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an asymmetric and extended
conjugated backbone for high-efficiency organic
solar cells with low nonradiative energy loss†

Jing Wang,a Hongbin Chen,b Xiaoyun Xu,c Zaifei Ma, *c Zhe Zhang,b Chenxi Li,b

Yang Yang,d Jian Wang,d Yue Zhao, e Mingtao Zhang, b Xiangjian Wan, b

Yan Lu *a and Yongsheng Chen *b

One of the significant factors that limit efficiencies of organic solar cells (OSCs) is their large energy loss

(Eloss), especially the high nonradiative recombination energy loss (DEnr). Herein, an acceptor named NQF

with an asymmetric and extended conjugation central core has been designed and synthesized.

Compared with Y6, NQF exhibits upshifted HOMO and LUMO energy levels and a higher

photoluminescence quantum yield (PLQY). The OSC based on PM6:NQF demonstrates a DEnr as low as

0.177 eV and thus a high power conversion efficiency (PCE) of 17.57%. In contrast, the control device

PM6:Y6 gives a PCE of 16.45% with a DEnr value of 0.231 eV. This work achieves molecular design with

low DEnr and demonstrates that the Eloss of OSCs can be effectively reduced through rational and

delicate molecular design.
1. Introduction

With the innovation of active layer materials, device optimiza-
tion, and understanding of the mechanism, organic solar cells
(OSCs) have witnessed great progress in the past decade and
achieved power conversion efficiencies (PCEs) over 19%.1–22

However, there is still a large gap between the PCEs of OSCs and
other photovoltaic cells such as crystalline silicon and perov-
skite cells.23–27 One of the most signicant factors that limit the
PCEs of OSCs is the large energy loss (Eloss), which originates
from radiative loss and nonradiative loss.28,29 Since the radiative
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loss above the bandgap is unavoidable and the radiative loss
below the bandgap can be smaller than 0.10 eV for current
nonfullerene acceptor based OSCs, to reduce the nonradiative
loss thus has become the main strategy and focus for mini-
mizing Eloss in organic photovoltaic devices.9,28,30,31 To date,
most OSCs show nonradiative loss over 0.30 eV with few
examples in the range 0.20–0.30 eV,32 which is remarkably larger
than that of silicon or perovskite solar cells. In recent years, the
study of nonradiative loss has become an important topic in the
OSC community.32–34 Although the detailed mechanism behind
it is still not clear,3 some valuable results have been reported
based on experimental and theoretical studies.9,27,35–39 For
example, Bredas and Gao et al. reported that the nonradiative
loss can be decreased by reducing the energy offset between the
donor and acceptor and/or enhancing the luminescence effi-
ciency of the low band gap component in the active layers.33,40

Clearly, to minimize the nonradiative loss, the design of active
layer materials always plays a crucial role.

In fact, in the past decade, the progress of OSCs was signif-
icantly driven by the invention of new active layer mate-
rials.6,13,41–43 Among them, molecules including donors and
acceptors with the acceptor–donor–acceptor (A–D–A) architec-
ture have demonstrated great success.44 Presently, the rapid
development of nonfullerene acceptors (NFAs) with A–D–A
structures such as ITIC, Y6 and their analogues and derivatives
has boosted the efficiencies of OSCs to a remarkable
level.2,6,7,45–48 However, it is still a challenge to design active layer
materials to address the concerns of energy loss, especially the
nonradiative loss in the OSC community. As one of the most
successful acceptors, Y6 has a unique banana-like
This journal is © The Royal Society of Chemistry 2022
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conguration, which enables it to form an intense three-
dimensional (3D) framework with efficient charge transport
channels and achieves a PCE of around 16% for binary devices
with Eloss � 0.55 eV and nonradiative loss �0.22 eV.6,49 To
further improve device efficiencies, many studies have been
conducted on the structural modication of Y6 on the side
chains,48,50–53 end groups,54–58 and molecular backbones.59–64

With the structural modications, the molecular absorptions,
energy levels and packing modes can be nely tuned, and cor-
responding devices with improved efficiencies over 19% have
been achieved.14–20 However, to the best of our knowledge, Eloss
values for the vast majority of the reported devices of Y6
derivatives are still higher than 0.5 eV,31,49,65–69 as they mainly
suffer from the large nonradiative energy loss over
0.2 eV.49,65,66,69 Thus, it is still a challenging work to minimize
the nonradiative loss via careful molecular design.

