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ABSTRACT Despite much progress in organic solar cells
(OSCs), higher efficiency is still the most desirable goal and
can indeed be obtained through rational design of active layer
materials and device optimization according to the theoretical
prediction. Herein, under the guidance of a semi-empirical
model, two new non-fullerene small molecule acceptors (NF-
SMAs) with an acceptor-donor-acceptor (A-D-A) architecture,
namely, 6T-OFIC and 5T-OFIC, have been designed and
synthesized. 6T-OFIC exhibits wider absorption spectrum and
a red-shifted absorption onset (A,,) of 946 nm due to its
extended conjugation central unit. In contrast, 5T-OFIC with
five-thiophene-fused backbone has an absorption with the
Aonset Of 927 nm, which is closer to the predicted absorption
range for the best single junction cells based on the semi-
empirical model. Consequently, the device based on 5T-OFIC
yields a higher power conversion efficiency (PCE) of 13.43%
compared with 12.35% of the 6T-OFIC-based device. Fur-
thermore, an impressive PCE of 15.45% was achieved for the
5T-OFIC-based device when using F-2Cl as the third compo-
nent. 5T-OFIC offers one of a few acceptor cases with effi-
ciencies over 15% other than Y6 derivatives.

Keywords: organic solar cells, acceptor-donor-acceptor (A-D-
A), semi-empirical model, non-fullerene acceptor, high efficiency

INTRODUCTION

Organic solar cells (OSCs) have received intense research
interest and great progress in recent years [1-17]. Com-
pared with inorganic silicon-based solar cells, OSCs show
the merits of low cost, mechanical flexibility, light weight,

and roll-to-roll production [1,8,18-20]. Most recently,
nonfullerene small-molecule acceptors (NF-SMAs),
especially those with the acceptor-donor-acceptor (A-D-
A) architecture, have attracted much attention and
achieved impressive power conversion efficiencies (PCEs)
of 16%-18% [12,21-33]. Despite significant progress,
OSCs still fall behind in performance compared with
inorganic photovoltaics. Higher efficiency is still highly
desirable and can be indeed obtained according to the
theoretical prediction [8-10]. Recently, a semi-empirical
model was proposed to screen the active materials and a
record PCE of 17.36% was achieved for the tandem solar
cell [10]. In fact, the model can be extended to guide the
design of active layer materials for single-junction cells
[15,34]. For example, PCEs of ~20% can be achieved from
the model, if the absorption onset (A,.) is around
880-930 nm with an average external quantum efficiency
(EQE) of 80%, an fill factor (FF) of 80%, and an energy
loss (Ej,) of 0.45 €V, i.e., open-circuit voltage (V) of
0.90-0.96 V, and short-circuit current density (J,.) of
26.00-27.99 mA cm . To this end, the A, around
880-930 nm should be the first thing to be considered for
the design of new active layer materials, since the wide
and efficient absorption of sunlight is the starting point
for any efficient solar cell. Moreover, other parameters,
such as FF, EQE, and E,; are directly related to the device
fabrication and optimization [8,9,14].

In our previous work, we reported an A-D-A type non-
fullerene acceptor (NFA) 4TIC with the A, of 900 nm,
and an optimized PCE of 10.87% was obtained with a V
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of 0.80 V, a J,. of 20.58 mA cm ~ and an FF of 0.66 [35].
Although the A, of the 4TIC has reached 900 nm, the
Joc is much lower than the ideal value, presumably as-
cribed to the unfavorable active layers. Then, in order to
improve J,, recently, we reported two A-D-A acceptors,
3TT-CIC and 3TT-OCIC, using a six-thiophene-fused
(6T) molecule as the backbone and a stronger electron-
withdrawing (5,6-dichloro-3-o0x0-2,3-dihydro-1H-in-
dene-2,1-diylidene) dimalononitrile (INCN-2Cl) unit as
the terminal group. Compared with 3TT-CIC, 3TT-OCIC
with the introduction of alkyl chains on the backbone
exhibited a high efficiency over 13% [36]. But based on
the semi-empirical model, the device performance of
3TT-OCIC is limited by its over redshifted absorption
with an absorption onset of 946 nm. Thus, we thought it
might be possible to achieve higher device performance if
the absorption onset can be tuned down to around
880-930 nm through optimization of the molecular
backbone and terminal groups.

