss (Eloss, 
equal to the difference between Eg and qVOC, in which Eg is the 
optical bandgap of donor or acceptor whichever has a smaller 
value) of the BTP2O-4Cl-C12-based devices (0.56  eV) is much 
higher than those of BTP-4Cl-C12 and BTP1O-4Cl-C12-based 
devices (0.50 and 0.50 eV), which limits its potential to achieve 
higher PCEs. And the PM6:BTP1O-4Cl-C12-based devices can 
also achieve the highest FF of 78.8% among the three accep-
tors, which contributes to the higher PCE of 17.1% than those of 
the BTP2O-4Cl-C12 and BTP-4Cl-C12-based devices (15.6% and 
16.3%).

Further EQE measurements were taken to figure out the 
reason for the different JSC of the three devices. According to 
the EQE spectra in Figure 4b, all the three devices can maintain 
similar and high EQE values of over 70% in their absorption 
range (Figure S2b, Supporting Information) and the integrated 
JSC of BTP2O-4Cl-C12 and BTP-4Cl-C12-based devices are 
also consistent with the measured JSC within an error of 3% 
(Table  2). The EQE spectra clearly support that the decrease 
of JSC from BTP-4Cl-C12, BTP1O-4Cl-C12 to BTP2O-4Cl-C12 is 
mainly because of the blue-shifted absorption onset since the 
alkoxy substitution upshifts the LUMO levels without largely 
affecting the HOMO levels.

Figure 4. a) Current density–voltage (J–V) curves of OSCs based on PM6:BTP2O-4Cl-C12, PM6:BTP1O-4Cl-C12, and PM6:BTP-4Cl-C12; b) Corresponding 
EQE spectra of PM6:BTP2O-4Cl-C12, PM6:BTP1O-4Cl-C12, and PM6:BTP-4Cl-C12-based devices; Photoluminescence spectra of c) BTP2O-4Cl-C12 and 
d) BTP-4Cl-C12-based films excited at 785 nm; e) Jph versus Veff of the optimized devices based on BTP2O-4Cl-C12, BTP1O-4Cl-C12, and BTP-4Cl-C12; 
f) VOC of the optimized devices based on BTP2O-4Cl-C12, BTP1O-4Cl-C12, and BTP-4Cl-C12 versus light intensity.
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Then, blend morphology was investigated since it can sig-
nificantly affect the device performance. First, the contact angle 
measurements were further performed to study the surface 
tension of BTP2O-4Cl-C12 and BTP-4Cl-C12. The contact angle 
images of the two neat films using water and EG as solvent 
are provided in Figure S6e,f (Supporting Information) with 
corresponding γ and χ listed in Table S3 (Supporting Infor-
mation). All the pure films of BTP-4Cl-C12, BTP1O-4Cl-C12,  
and BTP2O-4Cl-C12 show similar γ (28.4, 23.2, and 
24.9 mN m−1) and close to that of PM6 (32.1 mN m−1), which 
cause small χ of each pair of PM6 and three acceptors (0.11, 
0.71, and 0.45), indicating the miscibility of donor and acceptor 
is not the determining factor for the differences of FF. Next, 
atomic force microscopy (AFM) was utilized to probe the sur-
face morphology of the blend films based on BTP2O-4Cl-C12, 
BTP1O-4Cl-C12, and BTP-4Cl-C12. Figure S8 (Supporting Infor-
mation) provides the corresponding AFM height sensor images 
and phase images. All the PM6: BTP-4Cl-C12, PM6:BTP1O-4Cl-
C12, and PM6: BTP2O-4Cl-C12 blends show small root-mean-
square (RMS) roughness (0.71, 0.75, and 1.20 nm), which indi-
cate their smooth surface for efficient charge transport from 
the photoactive layer to the charge transporting layer.

Furthermore, 2D GIWAXS was performed to better under-
stand the effects of alkoxy substitution on blend film mor-
phology. As the 2D patterns shown in Figure S7d (Supporting 
Information) and morphology data listed in Table S5 (Sup-
porting Information), the neat PM6 film shows a strong (100) 
peak in the in-plane direction at 0.30 Å−1 and a (010) peak in 
the out-of-plane direction at 1.72 Å−1. The 2D patterns of the 
PM6:BTP2O-4Cl-C12, PM6:BTP1O-4Cl-C12, and PM6:BTP-4Cl-
C12 blends and the corresponding GIWAXS profiles are dis-
played in Figure 5a–d. Compared to the 2D pattern of the pure 
PM6 film, after blending with three acceptors, all the 2D pat-
terns of the three blends show predominant (010) peak in the 
out-of-plane direction coming from three NFAs and PM6, which 
indicates all three blend films form face-on orientation that is 
beneficial for vertical charge transport.[66] Similar to the neat 
films, the CLs of the (010) peak increase from PM6:BTP-4Cl-C12 
(21.7 Å), PM6:BTP1O-4Cl-C12 (23.4 Å) to PM6:BTP2O-4Cl-C12  
(28.1 Å) blend (Table  3). Besides, the BTP2O-4Cl-C12-based 
blend also shows high-ordered peaks in the out of plane direc-
tion with low q-values of 0.34 and 0.43 Å−1 and very large CLs 
of 70.3 and 82.6 Å, proving the good molecular packing of 
BTP2O-4Cl-C12 due to the alkoxy substitution. In conclusion 
of these morphology characterizations, although PM6 has good 