Herein, we design and synthesize an acceptor NQF, 2,20-
((2Z,20Z)-((16,17-bis(2-hexyldecyl)-10-oxo-3,13-diundecyl-16,17-
di-hydro-10H-indeno[1,2-b]thieno[200,300:40-,50]thieno[20,30:4,5]
pyrrolo[3,2-f]thieno[200,300:40,50]thieno[20,30:4,5]pyrrolo[2,3-h]qui-
noxaline-2,14-diyl)bis(methanylylidene))bis(5,6-diuoro-3-oxo-
2,3-dihydro-1H-indene-2,1-diylidene))dimalononitrile, which
has an asymmetric and extended conjugation central core
compared with Y6 (Fig. 1a). The asymmetric and extended
conjugation central core can increase the dipole moment of the
acceptor and strengthen the rigidity of the molecule, which is
expected to exhibit high luminescence efficiency and thus low
nonradiative energy loss.39,70 The binary device based on
PM6:NQF shows a PCE of 17.57% with an open-circuit voltage
(Voc) of 0.921 V, a short-circuit current (Jsc) of 25.79 mA cm�2,
Fig. 1 (a) Chemical structure of NQF. (b) The solid film absorption spectra
structure of NQF from a top view. (e) The molecular packing patterns a
crystal of NQF.

This journal is © The Royal Society of Chemistry 2022
and a ll factor (FF) of 73.96%. In contrast, the control device
PM6:Y6 gives a PCE of 16.45% with a Voc of 0.849 V, a Jsc of 25.98
mA cm�2 and a FF of 74.56%. It is worthy of note that the higher
efficiency of the NQF based device comes from its low energy
loss of 0.504 eV with a remarkably low nonradiative loss of
0.177 eV, both of which are smaller than those of PM6:Y6 with
the values 0.551 and 0.231 eV, respectively. These results high-
light that it is a molecular design with low nonradiative
recombination loss and demonstrate that the Eloss of OSCs can
be effectively reduced through a rational and delicate molecular
design.
2. Results and discussion
2.1. Synthesis and optoelectronic properties

The synthetic route of NQF is shown in Scheme S1 in the ESI.†
The key intermediate compound 3 with the asymmetric back-
bone was synthesized via two steps. First the reduction of
compound 1 by LiAlH4 yielded compound 2. Then compound 2
without further purication reacted with the commercially
available 4,5-diuoro-1,2-phenylenediamine directly by
a condensation process to offer compound 3. The subsequent
Vilsmeier–Haack reaction afforded the corresponding dia-
ldehyde compound 4 in high yield (75%). Finally, the targeted
molecule NQF was synthesized via Knoevenagel condensation
between compound 4 and 2-(5,6-diuoro-3-oxo-2,3-dihydro-1H-
inden-1-ylidene)malononitrile (2F-IC). The detailed synthesis
procedures and characterization including 1H NMR, 13C NMR
and mass spectra are provided in the ESI.†
and (c) energy level diagram of PM6, NQF and Y6. (d) The single crystal
nd (f–i) the three types of intermolecular packing modes in the single