Regarding these, herein, we designed and synthesized
two A-D-A acceptors, 6T-OFIC and 5T-OFIC with six-
(6T) and five-thiophene-fused (5T) central cores, re-
spectively. Meanwhile, INCN-2F was used as the terminal
group, which proved to be slightly blue-shifted than
INCN-2Cl as used in 3TT-OCIC. The optimal PM6:5T-
OFIC-based device exhibited a much higher PCE of
13.43% compared with 12.35% of the PM6:6T-OFIC-
based device. Furthermore, by using F-2Cl as the third
component, the ternary OSCs based on 5T-OFIC ob-
tained an outstanding PCE of 15.45%, which offers one of
the very few cases with efficiencies over 15% other than
Y6 derivatives. These results indicate that high-perfor-
mance devices can be achieved through molecular design
following the semi-empirical model.

RESULTS AND DISCUSSION

Synthesis and characterization

The synthetic routes of 6T-OFIC and 5T-OFIC are shown
in Scheme 1, and the detailed synthetic processes in-
cluding characterization data are displayed in the Sup-
plementary information. 6T-OFIC was synthesized by the
Knoevenagel condensation between 6T-O-2CHO and
INCN-2F, in which the 6T-O-2CHO was prepared ac-
cording to the literature procedure [36]. For 5T-OFIC,
compound 3 was obtained through the two-step Stille
coupling reaction. Then, the nucleophilic substitution
reaction between compound 3 and excess aryl lithium
reagents could get the tertiary alcohol intermediate,
which was used without further purification for the next

step directly to afford the central asymmetric inter-
mediate 5T-O using concentrated H,SO, in tetra-
hydrofuran. The dialdehyde precursor 5T-O-2CHO was
prepared by the Vilsmeier-Haack reaction from 5T-O.
The desired acceptor 5T-OFIC was obtained by the
Knoevenagel condensation with a high yield. As shown in
Fig. S1, the thermal stability of the two molecules was
investigated by the thermogravimetric analysis (TGA).
Both of them show high thermal stability and the de-
composition temperatures at 5% weight loss are 348 and
325°C for 6T-OFIC and 5T-OFIC, respectively.

The optical absorption properties of 6T-OFIC and 5T-
OFIC in dilute chloroform and thin films were studied
and shown in Fig. 1 and Table 1. The two acceptors in
solution show very similar intense absorption in the range
of 700-850 nm. But compared with 6T-OFIC, 5T-OFIC
shows slightly blue-shift in solution, which is mainly due
to the shortened backbone conjugation length. Compared
with the solution state, the two molecules exhibit obvious
red-shifts (~45nm) in their solid state, demonstrating
well intermolecular m-n stacking in the solid state. The
optical bandgaps (E,™) of 6T-OFIC and 5T-OFIC cal-
culated from their thin-film absorption edges are 1.31 and
1.34 eV, corresponding to the A, of 946 and 927 nm,
respectively. Obviously, the absorption edge of 5T-OFIC
is in the range of 880-930 nm, which is more suitable for
single-junction device according to our semi-empirical
analysis. A similar result was obtained from the electro-
chemical study. The energy levels of the two molecules
were investigated by electrochemical cyclic voltammetry
(CV) (Fig. S2). Based on the oxidation and reduction
onsets, the highest occupied molecular orbital (HOMO)
level and the lowest unoccupied molecular orbit (LUMO)
energy levels were estimated to be —5.47 and —3.89 eV for
6T-OFIC, —5.51 and —3.86 ¢V for 5T-OFIC (Fig. 2c),
respectively. The lower HOMO level of 5T-OFIC in-
dicates that this molecular strategy indeed broadens the
bandgap of 6T-OFIC, which is in accordance with the
measured optical bandgaps.

Device structure and photovoltaic properties

To evaluate the potential photovoltaic performance of
6T-OFIC and 5T-OFIC, solution-processed OSCs were
fabricated using an inverted device structure of indium
tin oxide (ITO)/ZnO/poly[(9,9-bis(3'-((N,N-dimethyl)-N-
ethylammonium)-propyl)-2,7-fluorene)-alt-2,7-(9,9-dioc-
tylfluorene)]dibromide (PFN-Br)/active layers/MoO,/Ag
(Fig. 2b). For complementary absorption and matched
energy level, polymer donor PM6 was selected as the
donor material (Fig. 2a) [37]. After a series of optimiza-
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Scheme 1 The synthetic routes of (a) 6T-OFIC and (b) 5T-OFIC.

