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Developing high-performance and low-cost donor/acceptor materials is crucial for the industrialization of
organic solar cells (OSCs). Therefore, a series of new donor and acceptor materials with simple structures
and easy synthesis have been reported. However, how to further achieve low-cost and high-performance
OSCs is still an issue that should be solved when competing with other photovoltaic technologies. Herein,
we demonstrate a high-performance and low-cost PTQ10:Y26 system with an impressive efficiency of
16.01% via a series of morphology optimizations. Moreover, the devices demonstrated excellent bulk-
heterojunction (BHJ) thickness tolerance over the range of 100 nm to 300 nm, which is beneficial for

large-scale fabrications. Besides, we calculated the industrial figure of merit (i-FOM) of the PTQ10:Y26
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Accepted 7th November 2022 system and made a relatively comprehensive comparison with other classic combinations based on
A-DA'D-A acceptors. The PTQ10:Y26 system shows a high FOM of over 0.3, which is among the high

DOI: 10.1035/d2ta07235d FOM values for OSCs now. Combining with the merits of low cost, high efficiency and thickness
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1. Introduction

As one of the third-generation solar cells, organic solar cells
(OSCs) have gained wide interest in recent years because of their
advantages in solution processing, flexibility, semitransparency,
tunable structures, etc.'* In the early stage, the acceptors in bulk-
heterojunction (BHJ) are mainly dominated by fullerene materials
such as PCBM (phenyl-Cg;-butyric acid methyl ester). However,
the power conversion efficiency (PCE) of fullerene-based OSCs
lags far behind those of their inorganic counterparts due to the
disadvantages of fullerene and its derivatives such as high energy
loss (Ejoss), limited light absorption, and large energy offset for
charge dissociation.* Further, a lot of small molecular acceptors
(SMAs) were designed and synthesized to overcome the draw-
backs of fullerene acceptors. In 2015, Zhan et al. reported the
famous acceptor ITIC [(3,9-bis(2-methylene-(3-(1,1-dicyano-
methylene)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno
[2,3-d:20,30-d0]-s-indaceno[1,2-b:5,6-b0]dithiophene)] with
a structure of A-D-A (where A and D denote electron-withdrawing

“College of Chemistry and Chemical Engineering, Central South University, Changsha
410083, China. E-mail: yingpingzou@csu.edu.cn

State Key Laboratory of Luminescent Materials and Devices, Institute of Polymer
Optoelectronic Materials and Devices, School of Materials Science and Engineering,
South China University of Technology, 381 Wushan Road, Guangzhou 510640, China
‘Department of Physics, The Chinese University of Hong Kong, New Territories, Hong
Kong 999077, China

T Electronic ~ supplementary  information  (ESI)
https://doi.org/10.1039/d2ta07239d

available. See DOL

This journal is © The Royal Society of Chemistry 2022

insensitivity, we firmly believe that PTQ10:Y26 shows great potential in the commercialization for OSCs.

and electron-donating units, respectively); however, the insuffi-
cient short-circuit current density (/) caused by the poor near-
infrared absorption and high E. restricts the further improve-
ment of efficiency.” In 2019, Zou et al. reported a benchmark
acceptor Y6 [(2,2-(2Z,2'Z)-((12,13-bis(2-ethylhexyl)-3,9-diundecyl-
12,13-dihydro-[1,2,5]thiadiazolo[3,4-¢]thieno[2",3":4’,5|thieno
[2',3":4,5]pyrrolo[3,2-g]thieno[2’,3":4,5] thieno[3,2-b]indole-2,10-
diyl)bis(methanylylidene))bis(5,6-difluoro-3-oxo-2,3-dihydro-1H-
indene-2,1-diylidene))dimalononitrile)] with an A-DA'D-A struc-
ture using benzothiadiazole as the electron-deficient core, which
first achieved an efficiency of over 15% and triggered a big wave of
research.® Benefitting from the innovations in material structures
and device optimizations,”® single-junction and tandem OSCs
based on A-DA'D-A acceptors, Y6 analogs, have achieved PCEs
over 19% and 20%, respectively.”*