J. Mater. Chem. A, 2022, 10, 16714–16721 | 16715
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The UV-vis absorption spectra of NQF and Y6 are displayed
in Fig. 1b and S1 (ESI†), respectively. NQF and Y6 exhibit
maximum absorption peaks at 728 nm and 733 nm in chloro-
form solution, and 801 and 820 nm in the lm state, respec-
tively. In contrast to their solution absorptions, the solid lm
absorptions of NQF and Y6 are red-shied by 73 nm and 87 nm,
respectively. Compared with Y6, NQF exhibits blue shied
absorption in solid lm owing to their different packing modes.
As shown in Fig. 1e, NQF shows two-dimensional (2D)
arrangement via p–p stacking, however, Y6 shows a 3D network
in a single crystal structure.71 The UV-vis spectra of the two
blend lms PM6:NQF and PM6:Y6 are presented in Fig. S2
(ESI†). It can be found that the two blend lms show two peaks
corresponding to PM6 and the acceptors. Clearly, in the
acceptor absorption range, a slight blue shi is observed for
NQF compared with Y6, which is consistent with their neat
lms. The solubilities of Y6 and NQF in chloroform were
measured by the UV-vis method72,73 and the results are listed in
Table S1 (ESI†). The solubility of NQF in chloroform is about
389.26 mg mL�1, which is signicantly higher than that of Y6 in
chloroform (47.68 mg mL�1). The energy levels of NQF were
investigated by cyclic voltammetry (CV). From the onset reduc-
tion and oxidation potentials of the CV curves (Fig. S3, ESI†), the
lowest unoccupied molecular orbital (LUMO) and the highest
occupied molecular orbital (HOMO) levels of NQF were esti-
mated to be �3.87 and �5.62 eV, respectively, which are all
upshied compared with those of Y6 aer introducing the
asymmetric central unit (Fig. 1c). The upshied energy levels of
NQF should decrease the energy offset with PM6 and thus
a higher Voc with suppressed radiative loss is expected accord-
ing to the results reported by Gao et al.40

The single crystal of NQF was obtained by diffusing meth-
anol into the chloroform solution of NQF. The related param-
eters of NQF X-ray data are listed in Table S2.† As shown in
Fig. 1d, NQF exhibits a banana-like conguration with the non-
covalent S–O interaction to form conformational locks. The
twist angles between the end groups and core of NQF are 1.56�

and 2.99�, indicating the good planarity of the acceptor. Unlike
the single crystal structure of Y6 with the 3D network,71 NQF
shows two-dimensional (2D) arrangement via p–p stacking in
the crystal and forms square-shaped voids with a side length of
�18.3 � 19.5 Å (Fig. 1e). The crystal structure of the NQF
molecule exhibits three types of intermolecular packing modes
Fig. 2 (a) The device structure. (b) J–V curves and (c) EQE curves of the

16716 | J. Mater. Chem. A, 2022, 10, 16714–16721
with intense p–p stacking (Fig. 1f–i), i.e. the end group to end
group mode (“E/E” mode), dual end group to the thieno[3,2-b]
thiophene unit mode (“dual E/b”mode) and dual central unit to
the thieno[3,2-b]thiophene unit mode (“dual C/b”mode).74 NQF
demonstrates end group to end group p–p stacking (J-aggre-
gation) with a distance of 3.35 Å (Fig. 1g), which is compared
with that of the single-crystal of Y6.71
2.2. Photovoltaic performance

The OSC devices with the conventional structure of ITO/
PEDOT:PSS/PM6:NQF/PDINO/Ag (Fig. 2a) were fabricated to
evaluate the photovoltaic performance of NQF. The wide-
bandgap polymer PM6 was selected as the donor owing to its
matching energy levels and complementary absorption with
NQF.75 Detailed device fabrication and optimization conditions
are provided in Table S3 (ESI†). The current density–voltage (J–
V) curves of the optimal devices together with PM6:Y6 for
comparison are illustrated in Fig. 2b, and their corresponding
photovoltaic parameters are summarized in Table 1. The opti-
mized device based on NQF gave a high PCE of 17.57% with
a notably high Voc of 0.921 V, a Jsc of 25.79 mA cm�2 and a FF of
73.96%. In contrast, the control device PM6:Y6 showed a PCE of
16.45% with a Voc of 0.849 V, a Jsc of 25.98 mA cm�2 and a FF of
74.56%. Clearly, these two types of devices have rather compa-
rable Jsc and FF but signicantly different Voc. The enhanced
efficiency of the device based on NQF is thus ascribed to its
remarkably larger Voc mainly owing to the small energy loss as
will be discussed below. As shown in Fig. 2c, the external
quantum efficiency (EQE) curves of the two devices featured
high photon responses covering the range of 300 to 900 nm. The
calculated Jsc values from the EQE curves of the devices based
on NQF and Y6 are 24.86 mA cm�2 and 24.99 mA cm�2,
respectively, which are in good agreement with the Jsc measured
from the J–V curves.
2.3. Eloss analysis