tion, the optimal PM6:6T-OFIC-based device achieves a
PCE of 12.35% with a V. of 0.782V, a J. of
22.69 mA cm %, and an FF of 0.696, while the optimal
PM6:5T-OFIC-based device achieves a higher PCE of
13.43% with a V,_ of 0.794 V, a J,. of 24.84 mA cm , and
an FF of 0.681. The histograms of the PCE counts for 10
individual devices at optimized conditions are shown in
Fig. S3. Besides, small energy losses of 0.594 eV for the
6T-OFIC-based device and 0.601 eV for the 5T-OFIC-
based device were obtained, which were mainly ascribed
to the lower radiative energy losses (AE,) and non-ra-
diative energy losses (AE;), as shown in Fig. S4 and Table
S1.

The EQE spectra of the two devices are shown in
Fig. 2e. Though the 6T-OFIC-based device shows a much
wider EQE responding range than the 5T-OFIC-based

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2021

device, the 5T-OFIC-based device shows a stronger photo
response from 300 to 930 nm with EQE values over 70%
(500-850 nm), indicating the efficient photon harvesting
and charge collection, and resulting in the higher J.. The
integrated photocurrents of PM6:6T-OFIC and PM6:5T-
OFIC from EQE spectra are 22.29 and 24.49 mA cmfz,
respectively, which agrees well with the ], values obtained
from the corresponding J-V curves (Fig. 2d and Table 2
and Tables S2, S3).

To understand the charge generation and dissociation
behavior in the two OSCs, the plots of photocurrent
density (/) versus effective voltage (V.g4) were measured.
Herein, ], = J;=Jp, where J; and Jp, are the current den-
sities under illumination and in the dark, respectively,
and V= V,—V,, where V, is the applied voltage and V is
the voltage at J;, = 0 [38]. As shown in Fig. 3a, the devices
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(a) Chemical structures of 6T-OFIC and 5T-OFIC. (b, c¢) UV-vis absorption spectra of 6T-OFIC and 5T-OFIC in (b) chloroform solution

Table 1 The optical and electrochemical properties of 6T-OFIC and 5T-OFIC
Comp. A (nm) A ™ (nm) HOMO (eV) LUMO (eV) Aonse™ (nm) E™ (eV)
6T-OFIC 792 839 —5.47 —3.89 946 1.31
5T-OFIC 784 826 —5.51 —3.86 927 1.34

all reach saturation (J,,) when V.4 reaches ~1.5V, in-
dicating charge recombination is minimized at higher
voltages. The charge dissociation and collection prob-
ability can be estimated from the ratio of J,//,. Under
the short-circuit conditions, the J,/J, values are 93.2%
and 94.5% for the 6T-OFIC-based and 5T-OFIC-based
devices, respectively. Under maximal power output con-
ditions, the values of ]/, are 79.3% and 80.9% for the
6T-OFIC-based and 5T-OFIC-based devices, respectively.
The higher value of the 5T-OFIC-based device suggests
its more efficient exciton dissociation and higher charge
transport efficiency. The light-intensity dependence of J
was also measured to further investigate the relationship
between charge recombination and transport in the
photoactive layer. As presented in Fig. 3b, recombination

parameters obtained by the equation of J .xP® with the
exponent « are 0.95 for PM6:6T-OFIC and 0.98 of
PM6:5T-OFIC, respectively, indicating that bimolecular
recombination is effectively suppressed, especially for the
5T-OFIC-based device, supporting their high FF. The
dependence of V. on light intensity was also estimated to
obtain a deeper understanding of the recombination
process. As shown in Fig. S5, the PM6:6T-OFIC- and
PM6:5T-OFIC-based devices show slops of 1.13kT/q and
1.05kT/q, respectively, where k is the Boltzmann constant,
T is the temperature in Kelvin, and g is the elementary
charge. The slope close to kT/q generally indicates smaller
amounts of trap-assisted recombination, and these results
demonstrate weaker trap-assisted recombination losses in
the PM6:5T-OFIC-based devices. Fig. 3c, d show the

4 © Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2021
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Figure 2 (a) Chemical structure of PM6. (b) Diagram of the inverted device structure. (c) Energy levels of the donor and acceptors. (d) J-V curves
and (e) EQE spectra of the optimized PM6:6T-OFIC/5T-OFIC-based devices.