Although tremendous progress has been made in improving
the PCE, OSCs still suffer from the cost issue that needed to be
solved towards industrialization in the future.®** A BHJ combi-
nation with easy synthesis and simple structures for achieving
high PCEs is important; therefore, quite some efforts are involved
in reducing the cost of chemical synthesis. Generally, decreasing
synthetic steps is a common approach to reduce the cost.** For
example, Li et al. reported a new polymer donor poly[(thiophene)-
alt-(6,7-difluoro-2-(2-hexyldecyloxy)quinoxaline)]  (PTQ10) with
relatively few synthetic steps and high overall yields. By blending
with the pentacyclic acceptor IDIC, the device showed a high PCE
of 12.7% with a good thickness tolerance from 100 to 300 nm,
which is beneficial for large-area processing.”® Furthermore, the
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PTQ10 showed excellent compatibility with the Y6 acceptor, and
the PCE of PTQ10:Y6 reached about 16.5% after a series of opti-
mizations.>*”” However, another way to lower the overall cost is to
reduce the synthetic steps of acceptors.®**° In 2021, our group
reported a pentacyclic A-DA'D-A acceptor Y26 yielding a PCE of
13.34% when blending with poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-
fluoro)thiophen-2-yl}-benzo[1,2-b:4,5-b0]  dithiophene))-alt-(5,5-
(10,30-di-2-thienyl-50,70-bis(2-ethylhexyl)benzo[10,20-¢:40,50-c0]
dithio-phene-4,8-dione))] (PM6). This work shed light on the
importance of introducing the alkyl side chain into the 8 position
of thiophenes. The rotation of the terminal group could be
restricted, and moreover, noncovalent interactions were formed,
which were conducive to improving the ordered molecular
packing and orientation. Besides, it was verified that Y26
decreased synthetic steps and the material synthesis cost
compared to Y18 [(2,2~((22,2'2)-((6,12,13-tris(2-ethylhexyl)-3,9-
diundecyl-12,13-dihydro-6H-thieno[2",3":4,5]thieno[2',3":4,5 pyr-
rolo[3,2-g]thieno[2’,3":4,5]thieno[3,2-b][1,2,3]triazolo[4,5-¢]indole-
2,10-diyl)bis(methaneylylidene))bis(5,6-difluoro-3-oxo-2,3-dihydro-
1H-indene-2,1-diylidene))dimalononitrile)]; however, this work did
not assess the cost issue by a quantitative method in detail.*®

The reduced fused-ring number of Y26 relative to heptacyclic
acceptors such as Y6 leads to the decreased synthesis step and
cost. The fly in the ointment is that the efficiency is not high
enough. Thus, how to further improve the efficiency of Y26
comparable to heptacyclic acceptors is also important, because
the decrease in central fused-ring number is usually accompanied
by the decrease in device efficiency. Herein, we demonstrate high-
performance and low-cost OSCs using pentacyclic Y26 and well-
known PTQ10 as the acceptor and donor, respectively. After
morphological optimization, the champion device displays an
excellent efficiency of 16.01%, which is rather close to the initially
reported efficiency of OSCs based on heptacyclic acceptors such
as Y6. After an in-depth study, we found that the solvent vapor
annealing (SVA) treatment could adjust the fine phase separation
between PTQ10 and Y26 as well as increase the ordered molecular
packing and the favorable orientation of Y26, which is beneficial
for charge generation, dissociation, transport, and suppressing
charge recombination. Besides, further investigations demon-
strate that the PTQ10:Y26 device shows a high PCE of 15.02%
when the BH]J thickness increases to 300 nm, indicating excellent
thickness insensitivity. Moreover, the industrialized potential of
PTQ10:Y26 with representative BH]J systems by calculating their
industrial figure of merit (i- FOM) parameters as a comparison
was analyzed, and then we found that PTQ10:Y26 had a higher i-
FOM value than others. These findings indicated that PTQ10:Y26
could be one of the more viable choices for OSC industrialization
and also provided some guidelines for accelerating the practical
applications of OSCs in the future.