The OSC based on NQF shows a notably high Voc of 0.921 V
compared with that of the device based on Y6 with a value of
0.849 V. To investigate the reason behind it, the detailed Eloss
analysis was conducted. The Eloss values of the two devices were
calculated using the equation Eloss ¼ Egap � qVoc, where the Egap
values were estimated by the intersections between the
optimized devices of PM6:NQF and PM6:Y6.

This journal is © The Royal Society of Chemistry 2022

https://doi.org/10.1039/d2ta03956g


Table 1 Summary of device parameters of the optimized OSCsa

Active layer Voc (V) Jsc (mA cm�2) Calc. Jsc
b (mA cm�2) FF (%) PCE (%)

PM6:NQF 0.921 (0.918 � 0.003) 25.79 (25.32 � 0.40) 24.86 73.96 (73.84 � 1.18) 17.57 (17.17 � 0.16)
PM6:Y6 0.849 (0.844 � 0.004) 25.98 (25.82 � 0.51) 24.99 74.56 (73.96 � 0.97) 16.45 (16.07 � 0.40)

a Optimal and statistical results are listed outside of parentheses and in parentheses, respectively. The average parameters were calculated from 15
independent devices. b Jsc calculated from EQE curves.
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absorption and emission spectra of the low bandgap compo-
nent NQF and Y6 (Fig. S6, ESI†).76 As summarized in Table 2, the
OSC based on NQF exhibited a Eloss of 0.504 eV, which is
remarkably lower than that of PM6:Y6 with the value of 0.551 eV
and among the lowest Eloss values for high efficiency OSCs. Next,
the detailed Eloss components were investigated following the
reported methods. In OSCs, the Eloss can be divided into three
parts: Eloss ¼ DE1 + DE2 + DE3, where DE1 is the radiative
recombination loss above the bandgap, DE2 is the radiative
recombination loss below the bandgap and DE3 is the non-
radiative energy loss.28,77 According to the Shockley–Queisser
Table 2 Energy loss analysis of PM6:NQF and PM6:Y6 based devices

Active layer Voc (V) Eg
a (eV) Eloss (V) Voc,sq

b (V) DE1
c (eV

PM6:NQF 0.921 1.425 0.504 1.161 0.264
PM6:Y6 0.849 1.400 0.551 1.138 0.262

a Eg was estimated via the crossing points between normalized absorption
c DE1 ¼ Eg � Voc,sq.

d Voc,rad is the Voc when there is only radiative recombi
qDVnr) is determined by two approaches: (1) calculated from q(Voc,rad� Voc)
the device EQEEL.

Fig. 3 (a and b) EQEpv curves of PM6:NQF and PM6:Y6. (c) EQEEL spectr
Photoluminescence spectra of the NQF and Y6 films together with their
charge distributions and dipole moments for NQF and Y6.

This journal is © The Royal Society of Chemistry 2022
(SQ) theory, DE1 is unavoidable for any type of solar cells and is
generally 0.25–0.3 eV.67 Here, the device PM6:NQF shows the
DE1 value of 0.264 eV, comparable with that of the Y6 based
device (0.262 eV). DE2 can be calculated according to the
following equation: DE2 ¼ q(Voc,sq � Voc,rad), where Voc,sq is the
maximum Voc according to the SQ theory.78 Voc,rad is the Voc
when there is only radiative recombination in the OSC, which
can be determined by highly sensitive external quantum effi-
ciency (sEQE) and EL measurements (Fig. 3a and b, the details
for the determination of Voc,rad are presented in the ESI†).76,79

The third part DE3, also named nonradiative recombination
) Voc,rad
d (V) DE2 (eV)

DE3 (cal.
V) EQEEL

DE3 (exp.
V)