miscibility with all the three acceptors, the enhanced aggrega-
tion property caused by alkoxy groups increase the molecular 
packing from PM6:BTP-4Cl-C12, PM6:BTP1O-4Cl-C12 to 
PM6:BTP2O-4Cl-C12, which should be beneficial for charge 
mobility of the corresponding devices.

By the SCLC method (Figure S5, Supporting Information), 
μh and μe of the BTP2O-4Cl-C12, BTP1O-4Cl-C12, and BTP-
4Cl-C12-based devices were measured to study the effect of the 
alkoxy substitution on charge mobility. As listed in Table S2  
(Supporting Information), both devices of PM6:BTP1O-4Cl-C12  
and PM6:BTP-4Cl-C12 show higher μh and μe (6.28 × 
10−4/3.81 × 10−4 and 7.11 × 10−4/3.85 × 10−4 cm2 V−1 s−1, respec-
tively) than those of the PM6:BTP2O-4Cl-C12-based one (5.39 × 
10−4/3.17 × 10−4 cm2 V−1 s−1). Besides, the μh/μe ratios of the  
BTP2O-4Cl-C12, BTP1O-4Cl-C12, and BTP-4Cl-C12-based blend 
are calculated to be 1.70, 1.65 and 1.85, respectively. The higher 
charge mobility and more balanced charge transport contribute 
to the highest FF of the PM6:BTP1O-4Cl-C12-based OSCs.[54,55]

TRPL technique was taken again to analyze the dynamics 
and efficiency of the charge generation process. As shown 
in Figure  S4b (Supporting Information), for the neat films, 
BTP1O-4Cl-C12 shows the slowest decay which indicates its 
longest exciton lifetime. Since the photoluminescence decay 
process of three blend films is similar, it is supposed that 
more efficient exciton dissociation happens in BTP1O-4Cl-C12  
blends.[52,53] To further support this observation, steady-state 
PL quenching experiment was employed to calculate the 
quenching efficiency of BTP2O-4Cl-C12 and BTP-4Cl-C12  
blends. According to the PL spectra shown in Figures  3f 
and 4c,d, the PM6:BTP1O-4Cl-C12-based film has the highest PL 
quenching efficiency of 95.7% while those of PM6:BTP2O-4Cl-C12  
and PM6:BTP-4Cl-C12-based films are 88.0% and 90.0%, 
respectively, demonstrating that PM6:BTP1O-4Cl-C12-based 
film shows the most efficient hole transfer.[46]

The charge generation and collection efficiency of the three 
OSCs are investigated by measuring the photocurrent density 
(Jph) versus effective voltage (Veff), wherein Jph is defined as 
Jph = JL – JD and Veff is determined as Veff = V0 – Vbias. Here, JL 
and JD are photocurrent densities under standard illumination 
condition and in the dark condition, respectively, while V0 is the 
voltage when Jph is zero and Vbias is the external voltage bias.[67] 
The value of Veff will affect the electric field in the devices 
and change the exciton dissociation and collection process. 
According to Figure  4e, the Jph when Veff  = 3.0  V was chosen 
as the saturated current density (Jsat). The exciton dissociation 

Table 3. Morphology data of BTP2O-4Cl-C12, BTP1O-4Cl-C12, BTP-4Cl-C12 blend films.