2. Results and discussion

2.1 Chemical structure and absorption spectra of PTQ10 and
Y26

The chemical structures of the PTQ10 donor and Y26 acceptor
are shown in Fig. 1a. In addition, Fig. S17 plots the solution
absorption spectra of PTQ10, Y26, and their mixture (w/w, 1:
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1.2) in chloroform (CF). The absorption spectra of the PTQ10,
Y26, and PTQ10:Y26 films are shown in Fig. 1b. Y26 shows
broad and complementary absorption in the range of 650 to
850 nm with a maximum absorption peak at 796 nm, whereas
PTQ10 displays strong absorption ranging from 300 to 650 nm.
Furthermore, the cyclic voltammetry (CV) measurement was
used to estimate the energy levels of PTQ10 and Y26. Their
energy level alignments are given in Fig. 1c and S2t displays the
complete CV curves. The calculated highest occupied molecular
orbital (HOMO)/lowest unoccupied molecular orbital (LUMO)
levels of PTQ10 and Y26 were found to be —5.56 eV/—2.89 eV
and —5.62 eV/—4.07 eV, respectively. Besides, the modest
HOMO offset (AEgomo) of 0.06 eV between PTQ10 and Y26
contributes to improving open-circuit voltage (V,.) while
simultaneously providing enough driving force for exciton
separation.

2.2 Photovoltaic properties

To investigate the photovoltaic performance of binary
PTQ10:Y26 devices under various processing conditions, we
fabricated conventional structured devices with PEDOT:PSS
[poly(3,4-ethylenedioxythiophene):poly(styrene-sulfonate)],

PTQ10, Y26 and PDINN (aliphatic amine-functionalized
perylene-diimide) as the anode buffer layer, donor, acceptor
and cathode buffer layer, respectively. Table 1 lists the photo-
voltaic parameters under 1 sun illumination, and Fig. 2a
displays the related j-V curves for these devices. As listed in
Table 1, the as-cast PTQ10:Y26 exhibits Vi, Js, fill factor (FF),
and PCE values of 0.895 V, 21.95 mA cm ™2, 0.726, and 14.29%,
respectively. The device shows improved photovoltaic perfor-
mance with Vi, Js, FF, and PCE values of 0.883 V, 22.56 mA
em™?, 0.763, and 15.23% after the treatments with 0.5% 1-
chloronaphthalene (1-CN) and thermal annealing (TA). This
could be ascribed to the fine-tuned BH] phase separation
induced by the additive and TA treatments. The 0.5% CN + TA +
SVA-treated devices particularly with the SVA treatment for
5 min (the detailed photovoltaic performance of PTQ10:Y26
with varying SVA time is shown in Table S11) demonstrate an
outstanding PCE of over 16% with enhanced V,,. of 0.886 V and
Jsc0f23.57 mA cm 2. In addition, the optimized PM6:Y26 device
presents a decent PCE of 15.45%. The V,. value of PM6:Y26
devices is lower than that of the PTQ10 counterparts, which may
be ascribed to the lower-lying HOMO level of PTQ10, as we
discussed above. Fig. S31 displays the J-V curve and external
quantum efficiency (EQE) spectra as well as related integrated
Jse curve of PM6:Y26, the device with 0.5% CN + TA + SVA
treatment demonstrates a significant increase in photovoltaic
performance (Table S21). This result indicates that Y26 can
achieve respectable compatibility with different donors. The
corresponding EQE curves for PTQ10:Y26 and integrated J,. are
also presented in Fig. 2b. The discrepancy between the inte-
grated J. from EQE and the recorded J,. from the solar simu-
lator under one sun is less than 5%. The 0.5% CN + TA + SVA-
treated devices display an increased photon response
throughout a broad range from 450 nm to 800 nm relative to
other untreated devices. Therefore, it is found that the

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 (a) Chemical structures of the PTQ10 donor and Y26 acceptor. (b) UV-Vis-NIR absorption spectra of the PTQ10, Y26, and PTQ10:Y26

films. (c) Energy-level alignment of the donor PTQ10 and acceptor Y26.

