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The emergence of the latest generation of small-molecule acceptor (SMA) materials, with Y6 as a typical example, accounts for
the surge in device performance for organic solar cells (OSCs). This study proposes two new acceptors named Y6-C2 and Y6-
C3, from judicious alteration of alkyl-chains branching positions away from the Y6 backbone. Compared to the Y6, the Y6-C2
exhibits similar optical and electrochemical properties, but better molecular packing and enhanced crystallinity. In contrast, the
Y6-C3 shows a significant blue-shift absorption in the solid state relative to the Y6 and Y6-C2. The as-cast PM6:Y6-C2-based
OSC yields a higher power conversion efficiency (PCE) of 15.89% than those based on the Y6 (15.24%) and Y6-C3 (13.76%),
representing the highest known value for as-cast nonfullerene OSCs. Prominently, the Y6-C2 displays a good compatibility with
the PC71BM. Therefore, a ternary OSC device based on PM6:Y6-C2:PC71BM (1.0:1.0:0.2) was produced, and it exhibits an
outstanding PCE of 17.06% and an impressive fill factor (FF) of 0.772. Our results improve understanding of the structure-
property relationship for state-of-the-art SMAs and demonstrate that modulating the structure of SMAs via fine-tuning of alkyl-
chains branching positions is an effective method to enhance their performance.

alkyl-chain branching position, small molecular acceptor, organic solar cell, power conversion efficiency, fill factor

Citation: Luo Z, Sun R, Zhong C, Liu T, Zhang G, Zou Y, Jiao X, Min J, Yang C. Altering alkyl-chains branching positions for boosting the performance of
small-molecule acceptors for highly efficient nonfullerene organic solar cells. Sci China Chem, 2020, 63: 361–369, https://doi.org/10.1007/s11426-
019-9670-2

1 Introduction

Non-fullerene small-molecule acceptors (SMAs) are gradu-
ally replacing fullerene derivatives in organic solar cells

(OSC) due to their easily tunable optical and electronic
properties [1–8]. In recent years, considerable efforts in
molecular design and device engineering produced sig-
nificant advances in the performance of SMA-based OSCs
[9–26], with power conversion efficiencies (PCEs) above
16% [27–37] demonstrated in such nonfullerene devices.
Generally, the rational design of nonfullerene SMAs focuses
on the energetics and molecular interaction properties, aim-
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ing to optimize/balance the energy levels, the absorption
spectra, and the crystallization/aggregation tendency [38–
44]. Mainstream molecular design strategies include back-
bone modification, terminal unit, alteration, and side-chain
engineering. Compared to backbone modification and
terminal unit alteration, the “side-chain engineering” method
fine-tunes the molecular properties and thus device perfor-
mance and eliminates time-consuming synthesis [45–47].
Notably, subtle changes in side-chain structures facilitate
understanding of the structure-property-performance re-
lationships. The alteration of side chains including changes
in symmetry [48], dimension [49], and length [33] can sub-
stantially influence the intermolecular interaction and crys-
talline behaviors of SMAs. For example, the SMA named
IDT-OB, possessing asymmetric side chains, exhibits a
higher device performance relative to that without symmetric
side chains [48]. The side-chain conjugation strategy is
employed to suppress excessive aggregation of molecules
named ITIC1, thereby allowing the ITIC2 molecule to
achieve a PCE above 11% [49]. In addition, by extending the
side chains of the Y6, an SMA named BTP-4F-12 was de-
veloped, with good potential for large-scale industrial pro-
duction using eco-compatible solvents [33].
Although the side-chain engineering strategy has been

extensively employed, studies on the effect of the alkyl-
chains branching positions on the property and performance
of SMAs in OSCs remain scant [22]. Tuning alkyl-chains
branching positions is an effective method for enhancing
molecular packing and charge carrier mobility in organic

field effect transistors (OFETs) [50–53]. For instance,
McCulloch et al. [52] reported two new DPPTT-T-based
copolymers by modifying the alkyl-chain branching point to
improve molecular crystallinity and packing, thus achieving
a better OFET performance. Regarding design, changing the
alkyl-chains branching positions in SMAs is a potentially
useful approach for improving the performance of OSCs,
with the current surge of high-performance SMAs providing
an ideal platform.
Herein, we choose the state-of-the-art SMA named Y6

