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1 | INTRODUCTION

Abstract

The power conversion efficiency of organic photovoltaics (OPVs) has witnessed con-
tinuous breakthroughs in the past few years, mostly benefiting from the extensive
use of a facile ternary blending strategy by blending the host polymer donor:small
molecule acceptor mixture with a second small molecule acceptor. Nevertheless,
this rather general strategy used in the well-known PM6 systems fails in construct-
ing high-performance P3HT-based ternary OPVs. As a result, the efficiencies of
all resulting ternary blends based on a benchmark host P3BHT:ZY-4Cl and a second
acceptor are no more than 8%. Employing the mutual miscibility of the binary blends
as a guide to screen the second acceptor, here we were able to break the longstanding
10%-efficiency barrier of ternary OPVs based on P3HT and dual nonfullerene accep-
tors. With this rational approach, we identified a multifunctional small molecule
acceptor BTP-2Br to simultaneously improve the photovoltaic performance in
both P3HT and PM6-based ternary OPVs. Attractively, the P3HT:ZY-4C1:BTP-
2Br ternary blend exhibited a record-breaking efficiency of 11.41% for P3HT-based
OPVs. This is the first-ever report that over 11% efficiency is achieved for P3HT-
based ternary OPVs. Importantly, the study helps the community to rely less on
trial-and-error methods for constructing ternary solar cells.
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crystallization, miscibility, organic photovoltaics, phase separation, polythiophene

polythiophene! '®>!1 has been the most extensively studied

polymer due to its simple chemical structure, high scal-

Organic photovoltaics (OPVs), as a green energy technology,
has been widely studied due to their unique characteristics,
such as light-weight,[!] flexibility,/>®] rich and adjustable
colors,[”?1 and full solution processing./'’'>! The advance
of this photovoltaic technology is closely associated with
the development of new materials.!'*!7] In early research,

ability, and good charge transport ability, especially for
poly(3-hexyl-thiophene) (P3HT):fullerene blends.!>>>1 As
the most classic donor material in the OPV field, P3HT
is regarded as an ideal material for realizing the commer-
cialization of OPV cells due to its simple synthesis, low
cost, and good chemical stability.[’*>°] Subsequently, the
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FIGURE 1 The chemical structure of the (A) well-known PM6:eC9 system and (B) P3HT:ZY-4Cl system. (C) The photovoltaic efficiency statistics of

binary and ternary devices based on P3BHT:ZY-4Cl and PM6:eC9 blends with various small molecule acceptors as third components. The associated references
are indicated. (D) The summary of PCE records of P3HT:nonfullerene-based OPVs. The star denotes the ternary P3HT-OPVs reported in this work.

development of Y-series nonfullerene acceptors has once
again improved the efficiency of low-cost systems based
on polythiophenes,!**3?] which has led to the renaissance
of polythiophene systems such as P3HT:nonfullerene.[*3-37]
Unlike the strong preaggregation nature of PM6, P3HT has
insufficient phase separation with most Y-series acceptors
and poor phase purity, which could be detrimental to both
charge generation and transport.[’93°] Therefore, develop-
ing thermodynamically immiscible acceptors is desired for
morphology optimization toward higher power conversion
efficiency (PCE). In 2020, Hou and coworkers designed and
synthesized a Y-series small molecule acceptor ZY-4Cl10]
with low miscibility, which achieved a record PCE of 9.46%,
and it is still the only nonfullerene acceptor that delivers over
9% efficiency with P3HT. Subsequently, our group has deli-
cately tuned the film crystallinity by substantially shortening
the annealing time. As a result, the photovoltaic efficiency of
P3HT:ZY-4Cl-based devices was boosted up to >10.5%.[4!]

Various methods have been proposed to further improve
photovoltaic efficiency and stability of P3HT-based
devices.[*’] Wherein ternary blending strategy has emerged
as an efficacious optimization approach for OPVs and gar-
nered significant attention over the past few years, owing
to its simple device manufacturing process.[***8] Espe-
cially, the incorporation of a second acceptor into binary
systems is simple and has exhibited great potential in
upgrading the photovoltaic performance of OPV for practical
applications.!**->!l However, the screening of the second
acceptor in ternary systems, in addition to matching energy
levels and complementary absorption, is still based on trial-
and-error methods.l°>>*] Especially with the emergence of
high-efficiency systems, the material structures and device
optimization protocols have become more complex, severely
limiting the applicability of the ternary blend strategy

across different material systems. Taking the high-efficiency
PM6:eC9 system (Figure 1A) as an example, various electron
acceptors have been successfully used as third components
to promote the efficiency of this benchmark system!>>-"]
(Table S1). However, when we further introduce these accep-
tor materials into another benchmark P3HT:ZY-4Cl blend
(Figure 1B), all of the resulting ternary systems surprisingly
achieve significantly reduced performance (Figure 1C) after
incorporating the acceptors mentioned above as third com-
ponents (Table S2). These sharply different roles of the same
third components in P3HT and PM6 motivated us to iden-
tify a versatile acceptor to promote the efficiencies of both
systems. As far as we know, none of the P3HT-based ternary
OPVs reported so far can realize over 8% efficiency.!®]
Moreover, the previous study based on P3HT:nonfullerene
ternary system mainly focused on the classical P3HT:O-
IDTBR blends,!®'! while the study of P3HT ternary systems
based on star Y-series acceptors is rare. Therefore, it is
imperative to screen a new third component suitable for the
organic photovoltaic systems through rational avenues.