Table 1 Photovoltaic parameters of the OSCs with different treatments under 1 sun illumination

BHJ Voc (V) ]sc (l’l'lA Cmiz) FF (OA)) PCE (0/0) ]scfEQE (mA Cmiz)
PTQ10:Y26 As-cast 0.895 21.95 72.60 14.29 (13.93 + 0.25) 21.19

0.5%CN + TA 0.883 22.56 76.27 15.23 (15.00 £ 0.19) 21.93

0.5%CN + TA + SVA 0.886 23.57 76.73 16.01 (15.73 £ 0.26) 22.52
PM6:Y26 0.5%CN + TA + SVA 0.848 23.17 78.64 15.44 (15.07 £ 0.27) 22.17

integrated J,. values of the as-cast 0.5% CN + TA-based and 0.5%
CN + TA + SVA-based devices are 21.19, 21.93, and 22.52 mA
cm?, respectively.

2.3 Morphology characterization

The BHJ morphology often plays a vital role in determining the
device performance. Here, we used the morphological charac-
terization techniques of transmission electron microscopy
(TEM), atomic force microscopy (AFM), and grazing-incidence
wide-angle X-ray scattering (GIWAXS) to illustrate the evolu-
tions of various treatment conditions on BHJ microstruc-
ture.*>** All the blend films have clearly interpenetrating
microstructure that can be observed from both AFM (Fig. 3) and
TEM images (Fig. S41).*> The as-cast film shows a smooth
surface with a low root-mean-square (RMS) roughness of
0.584 nm that may be ascribed to the good miscibility between

This journal is © The Royal Society of Chemistry 2022

PTQ10 and Y26. The surface energy calculation was based on
the Owen model using water and glycol as testing liquids, and
the values of PTQ10 and Y26 were found to be 18.239 and 15.759
mN m™", respectively (Fig. S57). The further Flory-Huggins
interaction parameter y between PTQ10 and Y26 was estimated
to be 0.09, which confirmed the good miscibility of PTQ10 and
Y26. The blend films treated with 0.5% CN and TA exhibit
a rougher surface with large aggregation relative to the as-cast
films, which manifests that the poor phase separation of the
BH]J was responsible for the inferior photovoltaic performance
of the as-cast devices. Besides, the blend film shows a obviously
increased phase separation after further treatment of SVA and
the RMS roughness is increased to 0.718 nm, this phenomenon
may be due to 0.5% CN + TA + SVA playing a positive role in
increasing the phase separation.*® However, too long SVA time
will lead to the inferior performance of the devices (Table S17),

J. Mater. Chem. A, 2022, 10, 24717-24725 | 24719
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Fig. 3 (a—c) AFM height and (d-f) phase images of binary PTQ10:Y26 blend films with different treatment conditions.

which may be ascribed to the over-large aggregation induced by
CF vapor. Thus, the blend film treated with 5 min SVA time
shows the highest performance due to the proper phase sepa-
ration formed in the film.

Except for the microscopic characterization, the 2D GIWAXS
was carried out to understand the effects of various treatments
on molecular packing and orientation. Both PTQ10 and Y26
prefer to adopt face-on orientation with the strong (010)
reflection of m-m stacking peaks in the out-of-plane (OOP)
direction, as shown by the scattering patterns and profiles of
their pure films (Fig. S6T). The plotted 2D GIWAXS scattering
patterns and corresponding profiles of the PTQ10:Y26 blend
films under various conditions are shown in Fig. 4a and b.
Besides, Table 2 summarizes the extracted crystallographic
characteristics for all different PTQ10:Y26 films. In comparison
to the as-cast blend, the (010) peak position of the blend film
after 0.5% CN and TA treatments increases from 17.3 nm™ " to
17.5 nm™ ", After 0.5% CN + TA + SVA treatment, the (010) peak

24720 | J Mater. Chem. A, 2022, 10, 24717-24725

position value increases to 17.7 nm ™', demonstrating a closer
-7 stacking that is conducive to charge transport. The crys-
talline coherence lengths (CCLs) of these three films could be
extracted from their corresponding profiles to effectively eval-
uate the effects of various treatments on the crystallization of
blend films. In general, a better crystalline ability is associated
with a higher CCL value.*® In contrast to the as-cast counterpart,
the film treated with 0.5% CN and TA shows an increased
CCLg10y of 2.15 nm to 2.26 nm, and the CCL() value of the
0.5% CN + TA + SVA-treated film could be further increased to
2.54 nm, indicating that the 0.5% CN + TA + SVA treatment plays
a beneficial role in enhancing the crystallization of blend films.
In addition, these three films have a strong (400) peak of lamella
stacking in the in-plane (IP) direction, and the blend film with
0.5% CN + TA + SVA treatment exhibits a higher (400) peak
position of 3.13 nm " than the other two films. It is suggested
that the 0.5% CN + TA + SVA treatment could produce a closer
lamella stacking. The PTQ10:Y26 film also shows a higher