[23] (or Y6-C1) as the control molecule, moving the
branching points of the alkyl chains on the nitrogen atom to
produce two novel acceptors named Y6-C2 and Y6-C3
(Scheme 1). In the scheme, Cn represents the number of
linear carbon atoms between alkyl-chain branching points
and the alkylated nitrogen atom. Through systematic char-
acterization, we demonstrate similar optical and electro-
chemical properties between the Y6-C2 and the Y6, with
better molecular packing and enhanced crystallinity than Y6
from grazing incidence wide angle X-ray scattering (GI-
WAXS) results. In contrast, the Y6-C3 shows significantly
blue-shifted absorption spectra in the solid state relative to
the Y6 and Y6-C2. In addition, unlike the Y6 and Y6-C2, it
adopts an edge-on orientation that is unfavorable for vertical
charge transport and charge collection. When the two new
molecules are introduced into devices, the as-cast OSCs
based on the Y6-C2 and PM6 (Figure 1(a)) (donor polymer)
yields a higher PCE (15.89%) than those based on the Y6
(15.24%) and Y6-C3 (13.76%). The PCE of 15.89% is the

Scheme 1 Chemical structures of the acceptors of Y6, Y6-C2, and Y6-C3 (color online).

Figure 1 (a) Chemical structure of PM6, the donor polymer used in this study; (b) normalized UV-Vis absorption spectra of the PM6, Y6, Y6-C2, and Y6-
C3 in neat film (color online).
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highest known value for as-cast nonfullerene OSCs. Im-
portantly, since the Y6-C2 shows good compatibility with
the PC71BM, a ternary device based on PM6:Y6-C2:PC71BM
(1.0:1.0:0.2, weight ratio) is produced, and it yields a PCE
reaching 17.06% and fill factor (FF) of 0.772. These results
indicate that fine-tuning of alkyl-chains branching points is a
suitable approach for producing highly efficient SMAs.

2 Results and discussion

The Supporting Information online (SI) contains descriptions
showing that the Y6-C2 and Y6-C3 are efficiently synthe-
sized according to Scheme S1. Compound 1 was involved in
the classical double intramolecular Cadogan reductive cy-
clization reaction, while the intermediate passed through the
nucleophilic substitution reaction in alkaline conditions to
yield compound 2 (or compound 4). The Vilsmeier-Haack
reaction was employed to form the double formyl groups of
compound 3 (or compound 5). Finally, the Y6-C2 (or Y6-C3)
was synthesized through the Knoevenagel condensation re-
action between compound 3 (or compound 5) and 2-(5,6-
difluoro-3-oxo-2,3-dihydro-1H-inden-1-ylidene) malono-
nitrile (2FIC). The chemical structures of the intermediates
and the target products were fully characterized by 1H NMR,
13C NMR, and matrix-assisted laser desorption/ionization
time of flight mass spectrometry (MALDI-TOF). The two
acceptors exhibit good solubility in commonly used organic
solvents including dichloromethane (DCM), chloroform
(CF), and chlorobenzene (CB).
The ultraviolet visible (UV-Vis) absorption spectra were

measured for Y6, Y6-C2, and Y6-C3 in a dilute CF solution
(Figure S1, Supporting Information online) and in a thin-film
state (Figure 1(b)). The three acceptors display similar ab-
sorption spectra but different relative intensities of the 0-0
vibrational peaks in the dilute CF solution, suggesting dif-
ferent aggregation properties. Interestingly, the absorptions
of both molecules containing short alkyl-chains (Y6 and Y6-
C2) display obvious red shifts by ∼95 nm from the solution
to film. In contrast, the Y6-C3 shows a redshift of only
∼45 nm. Compared with the Y6-C3, the alkyl-chains
branching points of the Y6 and Y6-C2 are near the core,
risking the suppression of core-to-core interaction, and
benefiting the formation of J-aggregates (end-to-end ar-
rangement of molecules) [54,55]. Conversely, for Y6-C3, the
alkyl-chains branching points are far from the core, which is