In this work, we put forward a multifunctional small
molecule acceptor named BTP-2Br as a third component
in realizing improved performance for P3HT-based ternary
OPVs, with the rational guidance of miscibility screening. It
is the only acceptor to date that can concurrently improve the
photovoltaic efficiencies of both P3BHT:ZY-4Cl and PM6:eC9
systems (Figure 1C). Attractively, the photovoltaic efficiency
of the ternary blend based on P3HT:ZY-4Cl:BTP-2Br has
reached 11.41%, which is a new world record for P3HT-
based OPVs (Figure 1D). By conducting a set of light
source-based X-ray scattering and microscopy characteri-
zations, we find that the introduction of BTP-2Br helps
to optimize phase separation and crystallization behav-
iors, achieve effective exciton dissociation, balance charge
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transport, and suppress recombination losses. Our miscibility
analysis points out that the Flory-Huggins interaction param-
eter (x)1°%! between the donor and the second acceptor should
be smaller than that of control binary blends. This facile
strategy of miscibility screening was proposed for the first
time for selecting the second acceptors suitable for multiple
ternary systems. Accordingly, the P3HT-based ternary blend
system exhibits a longer operational lifetime and over 11%
efficiency, which outperforms all of the previously reported
P3HT cells. This study firmly demonstrates the critical func-
tions of mutual molecular interactions in regulating blend
morphology and rely less on trial-and-error methods for the
fabrication of high-performance ternary solar cells.

2 | RESULTS AND DISCUSSION

According to a previous study,!*!! ZY-4Cl is a nonfullerene
with strong self-aggregation properties, which results in
excessive phase separation of P3HT:ZY-4Cl blend films
upon thermal annealing. To address this issue, molecular
aggregation and crystallization can be regulated through
postprocessing or the introduction of solid additives!®*! to
suppress the strong phase separation. Additionally, weaker
phase separation can be achieved through the introduc-
tion of a second acceptor, which may further improve
the photovoltaic performance of the device by optimiz-
ing the light-utilization ability and energy level alignment.
Miscibility!®*] can be described with the material-specific
Flory-Huggins interaction parameter (y)..%] The y parame-
ter is ubiquitous in the description of the thermodynamics
of mixtures and can be experimentally determined by many
techniques.[°! The experimental determination of )y via tra-
ditional differential scanning calorimetry (DSC) methods is
material consumptive. Moreover, the inability of DSC anal-
ysis to observe pronounced thermal transitions (Figure S1),
our understanding of the mixing thermodynamics exhibited
by these Y-series acceptors is limited. Instead, the y value can
be calculated from the Hansen solubility parameters (HSPs)
of donors and acceptors. The HSPs can be estimated from
functional group additive methods. The detailed HSPs of
donors and acceptors used in this work are listed in Table S3.

As shown in Table S4, we first evaluated the y of mul-
tiple commonly used acceptors and P3HT to describe the
molecular interaction between P3HT and various acceptor
molecules. We note that all the y values are between 4 and
6. A high value indicates excessive phase separation between
the donor and acceptor, which is not conducive to charge sep-
aration and transport in the devices. Interestingly, we find
the y parameters of most P3HT:acceptor blends are higher
than that of P3HT:ZY-4Cl, as shown in Figure 2A. The
higher y values between these acceptors and P3HT will lead
to the more excessive phase separation in their correspond-
ing binary blends. Therefore, introducing a second acceptor
with a smaller )y value is most likely beneficial to the device
performance. To our surprise, only a brominated Y-series
nonfullerene acceptor BTP-2Br proposed herein possesses a
smaller y value with P3HT than that of ZY-4Cl. Based on our
calculations, the introduction of those acceptors other than
BTP-2Br is not beneficial to the performance of ternary sys-
tems due to the unfavorable phase separation. In contrast,
introducing BTP-2Br into the P3HT:ZY-4Cl binary control
system is expected to offer better photovoltaic performance.
Motivated by this finding, we prepared the Y-series
derivative BTP-2Br to verify our hypothesis. Specifi-
cally, a commercially available dithienothiopheno[3,2-b]-
pyrrolobenzothiadiazole core was reacted with 5-bromo-1H-
indene-1,3(2H)-dione by Knoevenagel condensation at 70°C
for 7 days to afford dark solid target compound with a yield
of 67% (see Figure 2B). The synthetic details and relevant
data can be found in the Supporting Information. The electro-
chemical characteristic of BTP-2Br was investigated through
cyclic voltammetry (CV), as illustrated in Figure S2. It can
be estimated from the plots that the HOMO and LUMO lev-
els of BTP-2Br are determined to be —5.58 and —3.63 eV,
respectively. The optical property of BTP-2Br also was char-
acterized by UV-vis absorption spectroscopy, as shown in
Figure 3A, which exhibited a complementary absorption
band with those of PM6:eC9 and P3HT:ZY-4Cl1 blends.
Having confirmed the complementary absorption and
matched energy levels (Figure 3B) between BTP-2Br and
P3HT:ZY-4Cl1 blend systems, we measured the photovoltaic
properties with a conventional device structure consist-
ing of ITO glass/PEDOT:PSS/ active layer/PDINN/Ag. The
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FIGURE 2

