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Research on asymmetric A-D-A structured non-fullerene acceptors has lagged far behind the develop-
ment of symmetric counterpart. In this contribution, by simply replacing one sulfur atom in indacen-
odithiophene unit with a selenium atom, an asymmetric building block SePT and a corresponding asym-
metric non-fullerene acceptor SePT-IN have been developed. Asymmetric SePT-IN achieved a high effi-

ciency of 10.20% in organic solar cells when blended with PBT1-C, much higher than that of symmetric
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TPT-IN counterpart (8.91%). Our results demonstrated an effective heteroatom substitution strategy to de-
velop asymmetric A-D-A structured non-fullerene acceptors.
© 2019 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published

by Elsevier B.V. and Science Press. All rights reserved.

1. Introduction

In view of the attractive merits of easy tunability in absorption
and molecular energy levels through chemical modification, non-
fullerene acceptors (NFAs) possessing an acceptor-donor-acceptor
(A-D-A) configuration have demonstrated great promise to substi-
tute fullerene acceptors in organic solar cells (OSCs) [1-6], where
A and D represent terminal electron-withdrawing unit and central
electron-donating unit, respectively. Until now, impressive achieve-
ments have been obtained for single-junction OSCs, which are
mainly ascribed to the rapid development of A-D-A structured
NFAs [7-22]. The chemical structures of the most reported A-D-A
structured NFAs are symmetrical. Recently, asymmetric molecular
design strategy has been demonstrated as a useful approach to de-
velop high-performance A-D-A structured NFAs [23-28]. However,
research on asymmetric A-D-A structured non-fullerene acceptors
has still lagged far behind the development of symmetric counter-
part [23,26-30].

Five-membered indacedithiophene (IDT) and its derivatives
were often utilized as central cores (D) to design asymmetric
A-D-A structured NFAs [26,31]. For instance, with symmetric IDT
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as the central core, Bo and co-workers developed an asymmetric
acceptor IDT-OB [26] with asymmetric side chains. When blended
with PBDB-T, this IDT-OB showed the power conversion efficiency
(PCE) of 10.12%, higher than those of symmetric couterparts
(IDT-20 and IDT-2B) bearing symmetric side chains. With the
symmetric indacenodithieno[3,2-b]thiophene (IDTT) unit as a cen-
tral core, Yang and co-workers developed an asymmetric acceptor
A2 [31] bearing two different terminal accepting units, which
could achieve a promising PCE of 4.52% in OSCs. By changing
the thieno[3,2-b]thiophene in central IDTT unit with thieno[2,3-
b]thiophene, Yang and co-workers also reported an asymmetric
acceptor ITCNTC [32] as an isomer of symmetric acceptor ITCPTC
[12]. However, the OSCs based on polymer donor |71 [33]| and
this asymmetric acceptor ITCNTC blends only gave an inferior
PCE of 8.52%, which was much lower than that of the symmetric
ITCPTC-based OSCs [34]. Through the rational extension of central
IDT backbone conjugation, we had developed a series of high-
performing asymmetric A-D-A structured NFAs. For example, with
one thiophene or thieno[3,2-b]thiophene fused with the one side
of IDT moiety, we had synthesized asymmetric TPTT and TPTTT
units as the central cores, along with high-performing asymmet-
ric acceptors TPTT-IC [23] and TPTTT-2F [24], respectively. With
one thiophene and one thieno[3,2-b]thiophene simultaneously
fused with two sides of IDT moiety, we subsequently designed
an asymmetric TTPTTT unit and three TTPTTT-based asymmetric
acceptors [25]. All the above results proved that the photovoltaic
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performance of some asymmetric NFAs are comparable or even
superior to their symmetric counterpart. To further advance and
enrich asymmetric A-D-A structured NFAs, a new molecular
design strategy to develop asymmetric A-D-A structured NFAs is
still highly needed.