Samples In plane Out of plane

location [Å−1] d-spacinga) [Å] CLb) [Å] location [Å−1] d-spacinga) [Å] CLb) [Å]

PM6:BTP2O-4Cl-C12 0.29
0.44
0.63

21.6
14.3
9.97

53.7
57.4
32.4

0.34
0.43
1.74

18.5
14.6
3.61

70.3
82.6
28.1

PM6:BTP1O-4Cl-C12 0.29 21.6 66.2 1.75 3.59 23.4

PM6:BTP-4Cl-C12 0.29 21.6 77.3 1.73 3.61 21.7

a)Obtained by the equation of d = 2π/q, in which q is the corresponding x-coordinate of diffraction peak; b)Calculated using the equation: CL = 2πK/w, in which w is the full 
width at half maxima and K is a form factor (0.9 here).
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probability (Pdiss) and charge collection efficiency (Pcoll) of the 
devices can be characterized by the ratio between Jph and Jsat 
under short-circuit condition and maximum power output, 
respectively.[68] The Pdiss and Pcoll of OSCs based on BTP2O-4Cl-
C12, BTP1O-4Cl-C12, and BTP-4Cl-C12 were calculated and 
summarized in Table S6 (Supporting Information). The Pdiss 
and Pcoll values of the BTP1O-4Cl-C12-based devices are 94.0% 
and 84.6%, respectively, which are higher than those of the 
BTP2O-4Cl-C12-based (92.9% and 82.4%) and BTP-4Cl-C12-
based ones (90.9% and 80.4%). These results indicate that the 
BTP1O-4Cl-C12-based OSCs have more efficient charge disso-
ciation and collection compared to those based on the other two 
acceptors, which contributes to the higher JSC and FF.[69]

The charge recombination process of the three OSCs were 
studied by measuring the dependence of JSC and VOC on dif-
ferent light intensity (Plight). At short-circuit condition, the JSC 
should be proportional to Plight

α, where α stands for the degree 
of bimolecular recombination.[70] The ideal α is equal to 1 
while the experimental α is always smaller than 1 due to some 
extent of bimolecular recombination.[71] As shown in Figure S8 
(Supporting Information), the α values of the OSCs based on 
BTP2O-4Cl-C12, BTP1O-4Cl-C12, and BTP-4Cl-C12 are 0.948, 
0.966, and 0.934, respectively. The slightly higher α value of 
the BTP1O-4Cl-C12-based devices indicates lower bimolecular 
recombination. Besides, the VOC and Plight should follow the 
formula of VOC  ∝ n(KT/q)ln(P), where n, q, T, and K are the 
ideality factor, the elementary charge, temperature (K) and 
Boltzmann constant, respectively.[72] The value of n indicates 
the degree of trap-assisted recombination. n equal to 2 means 
trap-assisted recombination dominates in the devices while n 
closer to 1 means less trap-assisted recombination.[73] According 
to Figure  4f, the n values of the BTP2O-4Cl-C12, BTP1O-4Cl-
C12, and BTP-4Cl-C12-based devices are 1.16, 1.05 and 1.20, 
respectively, which implies significantly lower trap-assisted 

recombination of BTP1O-4Cl-C12-based devices. Overall, the 
BTP1O-4Cl-C12-based devices suffer from the least charge 
recombination, which accounts for the high FF.

3. Conclusion

In summary, on the basis of the previous reported Y-series 
acceptor named Y6-1O, we first replaced the end groups with the 
chlorinated ones. Despite the slightly higher VOC and JSC, the dra-
matically decreased FF of devices based on BTP1O-4Cl-C8 limits 
the final OSC performance. Therefore, extending inner side-
chain engineering was taken to obtain two new NFAs named  
BTP1O-4Cl-C10 and BTP1O-4Cl-C12. Among them, BTP1O-4Cl-C12  
has the best solubility that can be processed at room tem-
perature. The devices based on BTP1O-4Cl-C12 can obtain the  
highest FF of 78.8% as well as maintain the higher VOC and JSC, 
which help achieve an excellent PCE of 17.1% that outperforms 
Y6-1O. The following investigations on the effects of alkoxy 
groups by choosing two symmetric NFAs named BTP2O-4Cl-C12 
and BTP-4Cl-C12 as comparisons again demonstrate the advan-
tages of asymmetric alkoxy substitution on the outer side chains. 
BTP1O-4Cl-C12 can not only make a balance between JSC and 
VOC to achieve low energy loss but help achieve high FF by high 
and balanced charge mobility and suppressed charge recombina-
tion. This work applies a series of strategies to modify a Y-series 
acceptor, which can also be used in other Y-series acceptors to 
further improve the photovoltaic performance of OSCs.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.

Figure 5. 2D-GIWAXS patterns: a) a PM6:BTP2O-4Cl-C12 blend film; b) a PM6:BTP1O-4Cl-C12 blend film; c) a PM6:BTP-4Cl-C12 blend film; d) In-plane 
(blank) and out-of-plane (red) line cuts of the corresponding 2D-GIWAXS patterns for BTP2O-4Cl-C12, BTP1O-4Cl-C12, BTP-4Cl-C12 blend films.
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