conducive for the formation of H aggregations (core-to-core
arrangement). Therefore, the Y6 and Y6-C2 show distinct
redshifted absorption in the solid state relative to Y6-C3.
Consequently, the absorption edges of Y6, Y6-C2, and Y6-
C3 in the solid state are 930, 932, and 880 nm, respectively,
with corresponding optical bandgaps of 1.33, 1.33, and
1.41 eV. The narrower bandgap of the Y6 and Y6-C2 is
beneficial for obtaining a higher short-circuit current density
(JSC) due to better complementary absorption with the
polymer.
The energy levels of the Y6, Y6-C2, and Y6-C3 were

determined by cyclic voltammetry (Figure 1(b) and Table 1).
All acceptors exhibit similar lowest unoccupied molecular
orbital (LUMO) ranging from −4.09 to −4.07 eV and highest
occupied molecular orbital (HOMO) levels varying from
−5.68 to −5.65 eV, demonstrating that tuning of the alkyl-
chains branching points minimally influences electro-
chemical properties of the acceptors.
To explore the positions of the alkyl-chains relative to the

π-conjugated backbone, a conformation search was per-
formed using the following protocol: the initial conformers
were obtained by systematic scanning of all rotatable bonds
between the nitrogen atom and the tertiary carbon on the
alkyl-chain via the molclus [56] program. These conformers
were initially optimized by density functional theory (DFT)
calculations at the PM6-D3H4 [57] level through the MO-
PAC2016 [58] program, and then filtered and clustered using
isostat tools of the molclus program. The resulting con-
formers were further optimized at the B97-D3/def2-SVP
level with the resolution-of-identity approximation [59]
using the ORCA 4.2 program [60]. Finally, conformers
within 10 kcal/mol above the most stable conformer were
extracted, aligned, and superimposed using the visual mo-
lecular dynamics (VMD) program [61]. Figure 2 shows that
the distribution of alkyl-chains in the Y6 inadequately covers
the donor core, and may cause transfer of the hole from the
polymer donor to the donor core of the acceptor, thereby
increasing the charge recombination. Contrarily, in the Y6-
C2, the alkyl-chains cover the donor core more than in the
Y6, aiding to prevent charge recombination on the acceptors.
Regarding the Y6-C3, the alkyl-chains cover the donor core
and some terminal acceptor parts, and this may hinder
electron transfer from the polymer donor to the acceptor and
the corresponding charge separation process. These results
demonstrate that the Y6-C2 exhibits a more desirable alkyl-
chains spatial distribution, that contributes to better device

Table 1 Optical and electrochemical properties of the Y6, Y6-C2, and Y6-C3

Acceptor λmax
sol (nm) λmax

film (nm) λonset
film (nm) Eg

opt a) (eV) HOMOCV (eV) LUMOCV (eV) Eg
cv (eV) μe (cm

2 V−1 s−1)

Y6 732 826 930 1.33 −5.67 −4.08 1.59 3.12×10−4

Y6-C2
Y6-C3

732
733

831
778

932
880

1.33
1.41

−5.65
−5.68

−4.09
−4.07

1.56
1.61

3.94×10−4

2.49×10−4

a) Calculated from Eg
opt=1240/λonset.
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performance.
The molecular ordering and crystalline properties of the

neat acceptors were studied by GIWAXS experiments. Fig-
ure 3 reveals that the Y6 and Y6-C2 display favorable face-
on stacking patterns relative to the substrate, while the Y6-