In this contribution, we designed a novel asymmetric SePT unit
and synthesized an asymmetric acceptor SePT-IN (Fig. 1), in which
the sulfur atom in the TPT (or IDT) unit was replaced with the
selenium atom. Compared with symmetric acceptor TPT-IN, the
asymmetric acceptor SePT-IN exhibited red-shifted absorption, up-
shifted HOMO energy level, improved electron mobility and in-
creased intermolecular 7t -7 stacking interaction. The PBT1-C:SePT-
IN blend displayed higher electron mobility, more balanced charge
transport and efficient exciton dissociation than PBT1-C:TPT-IN
blend. As a result, the optimized device based on SePT-IN delivered
a high PCE of 10.20% with a V,c of 0.850 V, a Jsc of 16.37 mA cm—2
and an FF of 73.3%, much higher than the PCE of 8.91% with a Vi
of 0.878 V, a Jsc of 13.92 mA cm~2 and an FF of 72.9% for the PBT1-
C:TPT-IN device. Our results provided another effective molecular
design strategy to develop asymmetric A-D-A structured NFAs.

2. Experimental
2.1. Materials synthesis

All reagents and chemicals, which were purchased from com-
mercial sources, were used as received unless other specified.
Anhydrous THF was distilled from sodium/benzophenoneketyl
prior to use. Unless otherwise specified, all the reactions were
performed under the nitrogen atmosphere. Diethyl 2-bromo-5-
(thiophen-2-yl)terephthalate and TPT-IN were synthesized accord-
ing to the literature [23,35]. The number-average molecular weight
(Mp) and polydispersity index (PDI) of polymer donor PBT1-C were
34.2 kDa and 1.8, respectively.

2.1.1. Synthesis of diethyl
2-(selenophen-2-yl)-5-(thiophen-2-yl)terephthalate (compound 1)

Under the atmosphere of nitrogen, n-Buli (6.26 mL, 2.5 M
in hexane, 15.65 mmol) was added dropwise to a stirring solu-
tion of selenophene (2.05 g, 15.65 mmol) in dry THF (100 mL)
at —78 °C. After being kept stirring at —78 °C for 1.5 h, tri-n-
butyl tin chloride (7.64 g, 23.46 mmol) was then injected into
the reaction mixture via a syringe. After the reaction mixture
was stirred overnight at room temperature, water was added and
the resulting mixture was extracted with dichloromethane. The
combined organic layers were dried with anhydrous MgSO4 and
the solvent was removed in vacuo to give crude product, which
could be used directly for next reaction. To a solution of di-
ethyl 2-bromo-5-(thiophen-2-yl)terephthalate (4.0 g, 10.44 mmol),
tributyl(selenophen-2-yl)stannane (6.57 g, 15.65 mmol) and an-
hydrous toluene (120 mL) was added Pd(PPhs),Cl, (0.37 g,
0.52 mmol) under nitrogen atmosphere. After the reaction mix-
ture was refluxed overnight, water (100 mL) was added when the
reaction mixture was cooled down to room temperature. The mix-
ture was extracted with dichloromethane for three times. The com-
bined organic layers were dried over anhydrous MgSO4 and fil-
tered. The filtrate was concentrated and the residue was purified
by column chromatography on silica gel with petroleum ether:
dichloromethane (1:1) as an eluent to afford a light yellow solid
(4.35 g, 96%). 'TH NMR (300 MHz, CDCl;, §, ppm): 8.09-8.07 (d,
1H), 7.80 (s, 2H), 7.40-7.38 (d, 1H), 7.32-7.30 (t, 1H), 7.23-7.22 (d,
1H), 7.09-7.06 (t, 2H), 4.24-4.19 (q, 4H), 1.17-1.13 (t, 6H). 13C NMR
(100 MHz, CDCls, §): 167.76, 167.72, 146.39, 140.51, 135.60, 134.02,
133.82, 133.34, 132.36, 131.90, 131.76, 129.71, 129.32, 127.37, 126.97,
126.49, 61.67, 13.82, 13.81. MS (MALDI-TOF) m/z: [M + H]* calcd for
Cy0H1804SSe, 434.01; found, 434.7.

