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Compared to thiophene-based non-fullerene acceptors (NFAs),

selenophene-based NFAs have received much less attention. And

organic solar cells (OSCs) based on selenophene-containing NFAs

typically exhibit relatively low power conversion efficiency (PCE < 12%)

and fill factor (FF < 70%). In this contribution, we have designed and

synthesized two asymmetric selenophene-based NFAs, named

SePTT-2F and SePTTT-2F, which possess the same end-capping group

but different selenophene-containing conjugated backbones. On

comparing the two NFAs, SePTTT-2Fwithmore extended conjugation

in the backbone was found to have almost the same maximum

absorption peak and optical bandgap in film as SePTT-2F but an up-

shifted lowest unoccupied molecular orbital (LUMO) energy level

and higher electron mobility. By pairing the NFAs with the polymer

donor PBT1-C, the resultant blend film based on SePTTT-2F exhibited

higher and more balanced charge mobilities and more efficient

exciton dissociation and charge collection in comparison with the

SePTT-2F-based blend film. As a result, OSCs based on SePTTT-2F

delivered an impressively high PCE of 12.24% with an outstanding FF

of 75.9%,much higher than those of the SePTT-2F-basedOSCs. To the

best of our knowledge, the PCE of 12.24% and FF of 75.9% are among

the highest values reported in the literature so far for both the

parameters amongst selenophene-containing NFA-based OSCs. Our

results demonstrate that extending the conjugation in the

selenophene-containing backbone is an effective strategy to design

highly efficient selenophene-based NFAs.

Introduction

In recent years, organic solar cells (OSCs) based on blends of
polymer donors and acceptor–donor–acceptor (A–D–A)-type
non-fullerene acceptors (NFAs) have aroused tremendous
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research interest.1–11 To date, power conversion efficiencies
(PCEs) of single-junction OSCs in the range of 10–14% have
been achieved, largely supported by the rapid development of
a variety of A–D–A-type NFAs.12–25 Inmost cases, these NFAs have
primarily utilized thiophene or thiophene-based heterocycles,
whereas selenophene-based NFAs have received much less
attention.3,4

As a thiophene analogue, selenophene exhibits several
attractive advantages.26–30 Selenophene has stronger electron-
donating ability and reduced aromaticity relative to thio-
phene, which could increase the quinoidal character of
selenophene-based NFAs.31 As a result, selenophene-based
NFAs tend to exhibit improved planarity, an increased effec-
tive conjugation length, and a lower optical bandgap.32–34 In
addition, due to the larger size and greater polarizability of
selenium in comparison to sulfur, selenophene has a tendency
to induce intermolecular Se/Se (chalcogen interaction) or
selenium–aromatic interactions in corresponding selenophene-
based NFAs.27,28

The aforementioned desirable features of selenophene-
based NFAs have resulted in increased research interest
regarding their use in OSC applications.32–36 For example, by
incorporating selenophene into the main backbone of NFAs,
Liao and co-workers reported a selenophene-containing
acceptor IDSe-T-IC.32 The OSCs based on J51:IDSe-T-IC
showed a maximum PCE of 8.58% without any additive treat-
ment, which was much higher than that of the J51:PC71BM
devices (PCE¼ 6.0%). Meanwhile, the same group also reported
a novel acceptor, IDTIDSe-IC, bearing a fused 10-heterocyclic
ring with two selenium atoms in the main backbone.33 The
OSCs based on J51:IDTIDSe-IC exhibited a PCE of 8.02%, with
a small driving force for hole transfer between J51 and IDTIDSe-
IC. Subsequently, by using selenophene as the p bridge, Geng
and co-workers developed a near-infrared-absorbing acceptor
IDT2Se-4F, which exhibited a low optical bandgap of 1.39 eV.35