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 (a) Two-dimensional GIWAXS scattering patterns and (b) the corresponding profiles for the binary PTQ10:Y26 blend films under different

conditions.

Table 2 Crystallographic parameters of the PTQ10:Y26 films with different processing methods that were extracted from the GIWAXS

IP (h00) 0O0P (010)
Films Position (A1) Distance (A) CCL (nm) Position (A7) Distance (A) CCL (nm)
As-cast 0.310 20.27 3.84 1.73 3.63 2.15
0.5% CN + TA 0.310 20.27 3.99 1.75 3.59 2.26
0.5% CN + TA + SVA 0.313 20.07 4.05 1.77 3.55 2.54

CCL(n00) Oof 3.99 nm after optimization by 0.5% CN and TA
treatments relative to the as-cast counterpart of 3.84 nm.
Finally, the highest CCL 00 value of 4.05 nm is obtained by the
blend film with the 0.5% CN + TA + SVA treatment.

2.4 Exciton dissociation, charge transport and
recombination

The exciton dissociation efficiency (nqiss) was used to analyze
the exciton dissociation property and can be described by the
ratio between photocurrent density (J,n) and g (saturated
current density under high Vi).***® The Jp,;, value as a function
of effective voltage (Ves) characteristics of these devices can be
seen in Fig. 5a. The as-cast PTQ10:Y26 device shows a low 7qjss
value of 0.946, which may be ascribed to the inferior phase
separation in the as-cast device. With the treatments of additive
and TA, the device shows an increased 74jss 0f 0.972. Finally, the

This journal is © The Royal Society of Chemistry 2022

0.5% CN + TA + SVA-treated devices exhibit a further enhanced
Naiss value of 0.980, indicating the more efficient charge sepa-
ration. In addition, the ratio of J,, at maximum power point
(MPP) to Jsa is referred to as the charge collection efficiency
(Meonn)- As a consequence, the 7., values of these devices were
determined to be 0.845, 0.868, and 0.884, respectively. These
findings suggest that post-annealing is crucial for improving Js.
and FF.

The hole (u,) and electron mobilities (ue) as important
physical parameters to evaluate the charge transport property in
OSCs could be extracted by fitting the relationship between the
dark current and the bias voltage of the single-carrier devices
with different BHJ processing conditions by the space charge-
limited current (SCLC) method.*” As plotted in Fig. S7,1 the
calculated p. and uy, for the as-cast device are 5.29 x 10~° cm?
v' s and 4.17 x 10°° em® V' 877, respectively. The low

J. Mater. Chem. A, 2022, 10, 24717-24725 | 24721
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Fig. 5 (a) Photocurrent density (J,p) as a function of effective voltage (V) characteristics. (b) Light intensity dependence of V.. (c) Transient
photocurrent and (d) transient photovoltage decay curves of the PTQ10:Y26 devices under different treatments. (e) Charge carrier lifetime versus
charge density. (f) Bimolecular recombination rate constant K. versus different charge densities of PTQ10:Y26 devices.

mobility and unbalanced u./uy, ratio of 1.27 account for the low
FF and J,. values for the as-cast device. In addition, the device
with 0.5% CN and TA treatments exhibits p. and u;, of 1.51 x
10" em® V' $7! and 1.42 x 107* em?® V' 71, respectively.
Finally, the 0.5% CN + TA + SVA-treated device shows the
highest u. and uy, of 1.80 x 10™* em®* V™' ™' and 1.76 x 10™*
ecm?® V' S, respectively. The higher and more balanced u/un
ratio of 1.02 contributes to the higher FF and J. values of the
0.5% CN + TA + SVA-treated devices relative to other devices.*®