2.1.2. Synthesis of SePT

To a stirring solution of 1-bromo-4-hexylbenzene (3.34 g,
13.84 mmol) in dry THF (60 mL) at —78 °C was added dropwise
n-Buli (5.5 mL, 2.5 M in hexane, 13.84 mmol) under the under the
protection of nitrogen. After being kept stirring at —78 °C for 1 h,
a solution of compound 1 (1 g, 2.3 mmol) in dry THF (10 mL) was
added, then the resulting mixture was warmed to room tempera-
ture and stirred overnight. The reaction mixture was poured into
water and extracted with dichloromethane for three times. The
combined organic phases were dried over with anhydrous MgSQy,,
filtered and concentrated under reduced pressure. The crude prod-
uct was directly dissolved in anhydrous dichloromethane (60 mL).
Then BF; etherate (1 mL) was added and the reaction mixture was
stirred for 12 h at room temperature. After evaporation of solvent,
the residue was purified by column chromatography on silica gel
with petroleum ether: dichloromethane (9:1) as an eluent to give
a novel asymmetrical five-membered SePT building block as an off-
white solid (1.4 g, 64%). '"H NMR (300 MHz, CDCls, §): 7.87-7.85 (d,
1H), 7.41-7.39 (d, 2H), 7.23-7.19 (t, 2H), 7.16-7.13 (m, 8H), 7.05-7.03
(d, 8H), 6.99-6.98 (d, 1H), 2.57-2.52 (t, 8H), 1.59-1.53 (m, 8H), 1.29
(m, 24H), 0.89-0.85 (t, 12H). 13C NMR (100 MHz, CDCl3, §): 157.53,
155.92, 153.51, 152.86, 144.23, 142.17, 141.98, 141.40, 141.36, 137.54,
135.24, 131.92, 128.34, 127.97, 127.46, 125.75, 123.18, 118.12, 117.15,
63.93, 62.71, 35.65, 31.80, 31.42, 29.22, 22.68, 14.19. MS (MALDI-
TOF) m/z: [M + H]" calcd for Cg4H74SSe, 954.47; found, 954.4.

2.1.3. Synthesis of SePT-CHO

Under the protection of nitrogen, n-Buli (2.2 mL, 2.5 M in
hexane, 5.57 mmol) was added dropwise to a stirring solution
of SePT (133 g, 1.40 mmol) in dry THF (60 mL) at —78 °C. Af-
ter being kept stirring at —78 °C for 1 h, the reaction mixture
was stirred at room temperature for another 1 h, which was then
cooled to —78 °C again and stirred for 10 min, then anhydrous N,N-
dimethylformamide (DMF) (1.02 g, 13.94 mmol) was injected into
the reaction mixture via a syringe, and the reaction mixture was
allowed to warm to room temperature and stirred overnight. The
resulting mixture was poured into water, followed by extraction
with dichloromethane. The combined organic layers were dried
with anhydrous MgSO,4 and the solvent was removed in vacuum
to give crude product, which was further purified by column chro-
matography on silica gel with petroleum ether: dichloromethane
(1:1) as an eluent to afford a lemon yellow solid (0.63 g, 45%).
TH NMR (300 MHz, CDCl3, 8): 9.82 (s, 1H), 9.69 (s, 1H), 7.88 (s,
1H), 7.65 (s, 1H), 7.58-7.56 (d, 2H), 7.14-7.08 (m, 16H), 2.58-2.55
(t, 8H), 1.58 (m, 8H), 1.30-1.29 (m, 24H), 0.89-0.85 (t, 12H). 13C
NMR (100 MHz, CDCl3, §): 184.02, 182.86, 158.68, 156.97, 155.19,
154.39, 153.53, 151.78, 150.45, 146.36, 142.17, 140.60, 140.49,
138.56, 135.88, 135.18, 132.01, 128.64, 127.66, 119.73, 118.76, 64.25,
62.96, 35.53, 31.69, 31.30, 29.09, 22.58, 14.09. MS (MALDI-TOF) m/z:
[M+H]J* calcd for CggH740,SSe, 1010.46; found, 1011.5.