The IDT2Se-4F-based OSCs achieved a high PCE up to 11.19%
with a short-circuit current density (Jsc) of 21.49 mA cm�2. Using
selenophene as the p bridge to extend the extent of conjugation
J. Mater. Chem. A, 2019, 7, 1435–1441 | 1435
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Fig. 2 Chemical structures of PBT1-C, SePTT-2F and SePTTT-2F.
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and enhance the backbone planarity via noncovalent O/Se
interactions, Liu and co-workers reported a selenophene-
containing acceptor IDTO-Se-4F, which showed strong light
absorption between 600 and 900 nm.34 By blending this
acceptor with PBDB-T, the OSCs based on IDTO-Se-4F yielded
a high PCE of 10.67% with a low energy loss of 0.57 eV. Using
alkyl-substituted selenophene as a side chain, Yang and
coworkers reported an alkylselenophenyl-substituted acceptor
ITCPTC-Se.36 A stronger s-inductive effect between the seleno-
phene side group and the electron-donating backbone endowed
ITCPTC-Se with high optical absorption and increased the
lowest unoccupied molecular orbital (LUMO) energy level.
However, the OSCs based on ITCPTC-Se exhibited a PCE of
9.02%, which was much lower than that of its thiophene
counterpart based OSCs (10.61%). Given the aforementioned
results (Fig. 1), it can be concluded that OSCs based on
selenophene-containing NFAs have usually been limited to
relatively low PCEs and ll factors.

Recently, our group developed a novel molecular design
strategy toward asymmetric NFAs via appropriately extending
the conjugation of the central indacenodithiophene (IDT)
backbone.37–39 By fusing one thiophene moiety on only one side
of the IDT unit, we were the rst to develop an asymmetric TPTT
central core unit and subsequently the corresponding asym-
metric acceptor TPTT-IC.37 Due to the asymmetric structure,
three kinds of packing modes by terminal p–p stacking were
found for TPTT-IC. Moreover, asymmetric TPTT-IC has stronger
intermolecular interactions than symmetric ITIC as two inter-
molecular binding energies of the TPTT-IC dimer were higher
than that of the symmetric ITIC dimer. Indeed, relative to
symmetric ITIC, asymmetric TPTT-IC exhibited a higher elec-
tron mobility in neat lm and higher and more balanced charge
carrier transport in blend lm. As a result, a decent PCE of
10.5% with a FF of 70% was achieved for TPTT-IC-based OSCs,
slightly higher than those of ITIC-based OSCs. Subsequently, by
fusing one thieno[3,2-b]thiophene on one side of the IDT unit,
we synthesized an asymmetric TPTTT central core unit, which is
an isomer of the IDTT unit, and reported an asymmetric
acceptor TPTTT-2F.38 Aer blending the acceptor with PBT1-C,40

the OSCs based on TPTTT-2F demonstrated a high PCE of
12.03% with a FF approaching 74.5%. By fusing one thiophene
and one thieno[3,2-b]thiophene on the two termini of the IDT
unit, we also synthesized an asymmetric TTPTTT central core
Fig. 1 Chemical structures of selenophene-based NFAs reported in
the literature.

1436 | J. Mater. Chem. A, 2019, 7, 1435–1441
unit and a corresponding acceptor TTPTTT-4F.39 The TTPTTT-
4F-based OSC exhibited a PCE of up to 12.05% with a FF of
72.1%. These results demonstrate that rationally modulating
the extent of conjugation in the central core is an effective
method to design high-performance A–D–A-type NFAs for OSC
applications.

In this contribution, in view of our recent studies and the
potential advantages of selenophene over thiophene, we
synthesized two selenophene-based building blocks, SePTT and
SePTTT, in which the thiophene in the TPTT and TPTTT
building blocks was replaced by selenophene. Using these two
novel selenophene-containing building blocks as central cores,
we then designed two asymmetric selenophene-containing
NFAs named SePTT-2F and SePTTT-2F (Fig. 2), which have the
same electron-withdrawing end-capping group but a different
extent of conjugation in the selenophene-containing backbone.
Both NFAs were found to exhibit strong and broad absorption
from 550 to 850 nm and optical bandgaps of 1.50 eV in lm. On
the other hand, SePTTT-2F, which has more extended conju-
gation, was found to have an up-shied LUMO energy level and
improved electron mobility in comparison to SePTT-2F. The
blend lm based on the polymer donor PBT1-C40 and SePTTT-2F
exhibited higher and more balanced charge transport, enhanced
exciton dissociation, and improved charge collection efficiency
compared to the SePTT-based blend lm. The OSCs based on
PBT1-C:SePTTT-2F achieved a PCE of 12.24%, with an open-
circuit voltage (Voc) of 0.895 eV, a short-circuit current density
(Jsc) of 18.02 mA cm�2 and a FF of 75.9%. These parameters were
all higher than those of the SePTT-2F based OSCs with a PCE of
10.9%, a Voc of 0.83 V, a Jsc of 17.51 mA cm�2 and a FF of 75%. To
the best of our knowledge, the PCE of 12.24% and the FF of 75.9%
are among the highest values reported in the literature so far for
both the parameters amongst selenophene-containing NFA-
based OSCs. Furthermore, the OSC device based on SePTTT-2F
exhibited better thermal stability than the SePTT-2F-based OSC
device, and an initial PCE of 96.3% could be maintained for the
SePTTT-2F-based OSC device aer thermal treatment at 100 �C
for 8 h. Our results indicate that extending the extent of conju-
gation in the selenophene-containing backbone is an effective
strategy to design highly efficient selenophene-containing A–D–A-
type NFAs.
Results and discussion