To carefully gain information about how various processing
methods affect charge recombination in the devices, the light
intensity dependence of J-V measurements was performed.***°
Generally, the relationship between Js. and light intensity (I) can
be expressed as Ji. o I°. Bimolecular recombination means
weak when the slope « is near 1.** The dependence of /. on light
intensity (I) of these devices is plotted in Fig. S8, and the fitting
slopes were extracted to be 0.986, 0.997, and 0.999, respectively.
Compared to other devices, the as-cast devices show a more
pronounced bimolecular recombination. Furthermore, the
devices with 0.5% CN + TA + SVA treatment significantly
reduced charge recombination. In addition, the V,. value is
usually in accordance with linear dependence of In(I) with
a slope of nkT/q, where n is the ideality factor, & is the Boltzmann
constant, T is the Kelvin temperature and ¢ is the elementary
charge.”” When n is far away from 1, the device is indicated to be
dominated by monomolecular or trap-assisted recombination.
Fig. 5b also shows the dependence of V,. on the light intensity
(1) of these related devices. These fitting slopes of the as-cast,
0.5% CN + TA-treated, and 0.5% CN + TA + SVA-treated
devices are 1.409 kT/q, 1.304 kT/q, and 1.181 kT/q, respectively.
The as-cast devices exhibit a more severe monomolecular or
trap-assisted recombination relative to other devices. After
morphological optimization, the 0.5% CN + TA + SVA-treated
devices show an obviously suppressed recombination.

24722 | J Mater. Chem. A, 2022, 10, 24717-24725

In addition to the aforementioned characterizations, the
charge recombination in the devices may be investigated by
comparing the charge extraction time and charge lifetime using
transient photovoltage (TPV) and transient photocurrent (TPC)
technologies, respectively.*® First, the fitting charge extraction
time for these curves was estimated using TPC decay dynamics
(Fig. 5¢). Due to the strong charge recombination inside the
devices, the slowest charge extraction time of 0.38 ps was ob-
tained for the as-cast PTQ10:Y26 devices. After treatment with
the 0.5% CN and TA, the device shows a steadily reduced charge
extraction time of 0.33 ps, and the subsequent 0.5% CN + TA +
SVA-treated device achieves a faster value of 0.25 us relative to
other devices. As shown in Fig. 5d, the TPV curves of these
devices are given and the corresponding charge lifetimes are
derived by fitting the TPV curves with a single exponential decay
function. The as-cast device shows the shortest charge lifetime
of 14.26 us, whereas devices treated with 0.5% CN + TA and
0.5% CN + TA + SVA have longer charge lifetimes of 16.91 ps and
19.34 us, respectively. To get greater insights into the charge
recombination information, the charge density n should be
considered in addition to simply comparing the charge lifetime
7. The TPV was used to extract the charge lifetimes at different
illumination intensities, and charge extraction (CE) technology
was used to extract the charge density values for OSCs at
different light intensities.** The charge lifetimes as a function of
charge density under different illumination intensities are
plotted in Fig. 5e, the charge density n values of the as-cast,
0.5% CN + TA-treated, and 0.5% CN + TA + SVA-treated OSCs
under 100% LED illumination are 4.94 x 10" '® em ™3, 6.68 x
10" em®, and 7.04 x 10 '® cm 7, respectively. The increased
charge density may stem from the more effective exciton
dissociation after morphological optimization. In addition, the
bimolecular recombination rate constants (k...) of these devices
could be further investigated by the equation of k... = 1/[(A + 1)

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 (a) PCE of PTQ10:Y26 OSC as a function of BHJ thickness. (b) Summary of the reported OSCs based on pentacyclic acceptors.

nt], in which 2 is the recombination order and could be calcu-
lated from the equation of t = 7,n % In general, the severity of
charge recombination in the device is often correlated with
a larger k. value.* The calculated k.. versus the charge density
is plotted in Fig. 5f, and the as-cast devices present the highest
krec values at different illumination intensities relative to the
other two devices, indicating the severe bimolecular recombi-
nation inside the device. With treatments of 0.5% CN and TA,
the device displays decreased k.. values at different charge
densities. After further treatment of SVA, the device exhibits the
smallest k... value among these devices. These findings essen-
tially show that the 0.5% CN + TA and SVA treatments
substantially reduce bimolecular recombination in the device.