2.14. Synthesis of SePT-IN

Under nitrogen  atmosphere, SePT-CHO (100 mg,
0.099 mmol), 2-(3-0x0-2,3-dihydro-1H-cyclopenta[b]naphthalen-
1-ylidene)malononitrile (97 mg, 0.396 mmol) and chloroform
(30 mL) was added to a 50 mL round bottom flask. After the
reaction mixture was stirred at room temperature for 10 min,
pyridine (0.5 mL) was then added. The reaction mixture was
allowed to stir at 65 °C for 12 h. After removal of solvent of
reaction mixture, methanol was added and the precipitate was
collected by filtration to get crude product, which was further
purified by column chromatography on silica gel with petroleum
ether:dichloromethane (1:1) as an eluent to afford a black solid
(93 mg, 64%). '"H NMR (300 MHz, CDCl;, §): 9.18-9.16 (d, 2H),
9.02 (s, 1H), 8.95 (s, 1H), 8.35 (s, 2H), 8.04 (m, 4H), 7.93 (s, 1H),
7.73-7.71 (d, 3H), 7.66-7.65 (m, 4H), 7.20-712 (m, 16H), 2.62-2.57
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(t, 8H), 1.31 (m, 24H), 0.89-0.85 (t, 12H). 3C NMR (100 MHz,
CDCl;, §): 188.67, 188.17, 166.08, 160.44, 160.11, 159.95, 159.59,
158.28, 156.62, 156.01, 144.80, 143.03, 142.47, 142.42, 142.10,
141,53, 140.48, 140.40, 139.75, 138.68, 137.39, 136.26, 135.36,
134.58, 134.44, 132.77, 132.71, 130.66, 130.19, 129.95, 129.68,
128.85, 127.74, 126.98, 124.60, 124.26, 123.55, 120.80, 119.88,
115.19, 115.01, 68.01, 67.83, 64.18, 63.02, 35.61, 31.74, 31.36, 29.72,
2912, 22.61, 1413. MS (MALDI-TOF) m/z: [M + H]* caled for
CogHggN40,SSe, 1462.56; found, 1463.4.

2.2. Materials characterization

TH NMR and 3C NMR spectra were recorded on a Bruker
Avance 300 spectrometer with deuterated chloroform (CDCl3) and
trimethylsilane (TMS) as the solvent and internal reference, re-
spectively. UV-visible absorption spectra were performed by a
Hitachi (model U-3010) UV-vis spectrophotometer. Mass spectra
were recorded on Bruker Daltonics Biflex 1lI MALDI-TOF Analyzer
in the MALDI mode. Cyclic voltammetry (CV) measurements were
conducted under nitrogen atmosphere at a scan rate of 100 mV s~!
using a Zahner IM6e Electrochemical workstation. A platinum plate
coated with sample film, a saturated Ag/Ag™ electrode and plat-
inum wire were used as a working electrode, a reference elec-
trode and a counter electrode, respectively. Ferrocene/ferrocenium
(Fc/Fct) and 0.1 M tetra-n-butylammonium hexafluorophosphate
(BuyNPFg) in anhydrous acetonitrile solution were employed as
an internal standard and a supporting electrolyte, respectively.
The onset oxidation potential of ferrocene external standard was
measured to be 0.43 eV in our group. Therefore, the LUMO and
HOMO energy level could be calculated according to the equations:
LUMO =~ (E;q°™ +4.37) eV and HOMO =—(Ec°"s¢t +4.37) eV,
where E.4°"¢" and Eqx°"s®t were the onset reduction potential and
onset oxidation potential relative to Ag/Ag*, respectively. Atomic
force microscopy (AFM) measurements were carried out utilizing a
Dimension Icon AFM (Bruker) in the tapping mode. GIWAXS mea-
surements were performed at PLS-Il 9A U-SAXS beamline of the
Pohang Accelerator Laboratory in Korea.