The synthetic procedures for SePTT-2F and SePTTT-2F are
depicted in Scheme 1, and details of their syntheses and
structural characterizations can be found in the ESI.† A Stille
This journal is © The Royal Society of Chemistry 2019
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Scheme 1 Synthetic procedures for SePTT-2F and SePTTT-2F. Fig. 3 Normalized absorption spectra of SePTT-2F and SePTTT-2F in
(a) chloroform solution and (b) thin films. (c) Cyclic voltammograms of
SePTT-2F and SePTTT-2F. (d) Energy level diagrams of PBT1-C,
SePTT-2F and SePTTT-2F.
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coupling reaction between diethyl 2,5-dibromoterephthalate
and one molar equivalent of tributyl(selenophen-2-yl)stannane
using Pd(PPh3)2Cl2 as a catalyst afforded compound 1, which
was subsequently reacted with tributyl(thieno[3,2-b]thiophen-2-
yl)stannane via a Stille coupling reaction to furnish compound
2. Subsequently, compound 2 was reacted with (4-hexylphenyl)
lithium via a nucleophilic addition to yield two benzyl alcohols,
followed by a Friedel–Cras reaction in the presence of BF3
etherate to form the six-membered selenophene-containing
asymmetric building block SePTT. This SePTT was then lithi-
ated by n-butyllithium and quenched by anhydrous N,N-dime-
thylformamide (DMF) to afford the key intermediate SePTT-
CHO. Finally, a Knoevenagel condensation reaction between
SePTT-CHO and 2-(6-uoro-3-oxo-2,3-dihydro-1H-inden-1-
ylidene)malononitrile resulted in the formation of SePTT-2F.

SePTTT-2F, with extended backbone conjugation, could be
synthesized via the same synthetic procedure used for SePTT-2F.
The newly synthesized SePTT-2F and SePTTT-2F were fully char-
acterized by 1H NMR, 13C NMR, and mass spectrometry (e.g.,
matrix-assisted laser desorption ionization-time of ight (MALDI-
TOF)). Both SePTT-2F and SePTTT-2F exhibited very good solu-
bility in common organic solvents including dichloromethane,
chloroform, and chlorobenzene at room temperature.

The normalized absorption spectra of SePTT-2F and SePTTT-
2F are presented in Fig. 3. In dilute chloroform solution, similar
absorption proles were observed for the two NFAs. Maximum
absorption peaks were found at 686 nm for SePTT-2F and
697 nm for SePTTT-2F. The red-shied absorption of SePTTT-2F
relative to that of SePTT-2F was due to the more extended
backbone conjugation in SePTTT. In lm, both NFAs exhibited
red-shied and broader absorption spectra relative to their
corresponding solution spectra, which is indicative of more
pronounced p–p intermolecular interactions in the solid state
for both NFAs. Furthermore, in thin lms, both NFAs exhibited
intense absorption in the range of 550–850 nm and nearly the
same maximum absorption peak at 743 nm. The thin lm of
each NFA exhibited the same absorption edge at 824 nm, which
corresponds to an optical bandgap of 1.50 eV. The corre-
sponding optical data are summarized in Table 1.
This journal is © The Royal Society of Chemistry 2019
The electrochemical properties of SePTT-2F and SePTTT-2F
were evaluated by cyclic voltammetry (CV) measurements. The
onset oxidation potential of the ferrocene external standard was
determined to be 0.43 V relative to Ag/AgCl (Fig. S1†), and the
highest occupied molecular orbital (HOMO) and LUMO energy
levels were then estimated according to the following equations:
HOMO ¼ �(Eox + 4.37) eV and LUMO ¼ �(Ered + 4.37) eV, where
Eox and Ered are the onset oxidation and reduction potentials
relative to Ag/AgCl, respectively. As shown in Fig. 3c, the Eox and
Ered of SePTT-2F and SePTTT-2F were determined to be 1.34 and
�0.37 and 1.29 and �0.40 V, respectively. The corresponding
HOMO and LUMO energy levels were then calculated to be
�5.71 and �4.00 eV for SePTT-2F and �5.66 and �3.97 eV for
SePTTT-2F, respectively. Compared to SePTT-2F, SePTTT-2F
exhibited a higher HOMO energy level due to the more
electron-rich nature of SePTTT relative to SePTT as well as
a higher LUMO energy level, even though both NFAs contain the
same electron-withdrawing end-capping group. These results
are consistent with those of our previous work.38 The relatively
higher LUMO energy level of SePTTT-2F in comparison to
SePTT-2F would induce a higher Voc in the OSC device based on
the former. The energy level diagrams of PBT1-C, SePTT-2F and
SePTTT-2F are presented in Fig. 3d, and the corresponding
electrochemical data are summarized in Table 1.