C3 (longer alkyl-chains) exhibits the edge-on orientation,
that is unfavorable for vertical charge transport and collec-
tion. Compared with the Y6, the Y6-C2 shows a stronger π-π
stacking with q of 1.80 Å−1 in the out-of-plane (OOP) di-
rection and an enhanced crystal coherence length (CCL)
(Y6=3.49 nm; Y6-C2=3.82 nm), suggesting a stronger π-π
stacking propensity for the Y6-C2. In the in-plane (IP) di-
rection, the Y6-C2 displays a well-developed (100) lamellar
stacking peak (q=0.288 Å−1) with a CCL of 8.13 nm and a d-
spacing of 2.18 nm, also implying a stronger crystallization
tendency. Therefore, the electron mobilities (µe) measured by
the space-charge-limited current (SCLC) method for the Y6,
Y6-C2, and Y6-C3 are 3.12×10−4, 3.94×10−4, and 2.49×10−4,
respectively (Figure S2). The highest electron mobility for
the Y6-C2 is mainly attributed to its face-on dominant or-
ientation and high CCL. These results indicate that altering
the alkyl-chains branching points significantly influences the
molecular orientation and crystallization propensity, and
thus, the charge transport properties.
To assess the performance of the Y6, Y6-C2, and Y6-C3 as

electron acceptors in OSCs, we paired them with the PM6
and fabricated bulk heterojunction (BHJ) OSCs with a con-
ventional device structure of glass/ITO/PEDOT:PSS (poly
(3,4-ethylenedioxythiophene):poly(styrene-sulfonate))/
PM6:acceptors/PDINO (perylene diimide functionalized
with amino N-oxide)/Al. The optimum as-cast active layers
were achieved by spin-coating the PM:acceptor (1:1.2, w/w)
blend solution with a total concentration of 16 mg mL−1 in
the CF. The current density-voltage (J-V) characteristics are
shown in Figure 4(a) and the corresponding photovoltaic
parameters are presented in Table 2.

The as-cast OSCs based on the PM6:Y6 yields a PCE of
15.24%, with an open-circuit voltage (VOC) of 0.859 V, a JSC
of 25.22 mA cm−2, and an FF of 70.3%. Compared to the
device based on the Y6, a higher PCE of 15.89% is recorded

Figure 2 The superimposed stable conformers of (a) Y6, (b) Y6-C2, and
(c) Y6-C3 calculated by DFT (color online).

Figure 3 2D GIWAXS patterns of (a) Y6, (b) Y6-C2, and (c) Y6-C3 films. (d) The in-plane and out-of-plane line-cut profiles for the Y6, Y6-C2, and Y6-
C3 films (color online).
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for the device based on the PM6:Y6-C2, with a VOC of 0.860,
a JSC of 25.11 mA cm−2, and an FF of 73.6%. The higher
PCE for the Y6-C2-based device is primarily ascribed to its
higher FF. In contrast, based on the longest side chains, the
Y6-C3-based device produced a PCE of 13.76%, re-
presenting the lowest value among the three acceptors, ex-
plained by its relatively low JSC (24.07 mA cm−2) and FF
(67.1%). The PCE of 15.89% is the highest known value for
as-cast nonfullerene OSCs reported (Table S1 in Supporting
Information online). The integrated current densities from
the external quantum efficiency (EQE) curves are
24.51 mA cm–2 for the PM6:Y6-C2-based devices, con-
sistent with the J-V curves (within 3% error) (Figure 4(b)).
To further improve device performance, we utilized the

PNDIT-F3N instead of the PDINO as the electron transport
material, with 0.5% (vol) chloronaphthalene as the solvent
additive, and a thermal annealing step at 100 °C for 5 min.
Figure S3(a) and data Table S2 indicate that compared to the
as-cast devices, the PCEs slightly increased for all devices
mainly from enhanced FFs. Notably, the device based on the
PM6:Y6-C2 affords a PCE of 16.28%, representing the best
value among the three devices, and attributed to its highest
FF. The JSC integrated from the EQE spectra for the Y6-C2-
based device is 24.86 mA cm−2 (Figure S3(b)), that is within
a small error from the J-V measurements (JSC=
25.64 mA cm−2).
To understand the difference in FF for the three devices,

we performed SCLC experiments on the three BHJ devices,
as depicted in Figures S4, S5, and data in Table S3. Com-
pared with devices based on the Y6 and Y6-C3, the Y6-C2-