2.5 Thickness dependence of photovoltaic performance

A BHJ combination with thickness insensitivity is more avail-
able for large-scale fabrication in the future. To further verify
the processing potential of PTQ10:Y26, we studied the thickness
dependence of its photovoltaic performance with a conven-
tional structure. The relationship between PCE and BH]J thick-
ness can be seen in Fig. 6a, and Table S37 provides the
corresponding photovoltaic parameters. The champion device
is achieved with a thickness of around 100 nm, and the effi-
ciency is gradually decreased with the increase in thickness due
to the more severe charge recombination relative to the thin
film and this is also the result of competition between the
thickness-dependent absorption and charge recombination. It

should be noted that the device still can achieve about 15.45%
efficiency when the thickness increases to about 200 nm.
Further, even for the OSCs with a thickness of about 300 nm, the
devices maintain high efficiencies of about 15.02%. Therefore,
we make a rough comparison with other OSCs that could ach-
ieve beyond 14% PCE when the active layer thickness increased
to 300 nm (Fig. S9a and Table S4f), and we found that
PTQ10:Y26 could be listed as one of the best-reported thick-film
OSCs. These findings indicate that the PTQ10:Y26 system
exhibits favorable thickness tolerance and also has the potential
for future large-scale processing.

2.6 i-FOM analysis

To better understand the advantage of PTQ10:Y26, we intro-
duced the industrial figure of merit (i-FOM) to make a compre-
hensive comparison with other blend systems based on A-
DA'D-A acceptors.?** As early as 2017, Min et al. proposed
a first-generation i-FOM parameter to assess the commercial
potential of different BHJ materials.> This parameter could be
calculated by involving three key factors, including the PCE,
photostability, and synthetic complexity (SC).>* The detailed
calculation of SC is shown in Section 1.2, ESI.T We only consider
the PCE and SC since the photostability measurement is not
uniform under various testing conditions. As a result, this
parameter might be expressed more simply as i-FOM = PCE/
SC.* Moreover, the SC of the overall BHJ should take the ratio of
donor and acceptor into account when fabricating the BH]J. In

Table 3 Summary of some typical systems based on A—-DA'D-A acceptors

BH] D: A ratio SCp SCa ASC PCE AFOM Year Ref.
PM6:Y6 1:1.2 92.37 88.09 90.03 15.7 0.174 2019 10
PTQ10:Y6 1:1.2 34.21 88.09 63.60 16.21 0.255 2019 27
PM7:Y6 1:1.2 70.925 88.09 80.29 17.04 0.212 2020 48
D18:Y6 1:1.6 94.765 88.09 90.66 18.22 0.201 2020 47
P4T2F-HD:Y6-BO 1:1.2 52.52 82.595 68.92 13.65 0.198 2021 46
PM6:Y26 1:1.2 92.37 66.53 78.28 13.34 0.170 2021 29
P3HT:ZY-4Cl 1:1 9.545 71.28 40.41 10.7 0.265 2022 49
P5TCN-F25:Y6 1:1.2 61.745 88.09 76.12 16.6 0.218 2022 50
PTQ10:Y26 1:1.2 34.21 66.53 51.84 16.01 0.309 — This work
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addition, the average SC (ASC) could be calculated according to
the equation of SCp.p = (SCp X Wp + SCa X Wy)/(Wp + Wy).