To evaluate the photovoltaic characteristics of the two
selenophene-based asymmetric NFAs, OSCs were fabricated
based on an inverted device conguration of ITO/ZnO/PBT1-
C:NFA/MoO3/Ag. PBT1-C was used as the donor material owing
to its complementary light absorption and appropriate energy
levels matching with those of the two NFAs for exciton separa-
tion. Device processing conditions, such as the donor/acceptor
(D/A) weight ratio and the amount of 1,8-diiodooctane (DIO)
additive, were systematically investigated to optimize the
photovoltaic performance. With chlorobenzene as the process-
ing solvent, the optimal D/A weight ratios were found to be
1 : 0.9 for the PBT1-C:SePTT-2F device and 1 : 1.1 for the PBT1-
C:SePTTT-2F device. Aer adding 0.3 vol% of the DIO additive,
J. Mater. Chem. A, 2019, 7, 1435–1441 | 1437
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Table 1 Optical and electrochemical properties of the two NFAs

NFA lmax
a [nm] lmax

b [nm] lonset
b [nm] Eoptg

c [eV] Eox [V] HOMO [eV] Ered [V] LUMO [eV]

SePTT-2F 686 743 824 1.50 1.34 �5.71 �0.37 �4.00
SePTTT-2F 697 743 824 1.50 1.29 �5.66 �0.40 �3.97

a In CHCl3 solution.
b In a thin lm drop cast from CHCl3 solution.

c Estimated from the empirical formula Eoptg ¼ 1240/lonset.
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the best photovoltaic performance was achieved for both
devices. As shown in Fig. 4 and Table 2, the optimized device
based on SePTT-2F showed a PCE of 10.9% with a Voc of 0.83 V,
a Jsc of 17.51 mA cm�2, and a FF of 75%. For the optimized
device based on SePTTT-2F, an impressively high PCE of 12.24%
was recorded with a Voc of 0.895 V, a Jsc of 18.02 mA cm�2, and
a FF of 75.9%. The higher PCE of the SePTTT-2F-based device
was attributed to simultaneous improvements in Voc, Jsc, and FF
as compared with those of the SePTT-2F-based device. The
relatively higher Voc of the SePTTT-2F based device was in good
accordance with the up-shied LUMO energy level of SePTTT-2F
relative to that of SePTT-2F. It is worth highlighting that the
SePTT-2F-based device exhibited an impressively high FF
($75%), which is among the highest values reported so far for
selenophene-containing NFA-based OSC devices. The thermal
stabilities of the OSC devices based on PBT1-C:SePTT-2F and
PBT1-C:SePTTT-2F were also tested. As shown in Fig. S4,† the
thermal stability of the PBT1-C:SePTT-2F-based device was
lower than that of the device based on PBT1-C:SePTTT-2F.
96.3% of the initial PCE could be maintained for the PBT1-
Fig. 4 (a) J–V curves and (b) EQE spectra of the optimized OSC
devices based on the PBT1-C:NFA blend. A plot of (c) Jph versus Veff

and (d) light intensity dependence of Jsc for the optimized OSC
devices.

Table 2 Photovoltaic data of the optimized OSCs based on PBT1-C:NF

NFA Voc (V) Jsc (mA cm�2)

SePTT-2F 0.830 (0.829 � 0.002) 17.51 (17.25 � 0.27)
SePTTT-2F 0.895 (0.896 � 0.002) 18.02 (17.62 � 0.19)

a Average values with standard deviations were obtained from 20 devices.