1.073 0.088 0.152 8.4 � 10�4 0.177
1.043 0.095 0.194 9.6 � 10�5 0.231

and PL spectra of lms. b Voc,sq is calculated according to the SQ limit.
nation and are calculated from EL and sEQE measurements. DE3 (DE3 ¼
and (2) obtained from the equation qDVnr¼�kT ln EQEEL by measuring

a of PM6:NQF and PM6:Y6. (d) Published statistics: DVnr versus PCE. (e)
quantum efficiencies. (f) DFT (B3LYP/6-31G(d)) calculated electrostatic

J. Mater. Chem. A, 2022, 10, 16714–16721 | 16717
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energy loss (DEnr), is the determined factor of energy loss for
OSCs, which originates from the nonradiative decay of the
charge transfer states and recombination of free charges. DE3
can be calculated from the EQE of EL (EQEEL) following the
equation DE3 ¼ �kT ln(EQEEL).80 As illustrated in Fig. 3c and
summarized in Table 2, the device based on NQF exhibits about
one order higher EQEEL (8.4 � 10�4) than the Y6 based device
(9.60 � 10�5), corresponding to a notably smaller DE3 value of
0.177 eV. To our knowledge, it is the lowest nonradiative energy
loss for binary OSCs with PCE over 17% (Fig. 3d, detailed
published statistics as shown in Table S4 in the ESI†).

According to the research results reported by Bredas and Gao
et al.,40 the photoluminescence efficiencies of the pristine
material components dene the limit of DVnr in organic solar
cells, and the higher photoluminescence efficiency of the low
band gap component in the active layer favors a lower DVnr. In
our case, NQF shows a higher photoluminescence quantum
yield (PLQY) (5.92%) than Y6 (4.77%) (Fig. 3e and S7, ESI†). In
addition, the EQEEL values of corresponding pure-phase devices
were also measured (Fig. S8, ESI†). The NQF based device
exhibits a much higher EQEEL (6.7 � 10�4) than the Y6 based
device (1.2 � 10�4), which is consistent with the higher photo-
luminescence efficiency of NQF. The higher PLQY of NQF
should originate from its asymmetric and extended conjugation
structure. According to the theoretical calculations at the
B3LYP/6-31G(d) level, the asymmetrical structure of NQF
possesses a stronger electrostatic charge distribution difference
in the asymmetrical central core, leading to a higher dipole
moment, 3.13 debye for NQF vs. 1.06 debye for Y6 (Fig. 3f). The
higher dipole moment for NQF can enhance J-aggregation in
the solid lm.39,70 This is consistent with the results in the single
crystal and GIWAXS. The enhanced J-aggregation favors high
luminescence efficiencies according to the established results
in the organic optoelectronics.70 In addition, the EL values of
the pure NQF and Y6 lm were also measured. As shown in
Fig. S9 (ESI†), the EL spectra of pure NQF and Y6 nearly over-
lapped with their corresponding blending lms with PM6,
especially for the NQF system.
Fig. 4 (a–d) 2D GIWAXS patterns for pure NQF film, pure Y6 film,
PM6:NQF blend film and PM6:Y6 blend film, respectively. (e) In-plane
and out-of-plane line cuts of the corresponding GIWAXS patterns.
2.4. Charge transport, exciton dissociation and charge
generation

The properties of the charge transport, exciton dissociation and
charge generation of the two devices based on NQF and Y6 were
studied side by side for comparison. The space-charge-limited
current (SCLC) method was employed to measure the charge
mobilities of the blend lms of PM6:Y6 and PM6:NQF. As
shown in Fig. S10 (ESI†), the electron/hole mobilities were
calculated to be 5.00 � 10�4/3.31 � 10�4 and 4.39 � 10�4/1.52
� 10�4 cm�2 V�1 s�1 for the PM6:Y6 and PM6:NQF based
devices, respectively. The comparable values of electron
mobilities for the two devices indicate that the PM6:NQF based
device has similar charge transport ability to that of the Y6
based device. Furthermore, in order to investigate the exciton
dissociation and charge generation properties, the dependence
of photocurrent density (Jph) on the effective voltage (Veff) was
measured for the two devices (Fig. S11, ESI†). The exciton
16718 | J. Mater. Chem. A, 2022, 10, 16714–16721
dissociation probabilities (Pdiss), calculated from Jph under the
short-circuit conditions divided by the saturated photocurrent
density (Jsat), were 96.21% and 96.47% for NQF and Y6 based
devices, respectively, demonstrating the highly efficient exciton
dissociation for the two devices. To study the behavior of charge
recombination of the two devices, the plots of light-intensity
dependence (P) of Jsc (Jsc f Pa), where the exponent a being
close to 1 reects a weak bimolecular recombination, were
measured and are displayed in Fig. S12 (ESI†). The Jsc values of
NQF and Y6 based devices were highly linearly correlated with P,
with the a values of 0.982 and 0.989, respectively, illustrating
that the two devices based on NQF and Y6 all showed efficient
charge dissociation and less bimolecular recombination.
2.5. Morphology analysis