2.3. Organic solar cells fabrication and characterization

Organic solar cells with an inverted device architecture of
ITO/ZnO/photoactive layer/MoO3/Ag were fabricated. The ITO-
coated glass substrates were cleaned successively by ultrasonic
treatment in detergent deionized water, acetone and isopropyl al-
cohol for 20 min, respectively. After drying for one night, ZnO pre-
cursor solution was spin-coated at 4000 rpm, and the ZnO layer
was generated at 200 °C for 15 min in ambient atmosphere. The
active layers were spin-coated from a solution of PBT1-C:NFA with
weight ratio of 1:1 in chloroform. Solution with 0.25 v% DIO was
stirred overnight prior to cast. The active layers were allowed to
heat at 100 °C for 10 min in a N,-filled glovebox. The MoO3; were
deposited by sequential thermal evaporation of 3 nm followed by
90 nm of Ag. A Keithley 2400 Source Measure Unit was used to
measure the current density-voltage (J-V) characteristics. The cur-
rents were determined under 100 mW/cm? simulated 1.5 Global
(AM 1.5G) solar simulator (Enli Technology Co., Ltd, SS-F5-3A). A
standard silicon (Si) solar cell (SRC-2020, Enli Technology Co., Ltd)
was used to calibrate the light intensity. EQE spectra were per-
formed by utilizing the solar-cell spectral-response measurement
system (QE-R, Enlitech).

2.4. Space-charge limited current measurement

The charge transport properties were evaluated by space
charge limited current (SCLC) measurement. The electron-only

devices and hole-only devices were fabricated with a struc-
ture of ITO/ZnO/PBT1-C:NFA/ZrAcac/Al and ITO/PEDOT:PSS/PBT1-
C:NFA/MoO3/Ag, respectively. The J-V curves of devices were fitted
by using the Mott-Gurney equation: | = 9go&uV2/8L3, in which |
was the current density, &g was the permittivity of free space, &,
was the permittivity of the active layer, u was the hole/electron
mobility, V was the internal voltage of the device (V="V,,5 — Vi)
where V,pp was the applied voltage, V},; was the offset voltage (V};
is 0 V here), and L was the film thickness of the active layer. The
electron/hole mobility could be measured from the slope of the
JO5-V curve.

3. Results and discussion

The synthesis of SePT-IN was presented in Scheme 1. Firstly,
diethyl 2-bromo-5-(thiophen-2-yl)terephthalate was reacted with
tributyl(selenophen-2-yl)stannane through the Stille coupling re-
action to afford compound 1. Subsequently, compound 1 was
treated with (4-hexylphenyl)lithium to give two benzyl alco-
hols, which was subjected to Friedel-Crafts cyclization to lead
to a novel asymmetric SePT. Afterwards, this asymmetric SePT
was reacted with n-butyllithium followed by addition of an-
hydrous DMF to afford SePT-CHO. Finally, the SePT-CHO was
reacted with 2-(3-oxo0-2,3-dihydro-1H-cyclopenta[b]naphthalen-1-
ylidene)malononitrile via the Knoevenagel condensation reaction
to provide asymmetric SePT-IN. This SePT-IN could be readily
soluble in commonly used organic solvents, such as chloroform,
chlorobenzene and dichlorobenzene. The symmetric TPT-IN was
also synthesized for comparison according to the literature [35].
All the newly synthesized compounds were fully characterized us-
ing 'TH NMR, 3C NMR, and MS (MALDI-TOF) and their structural
characterizations could be found in the Supporting Information.

Density functional theory (DFT) calculations were carried out to
investigate the electronic structure properties of symmetric TPT-IN
and asymmetric SePT. The computational details could be found
in the Supporting Information. The calculated results were shown
in Fig. S1 and Table S1. The energy gap between LUMO+1 and
LUMO was less than 0.4 eV for both compounds, suggesting that
the LUMO+1 could accept electrons from the LUMO of the polymer
donor [36]. For both NFAs, the LUMO and LUMO+1 were delocal-
ized over the whole molecular backbone, whereas the HOMO was
relatively localized on the central TPT/SePT unit. Compared with
TPT-IN, the calculated LUMO energy level was slightly downshifted
while the HOMO energy level was slightly upshifted, resulting in a
smaller band gap in SePT-IN.