1438 | J. Mater. Chem. A, 2019, 7, 1435–1441
C:SePTTT-2F-based device aer thermal treatment at 100 �C
for 8 h, whereas for the PBT1-C:SePTT-2F-based device, aer
annealing at 100 �C for 8 h, only 78.9% of the initial PCE could
be maintained. These results demonstrate that the device based
on SePTTT-2F, with more extended conjugation in the
selenophene-containing backbone, showed better thermal
stability than the SePTT-2F-based device. The ambient stability
of optimized OSC devices without encapsulation was also
tested. As shown in Fig. S5,† both devices could retain over 90%
of their initial PCE aer 96 h under ambient conditions, indi-
cating that the OSC devices based on asymmetric selenophene-
based NFAs show excellent ambient stability.

The external quantum efficiency (EQE) spectra of the
optimized OSC devices are presented in Fig. 4b. Both OSC
devices exhibited broad photoresponses over a broad range
from 300 to 850 nm, with maximum EQE values of 75.6% at
714 nm for the SePTTT-2F-based OSC device and 74.4% at
700 nm for the SePTT-2F-based OSC device, suggesting that
efficient charge generation and collection occurred in both
OSC devices. The integrated Jsc obtained from the EQE spectra
was determined to be 17.21 mA cm�2 for the SePTTT-2F-based
device, which was slightly higher than the value of 16.72 mA
cm�2 measured for the SePTT-2F based device, demonstrating
that the SePTTT-2F-based device enabled a more efficient
photoelectric conversion process than the SePTT-2F-based
device. The integrated Jsc values are in good accordance
with the Jsc values obtained from the J–V measurements, with
a mismatch below 5%.

The charge transport properties of two neat lms and the
corresponding blend lms based on both NFAs were studied
using the space-charge-limited current (SCLC) method. As
shown in Fig. S6† and Table S3,† the electron mobility (me) of
the neat SePTTT-2F lm was measured to be 12.19 �
10�4 cm2 V�1 s�1, which was �2 times higher than that of the
neat SePTT-2F lm (5.14 � 10�4 cm2 V�1 s�1). As for the blend
lms, the hole mobilities (mh) and electron mobilities of the
PBT1-C:SePTT-2F and PBT1-C:SePTTT-2F blend lms were
determined to be 7.46 � 10�4 and 2.49 � 10�4 and 11.54 � 10�4

and 4.38 � 10�4 cm2 V�1 s�1, corresponding to the mh/me ratios
of 3.00 and 2.63, respectively. The SePTTT-2F blend lm
A

Jsc,cal (mA cm�2) FF (%) PCEa (%)

16.72 75.0 (74.5 � 0.66) 10.90 (10.65 � 0.16)
17.21 75.9 (75.94 � 0.35) 12.24 (11.99 � 0.13)

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 (a) GIWAXS patterns of SePTT-2F and SePTTT-2F neat films and
their corresponding blend films. (b) In-plane (black lines) and out-of-
plane (red lines) line-cut profiles of the GIWAXS results.
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exhibited higher and more balanced charge carrier mobility
relative to the SePTT-2F blend lm, which agrees well with the
slightly higher Jsc and FF observed for the SePTTT-2F-based OSC
device.

The exciton dissociation and charge collection properties
were studied by measuring the photocurrent density (Jph)
against effective voltage (Veff). As depicted in Fig. 4c, saturated
Jph (Jsat) values were achieved for both devices based on the
blend lms at a Veff greater than 2 V, suggesting that all the
photogenerated free charge carriers were collected by the elec-
trodes. The Jsat value for the PBT1-C:SePTTT-2F device was
18.42 mA cm�2, which was slightly higher than the Jsat value of
18.13 mA cm�2 for the PBT1-C:SePTT-2F-based device. Under
short-circuit conditions, the exciton dissociation probability
(Pdiss) was evaluated by measuring the ratio of Jph/Jsat. The Pdiss
values of the PBT1-C:SePTT-2F- and PBT1-C:SePTTT-2F-based
devices were determined to be 95.1% and 95.5%, respectively,
suggesting that the device based on SePTTT-2F had slightly
more efficient exciton dissociation and charge collection effi-
ciency than the SePTT-2F-based device.41 The charge recombi-
nation behavior was also studied by measuring the Jsc as
a function of light intensity (Plight). The relationship between Jsc
and Plight is described by the formula Jsc f Plight

S, wherein the
exponential factor S is an indicator of the extent of bimolecular
recombination. A value of S ¼ 1 represents the case wherein all
free carriers are swept out and collected at the electrodes prior
to recombination, while values of S < 1 indicate some degree of
bimolecular recombination.42 As shown in Fig. 4d, the S values
of the PBT1-C:SePTT-2F- and PBT1-C:SePTTT-2F-based devices
were determined to be 0.988 and 0.993, respectively, suggesting
that negligible bimolecular charge recombination occurred in
both blend devices.