based device shows higher hole and electron mobilities
(µh=12.2×10

−4 cm2 V−1 s−1 and µe=9.34×10
−4 cm2 V−1 s−1),

with a more balanced charge transport (µh/µe=1.31) that
contributes to its higher FF. In addition, the photoinduced
charge carrier extraction by a linearly increasing voltage
(photo-CELIV) experiment was employed to further evalu-
ate the carrier mobilities (Figure 5(a) and Figure S6) [62,63]
and the average mobilities are presented in Table S4. The
Y6-C2-based device displays a higher mobility (1.40×10−4

cm2 V−1 s−1) than the Y6-based (1.20×10−4 cm2 V−1 s−1) and
Y6-C3-based (0.733×10−4 cm2 V−1 s−1) devices. Figure 5(b)
illustrates that due to various recombination processes, the
number of extracted carriers decreases as the delay time in-
creases. Furthermore, using the following formula,

n t n
t

( ) = (0)

1 +
B

, a bimolecular recombination coefficient

(τB, also known as the effective 2nd order recombination
coefficient) is calculated [64], where γ is the time-in-
dependent parameter and n(0) is the density of the photo-
generated carrier at t=0. Data for relevant parameters from
fitting of the equation above are summarized in Table S2.
The Y6-C2-based device shows a τB of 1.26×10

−4 s, shorter
than those of devices based on the Y6 (2.25×10−4 s) and Y6-
C3 (3.39×10−4 s), indicating the weakest bimolecular re-
combination in the Y6-C2-based device. The transient time,

ttr, (t L
µV=tr

2
, where L is the thickness of active layer) values

calculated are 1.66×10−7, 1.43×10−7, and 2.73×10−7 s for
devices based on the Y6, Y6-C2, and Y6-C3, respectively.
These results are consistent with the transient photocurrent

Figure 4 (a) J-V characteristics of the optimized as-cast OSCs at an illumination of AM 1.5G and 100 mW cm−2. (b) The EQE spectra of the optimized as-
cast devices based on the PM6:Y6, PM6:Y6-C2, and PM6:Y6-C3 (color online).

Table 2 Optimized photovoltaic performances for as-cast OSCs based on PM6/acceptors under standard AM 1.5G illumination and 100 mW cm−2. The
average values and standard deviations are based on 20 devices

Devices VOC (V) JSC (mA cm−2) FF (%) PCE (%)

PM6/Y6 0.859 (0.857±0.003) 25.22 (25.18±0.18) 70.3 (69.4±0.78) 15.24 (15.04±0.31)
PM6/Y6-C2 0.860 (0.858±0.003) 25.11 (25.06±0.22) 73.6 (73.0±0.67) 15.89 (15.64±0.27)
PM6/Y6-C3 0.852 (0.851±0.003) 24.07 (23.97±0.16) 67.4 (66.6±0.89) 13.76 (13.48±0.19)
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(TPC) (Figure 5(c)) and transient photovoltage (TPV) mea-
surements (Figure S7). The TPC decay demonstrates that the
photoinduced carrier sweep-out values in the PM6:Y6-C2
(0.31 µs) and PM6:Y6-based (0.32 µs) devices are faster
than that for the PM6:Y6-C3-based (0.42 µs) device. Ad-
ditionally, the charge carrier drift length (ld) can be calculated

by the following equation [65]: l µ U e
J=d

3
2 2

SC
, where β is the

2nd order recombination pre-factor andU is the assumed VOC
in the device. Data in Table S2 shows the longest carrier drift
length (ld=372 nm) for the PM6:Y6-C2-based device, im-
plying that charges in the device cover longer distances
(averagely) prior to recombination than the PM6:Y6 and
PM6:Y6-C3 devices.
To further understand the carrier recombination in the

three devices, we combined the charge extraction (Figure S8)
and TPV techniques to obtain the charge carrier lifetime as a
function of charge carrier density (Figure 5(d)). Generally, a
recombination order R (R=λ+1, where λ is the recombination
exponent) higher than 2 is ascribed to the effect of energetic
and morphological traps [66]. The smallest R value of 2.05 is
shown by the Y6-C2-based device (Figure 5(d)), high-
lighting the lowest amount of trap-assisted recombination.
The low bimolecular recombination for the Y6-C2-based
device is supported by the light intensity-dependent JSC
(Figure S9). The highest mobility, longest carrier drift length,
and the smallest recombination order are consistent with the