The normalized absorption spectra of the symmetric TPT-IN and
asymmetric SePT-IN were presented in Fig. 2, and the correspond-
ing optical data were listed in Table 1. The asymmetric SePT-IN
showed a maximum absorption peak at 698 nm in solution, which
has a 13 nm red shift relative to the symmetric TPT-IN. From solu-
tion to solid state, both two NFAs showed considerable red-shifted
absorption spectrum and broader absorption profile than their re-
spective solution counterpart. Specifically, the maximum absorp-
tion peaks of TPT-IN and SePT-IN were red-shifted from 685 to
727 nm and 698 to 741 nm, respectively. The redshifted absorption
of SePT-IN than TPT-IN was resulted from the stronger electron-
donating ability and more quinodal structure of selenophene rel-
ative to thiophene. The thin film absorption onsets of TPT-IN and
SePT-IN were centered at 786 and 803 nm, which corresponded to
optical bandgaps of 1.58 and 1.54 eV, respectively.

The electrochemical properties of the symmetric TPT-IN and
asymmetric SePT-IN were investigated by cyclic voltammetry
(CV) measurements. As depicted in Fig. 2(b), the onset oxida-
tion/reduction potentials of TPT-IN and SePT-IN were 1.43/-0.40
and 1.40/-0.37 V vs. Ag/Ag*, respectively. The HOMO/LUMO en-
ergy levels of TPT-IN and SePT-IN were then determined to
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C4H
L. PBT1-C
o TPT-IN SePT-IN
Polymer donor Symmetric acceptor Asymmetric acceptor
Fig. 1. Chemical structures of PBT1-C, TPT-IN and SePT-IN.
CSH13
coOCH; U g BU COOC,H :
A . 25 “seSnBu A §?z 5 1) L.—@-Can
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1
SePT-CHO
ne-N
o
CHCI; Pyridine
ne-CN
o
CHCI; Pyridine
SePT-CHO
Scheme 1. Synthetic routes of symmetric TPT-2F and asymmetric SePT-IN.
Table 1. Optical and electrochemical properties of TPT-IN and SePT-IN.
NFA Amax” (nm) Amax” (nm) Aonset” (nm) EgPt © (eV) Eox (V) HOMO (eV) Erea (V) LUMO (eV)
TPT-IN 685 727 786 1.58 143 —5.80 —0.40 —-3.97
SePT-IN 698 741 803 154 140 -5.77 -0.37 —4.00
2 In chloroform solution.
b In a thin film drop cast from the chloroform solution.
¢ Calculated from the empirical formula: Eg°' = 1240/ Aonget.
(a) (b) ()
N 3.0
1.0  —TPT-IN (Solution) 03l -3.33 eV
g —— SePT-IN (Solution) ’ —TPT-IN 350
g 087 — TPT-IN (Film) . 02F — SePT-IN = 397e¢V 400 eV
5 —— SePT-IN (Film) E oal T A0F &
» 0.6 — —
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< b= 0.0 E 4.5 2 E E
g 04 2 A = '
g £ -0} & 5.0} &
= = = : & A
g 02 O .02} 2 )
g 5 55t
5 03} 543 eV
Z 00 L L L L L 0.4 L L L L L L L 6.0 -5.80 eV -5.77 eV
400 500 600 700 800 900 70 05 00 05 1.0 15 2.0
Wavelength (nm) Potential (V vs. Ag/Agh)

Fig. 2. (a) Normalized absorption spectra of symmetric TPT-IN and asymmetric SePT-IN in chloroform solution and in thin film. (b) Cyclic voltammograms of symmetric

TPT-IN and asymmetric SePT-IN. (c) Energy level diagram of PBT1-C, symmetric TPT-IN and asymmetric SePT-IN.
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Fig. 3. (a) J-V curves, (b) EQE spectra, (c) Jon Vs. Vet plot and (d) light intensity dependence of Js of the optimized devices based on the PBT1-C:NFA blend.

Table 2. Photovoltaic parameters of optimized PBT1-C:NFA device.

NFA Voe (V) Jsc (mA cm=2) Jscrcar (MA cm=2) FF (%) PCE* (%)
TPT-IN 0.878 (0.8764:0.003) 13.92 (14.09+0.12) 13.45 72.9 (71.38+111) 8.91 (8.75+0.18)
SePT-IN 0.850 (0.847+0.001) 16.37 (16.01+0.14) 15.81 733 (73.18+0.28) 10.20 (10.0040.16)

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

be —5.80/-3.97 and —5.77/-4.00 eV, respectively. These results
demonstrated that replacing the thiophene in TPT unit with se-
lenophene upshifted HOMO energy level as a result of stronger
electron-donating ability and reduced aromaticity of selenophene
than that of thiophene [37], and interestingly downshifted LUMO
energy level at the meanwhile.