Table 2 The optimal photovoltaic parameters of PM6:6T-OFIC and PM6:5T-OFIC-based devices under AM 1.5 G Illumination (100 mW cm )

using the inverted device structures

Active layer Voo (V)

Joe (A cm ) PCE (%)°

PM6:6T-OFIC
PM6:5T-OFIC

0.779+0.006 (0.782)
0.792+0.002 (0.794)

0.686+0.010 (0.696)
0.682+0.003 (0.681)

—22.5040.441 (~22.69)
—24.3240.277 (—24.84)

12.02+0.210 (12.35)
13.12+0.146 (13.43)

a) Statistical and optimal results are listed outside of parentheses and in parentheses, respectively. The average parameters were calculated from

more than 10 devices.

transient photovoltage and photocurrent (TPV and TPC)
decay kinetics of the 6T-OFIC- and 5T-OFIC-based de-
vices. The 5T-OFIC-based device shows a shorter charge
sweepout time of 0.25 ps than the 6T-OFIC-based device
(0.36 us). Moreover, the carrier lifetimes calculated from
the TPV measurements are 47 and 84 us for the 6T-
OFIC- and 5T-OFIC-based devices, respectively. The
shorter charge extraction time at short-circuit condition
and higher lifetime of carriers at open-circuit voltage was
correlated to the observed higher electron mobility and
the weaker recombination in the 5T-OFIC-based devices.
All these results contribute to improving the J, and
keeping the high FF for the 5T-OFIC-based device to
achieve its high performance.

The charge transport properties in the optimal
PM6:6T-OFIC- and PM6:5T-OFIC-based devices were
measured by the space-charge-limited current (SCLC)
method using the hole-only or electron-only devices, re-

spectively (Fig. S6). The calculated hole and electron
mobilities for PM6:6T-OFIC and PM6:5T-OFIC are
2.62x10 %, 3x10 “em “V 's ' (), and 1.53x10 *, 2.03x
10 *em > Vs ' (u,) with mobility ratios (u,/u.) of 1.71
and 1.48, respectively. Compared with the PM6:6T-
OFIC-based device, the PM6:5T-OFIC-based device
shows higher hole and electron mobility and more ba-
lanced py,/p., which further supports its much higher J..

Morphology characterization.

To characterize the morphology differences between the
PM6:6T-OFIC blend film and PM6:5T-OFIC blend film,
atomic force microscopy (AFM) and transmission elec-
tron microscopy (TEM) measurements were used. As
displayed in Fig. 4a, b, the PM6:5T-OFIC film exhibits
smaller and more finely dispersed phase separation with a
root-mean-square surface roughness (R;) of 2.78 nm
compared with 3.42 nm of the PM6:6T-OFIC blend film.

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2021 5
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Figure 3 (a) J,;, versus Vor and (b) light-intensity (P) dependence of J
PM6:6T-OFIC- and PM6:5T-OFIC-based devices.

Furthermore, in Fig. S7, the TEM image of the PM6:5T-
OFIC blend film shows more continuous nanofiber-like
networks. The distinctive morphologies for the PM6:5T-
OFIC blend film are highly favorable for the charge
generation and transport, which is in support of the
above results [39].

To further investigate the impact of the molecular
packing motifs and microstructure for these two accep-
tors, grazing incidence wide-angle X-ray scattering (GI-
WAXS) was investigated to characterize the neat film of
6T-OFIC and 5T-OFIC. As shown in Fig. S8, in the
pristine film, PM6 pure film shows obvious face-on
packing with a broad (100) diffraction peak around
0.29 A™' (d spacing: 22 A) in the in-plane (IP) direction
and a m-n stacking (010) diffraction around 1.70 Al
spacing: 3.69 A) in the out-of-plane (OOP) direction,
corresponding to the preferential face-on orientation. On
the other hand, 6T-OFIC and 5T-OFIC all show relatively
weak diffraction peaks with the introduction of alkyl
chains in the backbones [36], indicating the relatively
random molecular arrangement of the two neat films.
However, after blending with the donor PM6, as depicted
in Fig. 4c, d, the optimal binary blends of PM6:6T-OFIC
and PM6:5T-OFIC display typical face-on orientation as
PMS6. In comparison with PM6, the two blend films ex-
hibit enhanced and shifted (010) peaks at 1.76 Al d
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for the optimized devices. (¢) TPC and (d) TPV measurements of the

spacing: 3.57 A) for the 6T-OFIC-based blend film and
1.75 A" (d spacing: 3.59 A) for the 5T-OFIC-based blend
film, demonstrating that the optimized blend films lead to
stronger m-m stacking. Moreover, compared with the
PM6:6T-OFIC blend film, the PM6:5T-OFIC blend film
shows a smaller crystal coherence length (CCL) (41.73 A
for 6T-OFIC and 31.84 A for 5T-OFIC), estimated from
the Scherrer equation. The smaller CCL indicates that the
PM6:5T-OFIC-based blend is less inclined to aggregate
than PM6:6T-OFIC, and results in proper phase separa-
tion, which is beneficial for charge transport in the OPV
device, supporting the SCLC, AFM and TEM results [40].