highest FF of the device.
To investigate the morphology of the blend films, we

performed atomic force microscopy (AFM) and GIWAXS
experiments. Figure 6 shows smooth and uniform surface
morphologies from AFM height images for the blend films.
The root-mean-square (RMS) roughness for the blend films
are PM6:Y6 (0.603 nm), PM6:Y6-C2 (0.509 nm), and PM6:
Y6-C3 (0.722 nm). The smallest RMS value shown by the
PM6:Y6-C2-based blend reflects the most homogeneous
morphology, capable of improving exciton dissociation. In
addition, GIWAXS experiments were conducted to elucidate
the molecular order and crystallization of the active layers.
Regardless of the alkyl-chains branching points, the three
blend films exhibited obvious (010) diffractions in the OOP
direction and (100) diffractions in the IP direction, suggest-
ing a preferential face-on stacking pattern, particularly for
the PM6:Y6-C2-based blend. The peak area (010) and
scattering intensity of the Y6- and Y6-C2-based blends are
significantly higher than that for the Y6-C3-based blend,
implying stronger crystallization/aggregation for the Y6 and
Y6-C2 blend films. In the OOP direction, the PM6:Y6 and
PM6:Y6-C2 blend films exhibit similar d-spacings (PM6:
Y6=3.56 Å; PM6:Y6-C2=3.57 Å) and CCLs (PM6:Y6=
3.169 nm; PM6:Y6-C2=3.170 nm). However, in the IP di-
rection, the PM6:Y6-C2 blend film shows a narrower (100)
peak than the PM6:Y6-based blend with a reduced full width
at half-maximum (FWHM) (PM6:Y6=0.08745 Å; PM6:Y6-

Figure 5 (a) The dark CELIV and photo-CELIV curves for the Y6-, Y6-C2-, and Y6-C3-based devices after a 1 µs delay. (b) Density of the extracted
carrier as a function of the delay time and fit. (c) Normalized TPC curves for Y6-, Y6-C2-, and Y6-C3-based devices. The illumination pulse intensity is
150 mW cm−2 (a light pulse of 50 μs). (d) Charge carrier lifetime versus charge carrier density for Y6-, Y6-C2-, and Y6-C3-based devices (color online).
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C2=0.08375 Å). The CCLs of the (100) peaks are 71.8 and
75.0 Å for PM6:Y6 and PM6:Y6-C2 films, respectively. The
highly ordered structure and enhanced crystallization char-
acteristics are beneficial for charge transport, with the
highest FF for the PM6:Y6-C2-based device.
Considering the high efficiency of the Y6-C2-based as-

cast OSCs, a large area (1.0 cm−2) device (Figure 7(a)) was
produced, with a PCE of 14.83% achieved, at a VOC of
0.852 V, a JSC of 24.36 mA cm−2, and an FF of 71.5%, sug-
gesting a major potential for large-scale industrial production
for the PM6:Y6-C2 blend.

Furthermore, we evaluated the potential of the Y6-C2 in
ternary OSCs. Recent research suggests incorporating a
small fraction of PC71BM as the third component can further
boost device performance for several high-performance
binary systems, with potential to improve charge transport
and reduce nonradiative energy loss. Thus, we fabricated
ternary devices based on PM6:Y6-C2:PC71BM (1:1.0:0.2,
weight ratio), producing a PCE up to 17.06%, with a VOC of

0.859, a JSC of 25.73 mA cm−2, and an impressive FF of
77.2% (Figure 7(b)). The data in Table S5 indicates that the
PCE and FF are the best results reported for ternary OSCs.
Compared with the binary system, the improvement of the
PCE in the ternary system is principally ascribed to the in-
creased FF. To understand the FF enhancement from the
binary to ternary system, a photo-CELIV experiment was
employed to evaluate the carrier mobilities. Figure S10 re-
veals a higher mobility of 1.69×10−4 cm2 V−1 s−1 for the
PM6:Y6-C2:PC71BM-based device relative to the PM6:Y6-
C2-based device (1.40×10−4 cm2 V−1 s−1). Also, the Y6-C2-
based ternary device exhibits a higher hole and electron
mobility, with a more balanced μh/μe value relative to that for
the Y6-C2-based binary device (Figure S11). In addition, the
PM6:Y6-C2:PC71BM-based device shows a slight larger
n(0) (1.10×1016 cm−3) and smaller transient time (1.18×
10−7 s), that are beneficial to the charge transport. Further-
more, we performed TPC measurements to investigate the
carrier transport properties (Figure S12), with the TPC decay