The photovoltaic properties of the two NFAs were investigated
by fabricating the OSC devices with an inverted device struc-
ture of ITO/ZnO/PBT1-C:NFA/MoO3/Ag, where PBT1-C was em-
ployed as donor material [38]. The optimized OSC devices were
obtained by employing chloroform as the processing solvent with
donor/acceptor (D/A) weight ratio of 1:1 and 1,8-diiodooctane
(DIO) content of 0.25% (Figs. S3 and S4, Tables S2 and S3). The
current density-voltage (J-V) curves and photovoltaic parameters
of the optimized OSC devices were presented in Fig. 3 and Table 2,
respectively. The optimized device based on asymmetric SePT-IN
afforded a decent PCE of 10.20% with a V. of 0.850 V, a Js. of
16.37 mA cm~2 and an FF of 73.3%. In contrast, the optimized
device based on symmetric TPT-IN showed a slightly lower PCE
of 8.91% with a Vo of 0.878 V, a Jic of 13.92 mA cm~2 and an
FF of 72.9%. The higher PCE in optimized PBT1-C:SePT-IN device
was mainly ascribed to its higher Jsc and slightly higher FF, while
the relatively lower Vi in optimized PBT1-C:SePT-IN device was
in agreement with the downshifted LUMO energy level of SePT-IN
relative to TPT-IN.

The external quantum efficiency (EQE) curves of the optimized
devices were shown in Fig. 3(b). The SePT-IN based device exhib-

ited a broad photoresponse in the region of 300-800 nm, while the
TPT-IN based device only displayed a broad photoresponse ranging
from 300 to 750 nm. Besides, the maximum EQE value of SePT-IN
based device was slightly higher than that of TPT-IN based device.
As a result, a high integrated Js. of 15.81 mA cm~2 was obtained
for the PBT1-C:SePT-IN device, which was higher than that of the
PBT1-C:TPT-IN device (13.45 mA cm~2). The result demonstrated
that incident photon-to-current efficiency was higher in SePT-IN
based device. These integrated Js. values were consistent with the
Jsc values extracted from J-V curves within 5% mismatch.

The charge transport properties of the two NFA neat films and
corresponding blend films were evaluated by space charge limited
current (SCLC) measurement. As presented in Fig. S5 and Table
S4, the electron mobilities of the neat TPT-IN and SePT-IN films
were measured to be 4.74 x 1074 and 7.07 x 10~4 cm? V-1 s 1, re-
spectively. These results indicated that substituting one thiophene
in symmetric TPT-IN with one selenophene increased the electron
mobility. In the blend films, the hole/electron mobilities of PBT1-
C:TPT-IN and PBT1-C:SePT-IN blend films were determined to be
13.8 x 1074/3.96 x 10~ and 12.6 x 1074/6.35 x 10~* cm? V-1 s~ 1,
which corresponded to py,/ue ratios of 3.48 and 1.98, respectively.
Obviously, the PBT1-C:SePT-IN blend film displayed a higher elec-
tron mobility and a more balanced charge carrier mobility than
PBT1-C:TPT-IN blend film, which agreed with the higher Js. and
slightly higher FF observed in PBT1-C:SePT-IN device.

To investigate the exciton dissociation and charge collection
properties, the photocurrent density (Jp) vs. the effective volt-
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age (Verr) was measured. As shown in Fig. 3(c), the saturated Jy,
(Jsat) values could be obtained for both devices at a V. greater
than 2 V, indicating that all the photogenerated excitons were
dissociated into free charge carriers and collected by the elec-
trodes. The Js; value of the PBT1-C:SePT-IN device was determined
to be 16.77 mA cm~2, which was higher than the Js;: value of
14.84 mA cm~2 for the PBT1-C:TPT-IN device, demonstrating that
the PBT1-C:SePT-IN device exhibited enhanced charge generation
and thus increased Jsc [39]. Under the short-circuit condition, the
JpnlJsat ratios of the PBT1-C:TPT-IN and PBT1-C:SePT-IN devices
were estimated to be 93.12% and 96.00%, respectively, indicating
that the PBT1-C:SePT-IN device had more efficient exciton dissoci-
ation and charge collection efficiency than that of PBT1-C:TPT-IN
device [40].