Some classic BH]J systems based on A-DA'D-A acceptors were
selected as listed in Table 3, and the SC of donor and acceptor
materials used in this table is summarized in Table S6.7 The
PTQ10:Y6 combination shows great cost potential with a high
average FOM (AFOM) of 0.255 and a high PCE of 16.21%. It
should be noted that after continuous optimization, the highest
PCE value of a certain BH]J system gradually increases, resulting
in an unfixed AFOM value. In addition, developing the easily
synthesized polythiophene (PT) donor is another direction to
lower the cost of OSCs. A series of PT-based donors were re-
ported and declared a lot of advantages such as easy synthesis
and high efficiency. As a consequence, a few high-performance
PT-based BHJ combinations are discussed. One of the highest
PCE:s for the PT-based device reported so far was achieved by the
P5TCN-F25:Y6 combination, which demonstrated a high effi-
ciency of 16.6%. The SC of P5TCN-F25 is significantly reduced
relative to PM6 and D18.*” However, the high SC of the acceptor
Y6 gives rise to a slightly low AFOM of the P5TCN-F25:Y6.
Hence, some efforts are made to decrease the acceptor cost.
As mentioned above, the pentacyclic A-DA'D-A acceptor Y26
was synthesized with reduced synthesis steps and increased
yields. The PM6:Y26 combination shows a low AFOM of 0.17
because of the high SC of PM6 and a low PCE of 13.34%. By
blending with the low-cost donor PTQ10, the AFOM of
PTQ10:Y26 could be calculated to be 0.309 (Fig. S9bt). More-
over, the high PCE of 16.01% for PTQ10:Y26 OSCs is one of the
highest PCEs for OSCs based on pentacyclic acceptors until now
(Fig. 6b, Table S57).

3. Conclusion

In summary, we have successfully demonstrated high-
performance and low-cost PTQ10:Y26 OSCs by optimization.
The solvent vapor annealing could produce an increased phase
separation as well as improve the molecular packing and
orientation, which is beneficial for achieving higher J,. and FF.
As a result, the 0.5% CN + TA + SVA-treated device shows a high
PCE of 16.01%, which is comparable to the first reported effi-
ciency of OSCs based on heptacyclic acceptors like Y6 and Y11.
Besides, a high PCE of 15.02% is even achieved with a 300 nm-
thick BHJ film due to the good thickness tolerance of the
PTQ10:Y26 blend. On the other hand, the i-FOM parameter was
used to evaluate the industrialization potential of PTQ10:Y26,
and we compared it with other classic systems based on A-
DA'D-A acceptors and found that a high AFOM value of about
0.309 was obtained for the PTQ10:Y26 system. These results
demonstrate that PTQ10:Y26 could be one of the excellent
candidates for large-scale processing.

4. Experimental section
4.1 Materials

PEDOT:PSS (4083) was purchased from Xi'an Polymer Light
Technology Corp. Acceptor Y26 was synthesized according to
the procedure reported in the literature.”* PM6 was purchased
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from Solarmer Materials Inc. PTQ10 was purchased from 1-
Material, Inc. The PDINN was purchased from Nanjing Zhiyan
Technology Co., Ltd.

4.2 Device fabrication

The solar cell devices were fabricated with a conventional struc-
ture of Glass/ITO/PEDOT:PSS(40 nm)/Active layer/PDINN (5 nm)/
Ag. Deionized water and isopropyl alcohol were used to wash pre-
patterned ITO-coated glass substrates for 15 minutes each in an
ultrasonic bath. All ITO substrates are treated in the UV ozone
cleaning system for 25 minutes after blow-drying with high-purity
nitrogen. A thin film of PEDOT:PSS was then spin-coated at
6000 rpm for 30 s on a previously cleaned ITO-coated glass and
dried at 150 °C for 15 minutes in ambient air. After that, a mixed
(CF:CN, 99.5%:0.5%, v/v) solution of BHJ (D:A = 1:1.2, w/w)
with a final concentration of 16 mg mL ™" was spin-coated onto
the PEDOT:PSS layers in a glovebox. Thermal annealing at 100 °C
for 10 minutes was used to treat the BHJ films. The BH]J films
were then put in a Petri dish with a CF atmosphere for 5 minutes.
At a rate of 3000 rpm for 30 s, a PDINN layer was deposited on the
top of the active layer. Finally, at a vacuum of 1.5 x 10~* mbar,
the top Ag electrode with a thickness of 100 nm was thermally
evaporated onto the cathode buffer layer through a mask. The
thickness of the optimal active layer measured using a Bruker
Dektak XT stylus profilometer was about 100 nm.

4.3 Device measurement and characterization

The detailed device measurement and related characterization
in this work are depicted in ESI 1.1.F
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