The morphologies of PM6:NQF together with PM:Y6 for
comparison were characterized by atomic force microscopy
(AFM) and transmission electron microscopy (TEM). As illus-
trated in Fig. S13 (ESI†), the two blend lms showed smooth
surface morphologies with brillar networks. The root-mean-
square roughness (Rq) values are 1.22 and 1.05 nm for NQF
and Y6 based blend lms, respectively. The interpenetrating
network with nanoscale phase separation could also be seen in
the TEM images (Fig. S14, ESI†). The results indicate that the
structural modulation of Y6 via introducing the asymmetric
core could yield favorable morphology like the Y6 based blend
lm.

Grazing incidence wide-angle X-ray scattering (GIWAXS) was
used to investigate the molecular stacking and orientation of
NQF and its blend lm with PM6. As shown in Fig. 4, the neat
lm of NQF shows a clear lamellar stacking peak at 0.46 Å�1

with a d spacing of 13.78 Å and a strongp–p stacking diffraction
peak (010) at 1.73 Å�1 with a d spacing of 3.63 Å in the out of
plane (OOP) direction, indicating a face-on orientation.
Compared with the pattern parameters of Y6 measured under
the same conditions (Table S5, ESI†), NQF has a relatively
smaller CCL both in the (010) OOP and (100) IP directions,
which indicates a slightly weak crystallinity and is consistent
with the crystal packing modes of Y6 and NQF. The blend lms
of PM6:NQF and PM6:Y6 all exhibit a face-on orientation with
This journal is © The Royal Society of Chemistry 2022
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strong p–p stacking diffraction peaks (010) in the OOP direc-
tion and lamellar diffraction peaks (100) in the IP direction. The
p–p stacking d spacing in PM6:NQF is 3.65 Å, comparable with
that in the blend lm of Y6 (3.61 Å). As shown in Table S5,†
compared with that of PM6:Y6, the blend lm of NQF shows
a relatively smaller CCL with a value of 21.01 Å in the (010) OOP
and slightly larger CCL with a value of 92.70 Å in the (100) IP
direction.
3. Conclusions

In summary, we designed an acceptor NQF with an asymmetric
and extended backbone. Compared with Y6, NQF exhibits
upshied HOMO and LUMO energy levels, which reduces the
energy offset with the PM6 donor. Meanwhile, NQF shows
a higher PLQY owing to its asymmetric, extended and rigid
conjugation structure. Thus, PM6:NQF based OSC demon-
strates a high EQEEL of 8.39 � 10�4, corresponding to a non-
radiative energy loss as low as 0.177 eV. With this, the OSCs
based on PM6:NQF achieved a PCE of 17.57% with a signi-
cantly higher Voc of 0.921 V and almost the same Jsc and FF
compared with the control Y6 based device. Our results show
the very promising role of acceptors with an asymmetric and
extended conjugation core and its impacts on the molecular
packing, luminescence properties and nonradiative energy loss.
This might offer some new opportunities to design high-
efficiency materials with low nonradiative loss. It is also
believed that the nonradiative energy loss in OSCs can be
further reduced via chemical structure modication of the
active layer materials, and OSCs with efficiencies comparable to
those of inorganic solar cells can be realized in the near future.
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