To investigate the charge recombination behavior, the depen-
dence of the photocurrent (J,;,) on different light intensities (Pjign)
was measured. The relationship between Jsc and P could be de-
scribed by the formula of Jsc oc Pygne, in which the exponential
factor S represented the extent of the bimolecular recombination.
As presented in Fig. 3(d), the S values of PBT1-C:TPT-IN and PBT1-
C:SePT-IN devices were measured to be 0.992 and 0.996, respec-
tively, suggesting that both two blend devices had negligible bi-
molecular charge recombination.

The surface morphology of optimized blend films was inves-
tigated by atomic force microscopy (AFM). As depicted in Fig. 4,
in the AFM height images, both blend films exhibited smooth
and uniform surfaces with root-mean-square (RMS) roughness of
135 nm for PBT1-C:TPT-IN blend film and 1.53 nm for PBTI1-
C:SePT-IN blend film. In the AFM phase images, a fibril network
morphology occurred in both blend films, which is helpful for effi-
cient charge transport in the OSC devices [30].

To explore the molecular orientation and packing behaviors
in neat and blend films, two dimensional grazing incidence wide
angle X-ray scattering (2D GIWAXS) measurements were per-
formed. The 2D GIWAXS patterns and corresponding line-cuts
profiles were shown in Fig. 5. Both NFA neat films had a face-on
dominant orientation relative to the substrate, as supported 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.
In Fig. 5(b), both neat films showed similarly a - stacking peak
at ~1.76 A-1, which corresponded to a w-7 stacking distance of
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Fig. 4. AFM height images (a, ¢) and phase images (b, d) of the optimized blend
films. The scan size of the AFM images is 2 x 2 pm?2.

3.57 A. However, as can be clearly seen in Fig. 5(a), the (010) w-m
diffraction intensity in the SePT-IN neat film was stronger than
that of TPT-IN neat film, suggesting that replacing thiophene in
NFAs with selenophene increases the intermolecular 7 -7 stacking
interactions, which may facilitate efficient charge transport in a
vertical direction. In both of their blend films, the predominant
face-on orientation maintained and the resulting w-m stacking
distance was slightly increased to 3.63-3.67 A for both blends
compared to the pristine films. However, PBT1-C:TPT-IN showed
a hump-shaped (100) peak together with the complicated fine
scattering patterns, indicating the increased edge-on oriented
crystallites compared to pristine films. The fine structures may
be originated from several differently structured crystallites,
which are probably due to the poor miscibility of PBT1-C and
symmetrical TPT-IN relative to the PBT1-C:SePT-IN blend.
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Fig. 5. (a) 2D GIWAXS patterns of TPT-IN, SePT-IN and their corresponding blend films; (b) in-plane (black lines) and out-of-plane (red lines) line-cut profiles of 2D GIWAXS

results.
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4. Conclusions

In summary, a new asymmetric selenium-substituted central
core SePT was developed by simply replacing one thiophene in
indacenodithiophene (TPT) building block with one selenophene.
The central core SePT was coupled with 2-(3-0x0-2,3-dihydro-
1H-cyclopenta[b]naphthalen-1-ylidene)malononitrile to furnish an
asymmetric A-D-A structured non-fullerene acceptor SePT-IN. The
replacement of one thiophene in the TPT unit with one se-
lenophene endowed SePT-IN with an asymmetric structure, a red-
shifted absorption, upshifted HOMO energy level, an enhanced
electron mobility and an increased intermolecular -7 stacking in-
teraction relative to symmetric acceptor TPT-IN. When this asym-
metric acceptor SePT-IN blended with PBT1-C, the optimized de-
vice based on SePT-IN delivered a decent PCE of 10.20%, which
was higher than that (8.91%) of TPT-IN-based devices. We proposed
an effective heteroatom substitution strategy toward the synthesis
of high-performance asymmetric A-D-A structured non-fullerene
acceptors.
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