Ternary blend devices.

Although the absorption edge of 5T-OFIC is close to the
optimal one predicted by the model analysis, and the
optimal J_ is indeed as high as ~25 mA cm ~ and close to
the predicted ], by the model analysis, the optimal
PM6:5T-OFIC-based device still exhibits a relatively low
V. and unsatisfactory FF values compared with the de-
sired values based on the model analysis. These make the
overall performance of its device still significantly lower
than the predicted performance. So, it is particularly
needed to improve the corresponding V.. and FF si-
multaneously. These results promote us to focus on the F-
2Cl, which is one of our previously developed acceptor

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2021



SCIENCE CHINA Materials

ARTICLES

PMGI@T—OHC
Rq=3,4'2 nm

Height

5.0 um
PM6:6T-OFIC d #

PM6:5T-OFIC §

Gin g
o a2 e s

0 A"

g6 s o2 CORaE REED
. g
Gy A7) Gy [A]

e PM6:6T-OFIC f PM6:5T-OFIC
—O0O0P — OOP
\’\'\-._L\ \/\v:i\
05 115 2 05 1 15 2
Q vector (A™") Q vector (A™")
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materials (Fig. S9a) [41]. Note this material has some very
interesting and highly applicable characteristics here:
1) F-2Cl has a complementary absorption in the range of
650-790 nm (Figs S9b and S10), which is complementary
with PM6 and 5T-OFIC. 2) More importantly, the PMé6:
F-2Cl-based device exhibits both a higher V. of 0.892 V
and an outstanding FF of 0.78 [41]. Thus, it is expected
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Figure 5 (a) J-V curve,
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that with the addition of F-2Cl, the ternary device PM6:F-
2Cl:5T-OFIC might exhibit improved V. and FF. Indeed,
after device optimization, a significantly improved PCE of
15.45% was achieved with a higher V.. of 0.836V, an
enhanced J,. of 25.46 mA cm ~ and a notably improved
FF of 0.726 for the PM6:F-2Cl:5T-OFIC-based ternary
device with a ratio of 1:0.6:0.4 (Table S4). Compared with
the binary device of PM6:5T-OFIC, all the three para-
meters V,, J,. and FF are improved simultaneously. The
optimal J-V curve is presented in Fig. 5a and the corre-
sponding parameters are summarized in Table S4. As
shown in Fig. 5b, the ternary device exhibits an enhanced
EQE response with the values over 80% in the region of
550-730 nm, indicating more efficient photoelectron
conversion process in the ternary device [42-44]. The
integrated photocurrent of PM6:F-2Cl:5T-OFIC from the
EQE spectrum is 24.70 mA cm >, which is consistent with
the J,. value obtained from the J-V curve. In view of the
above results, a molecular design strategy for synergetic
enhancement of photovoltaic parameters was obtained.
We believe that, through suitable material design and
device optimization process, the PCEs of single-junction
devices close to the theoretical calculation model (~20%)
is around the corner.

CONCLUSION

In conclusion, we have designed and synthesized two new
A-D-A type acceptors, 6T-OFIC and 5T-OFIC, under the
guide of a semi-empirical model we proposed. Compared
with 6T-OFIC, 5T-OFIC has a more suitable absorption
range according to the semi-empirical model. After de-
vice optimization, the PM6:5T-OFIC-based device gives a
PCE of 13.43%, which is higher than that of the PM6:6T-
OFIC-based device (12.35%). To further improve its V.
and FF, F-2Cl was used as the third component, the
ternary device based on 5T-OFIC achieved a PCE of
15.45%, which is one of the highest performances so far
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(b) EQE spectrum of the optimized PM6:F-2Cl:5T-OFIC-based ternary devices.
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except the Y6 series molecules. The results demonstrate
that high-performance active layer materials can be de-
signed following the semi-empirical model. With the
variety of organic molecules, it is believed that higher-
performance active layer materials can be designed and
achieved in the near future to realize the commerciali-
zation of organic solar cells.
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