The lm morphology of the blend lms was investigated
using atomic force microscopy (AFM) and transmission electron
microscopy (TEM). As can be seen from the AFM height and
phase images shown in Fig. 5, a clear ber network structure,
which is benecial for efficient charge transport,40 was observed
in both the PBT1-C:SePTT-2F and PBT1-C:SePTTT-2F blend
lms. Moreover, the AFM height images of both blend lms
showed relatively small root mean square roughness (RMS),
with RMS values of 1.92 nm for the PBT1-C:SePTT-2F blend lm
Fig. 5 (a and d) AFM height images, (b and e) AFM phase images, and (c
and f) TEM images of the blend films.

This journal is © The Royal Society of Chemistry 2019
and 2.04 nm for the PBT1-C:SePTTT-2F blend lm. The brous
features shown in the AFM phase images were more
pronounced in the SePTTT-2F-based blend lm than those in
the SePTT-2F-based blend lm. In the TEM images, a similar
trend to the AFM measurements was observed: an inter-
penetrating network structure was observed in both blend lms,
demonstrating that favorable phase separation occurred
between PBT1-C and the selenophene-containing asymmetric
NFAs.

The molecular orientation and packing behaviors of the two
selenophene-based NFAs in both neat and blend lms were
studied via grazing incidence wide-angle X-ray scattering
(GIWAXS) measurements. The GIWAXS patterns and corre-
sponding line-cuts are illustrated in Fig. 6. For both SePTT-2F
and SePTTT-2F neat lms, negligible lamellar and p–p stack-
ing scatterings were measured, suggesting that both neat lms
exhibited weak crystallinity. Regarding the blend lms, as evi-
denced by a strong (100) scattering peak in the in-plane (IP)
direction and a strong (010) scattering peak in the out-of-plane
(OOP) direction, both PBT1-C:SePTT-2F and PBT1-C:SePTTT-2F
blend lms preferentially adopted face-on orientation relative
to the substrate. In contrast to the p–p stacking peak at 1.61 Å�1

in the OOP direction and the lamellar stacking peak at 0.25 Å�1

for the neat PBT1-C lm (Fig. S7†), the p–p stacking peaks in
the OOP direction and lamellar stacking peaks in the IP direc-
tion were shied to 1.72 Å�1 and 0.26 Å�1 (Fig. S8 and Table
S4†), respectively, for both blend lms, indicating tighter
interchain packing (p–p stacking d-spacing of �3.6 Å and
lamellar d-spacing of �24 Å, respectively) in the blends
compared to the pristine PBT1-C lm. Both the blend lms
showed similar GIWAXS scattering patterns with nearly iden-
tical packing structures, which show a good agreement with
the optical, AFM/TEM morphological and photoelectrical
characteristics.
Conclusions

In summary, two novel asymmetric selenophene-based A–D–A-
type NFAs, SePTT-2F and SePTTT-2F, containing the same
electron-withdrawing end-capping group but different extents
of conjugation in the backbone, were designed and synthesized.
In comparison with SePTT-2F, the SePTTT-2F, with extended
J. Mater. Chem. A, 2019, 7, 1435–1441 | 1439
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backbone conjugation, was found to have the same maximum
absorption peak and optical bandgap in lm but an up-shied
LUMO energy level and improved electron mobility. The OSCs
based on PBT1-C:SePTTT-2F delivered an impressively high PCE
of 12.24%, outperforming the SePTT-2F-based OSCs (PCE
10.9%), which was ascribed to simultaneous enhancements in
Voc, Jsc, and FF. It is worth noting that very high FF values
($75%) were obtained for OSCs based on these two asymmetric
selenophene-based NFAs. The results demonstrate that these
two asymmetric selenophene-based building blocks are prom-
ising central cores for use in the design of high-performance A–
D–A-type NFAs.
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