Figure 6 Representative AFM height images of (a) PM6:Y6, (b) PM6:Y6-C2, and (c) PM6:Y6-C3 blend films; 2D-GIWAXS patterns of (d) PM6:Y6, (e)
PM6:Y6-C2, and (f) PM6:Y6-C3 blend films; (g) line-cut profiles of the GIWAXS patterns of PM6:Y6, PM6:Y6-C2, and PM6:Y6-C3 blend films (color
online).

Figure 7 (a) The J-V curves and (b) the EQE spectra of the Y6-C2-based device with an area of 1.0 cm2 and the PM6:Y6-C2:PC71BM (1:1.0:0.2) based
ternary device (color online).

367Luo Z et al. Sci China Chem March (2020) Vol.63 No.3



indicating that the photoinduced carrier sweep-out in the
PM6:Y6-C2:PC71BM-based ternary device (0.28 µs) are
faster than the PM6:Y6-C3-based binary device (0.31 µs).
The slightly smaller recombination order R (2.05) for the
ternary device indicates a lower amount of trap-assisted re-
combination compared with the binary device (Figure S13).
To better understand the mechanism for the enhancement
from binary to ternary devices, we further studied the dark
J-V curves (Figure S14). For the PM6:Y6-C2-based binary
device and PM6:Y6-C2:PC71BM-based ternary device, the
Jphs reaches saturation (Jsat) at high Veff (i.e., Veff≥2 V). At
maximal power output and short-circuit conditions, the ratios
of Jph/Jsat are 85.8% and 97.3% for the Y6-C2-based binary
device and 89.0% and 97.9% for the Y6-C2-based ternary
device. The higher Jph/Jsat implies that better charge collec-
tion and exciton dissociation occur in the Y6-C2-based
ternary device. The enhanced charge carrier mobility and
transport properties for the ternary device (1:1:0.2) reduces
the charge recombination rate, that contributes to the in-
creased FF value in such ternary devices. The JSC integrated
from the EQE spectrum of 25.12 mA cm−2 for the ternary
device is consistent with the result from the J-V measure-
ment.

3 Conclusions

Two new SMAs (Y6-C2 and Y6-C3) were designed and
synthesized via by altering the alkyl-chains branching posi-
tions from the Y6 backbone. Compared with the Y6, the Y6-
C2 exhibited similar absorption and electrochemical prop-
erties, but better molecular packing and enhanced crystal-
linity. However, for the Y6-C3, the longest side chains neat
film was characterized by an obvious blue-shifted absorption
compared to the Y6 and Y6-C2. Consequently, the as-cast
Y6-C2-based device yielded a higher PCE of 15.89% those
device based on the Y6 (15.24%) and Y6-C3 (13.76%). The
superior PCE is attributed to its high FF associated with its
highly ordered structure, better crystallization character-
istics, longer carrier drift length, and lower recombination
order of the PM6:Y6-C2 blend. Additionally, we obtained
14.83% efficiency for a PM6:Y6-C2-based device with an
area of 1.00 cm2. Importantly, the Y6-C2 showed good
compatibility with the PC71BM, enabling the demonstration
of a ternary OSC device (PM6:Y6-C2:PC71BM) with a high
PCE (17.06%) and an impressive FF (0.772), representing
the highest known values for ternary OSCs. These results
demonstrate that modulation of the alkyl-chain branching
point is an effective strategy for tuning the molecular pack-
ing and crystallization characteristics, This tuning highlights
potential characteristics that can be exploited by the OSC
community for developing high-performance SMAs.
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