BTP-2Br

(A) The statistics of y values between P3HT and various NFAs. (B) The synthetic route of BTP-2Br.
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FIGURE 3 (A) Normalized absorption spectra of P3HT, PM6, BTP-2Br, ZY-4Cl, and eC9 neat films. (B) Energy level diagram of the donors and

acceptors. (C) J-V characteristic curves of optimal devices based on P3HT:ZY-4Cl, P3BHT:BTP-2Br, and P3HT:ZY-4Cl:BTP-2Br blends. (D) The PCE statistics
of 12 cells for each blend. (E) The corresponding EQE curves of relevant devices. (F) Jp;, versus Vg plots of the three devices. The extracted plots of (G)
Jsc and (H) Ve versus light intensity for the P3HT-based devices. (I) The histograms of hole and electron mobilities of P3HT:ZY-4Cl, P3BHT:BTP-2Br, and

P3HT:ZY-4C1:BTP-2Br blends measured by SCLC method.

TABLE 1 Photovoltaic parameters of P3HT-based OPV devices.
Active layers Voc (V) Jsc? (mA/cm?)
P3HT:ZY-4Cl1 0.872 17.22
P3HT:BTP-2Br 0.864 5.33
P3HT:ZY-4Cl:BTP-2Br 0.885 17.78

4J.a was calculated by the EQE curve.
The average values and standard deviations were obtained from 10 devices.

current density-voltage (J-V) curves of the optimal P3BHT:ZY -
4CL:BTP-2Br blends are depicted in Figure 3C and the
relevant photovoltaic parameters are summarized in Table |
and Figure 3D. The control P3HT:ZY-4Cl-based device
exhibits a PCE of 10.20%, with an open-circuit voltage
(Voc) of 0.872 V, a short-circuit current density (Jsc)
of 17.22 mA/cm? and a fill factor (FF) of 67.9%. For
the P3HT:BTP-2Br blend, a poor Jsc of 5.33 mA/cm?
is obtained, accompanied by a Vpc of 0.864 V and a
FF of 54.7%, which lead to a significantly low PCE of
2.52%. Encouragingly, after introducing a small amount
(10%) of the guest acceptor into P3HT:ZY-4Cl control blend,
P3HT:ZY-4CL:BTP-2Br ternary cells received a boosted Jgc

Jeal (mA/cm?) FF (%) PCE (%)

16.49 67.9 10.20 (9.96 + 0.14)
4.93 54.7 2.52 (2.26 + 0.15)

17.06 72.5 11.41 (11.16 + 0.21)

of 17.78 mA/cm? and an elevated FF of 72.5% with a V¢
of 0.885 V, resulting in a significantly improved champion
PCE of 11.41%, which is a new record PCE for P3HT-based
OPVs.

The corresponding external quantum efficiency (EQE)
curves of the three optimized P3HT-based devices are dis-
played Figure 3E. The integrated current density values (J¢,)
from the EQE curves are 16.49, 4.93, and 17.06 mA/cm?
for OPVs based on P3HT:ZY-4Cl, P3HT:BTP-2Br, and
P3HT:ZY-4C1:BTP-2Br blends, respectively, which are close
to those derived from the J-V curves. Notably, the ternary
system demonstrated the highest EQE response of over 70%
within the wavelength range of 450-750 nm, indicating
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the quite efficient photoelectric conversion in this ternary
system.

To gain a deeper understanding of the photoelectric conver-
sion process, the relationship between photocurrent density
(Jpn) and effective voltage (V) of the devices was studied
(as depicted in Figure 3F) to explore the charge separation
and collection behaviors of the devices. Jy, is the difference
between the current density in the dark and under illumi-
nation, Vg is the difference between the voltage when Jp,
is zero and the applied voltage. The ternary system pos-
sessed the top exciton dissociation probability (Pg;) value
of 99.1%, which was higher than the two binary systems
(92.5% for P3HT:ZY-4Cl and 61.8% for the P3BHT:BTP-2Br
blend). The Py is defined as the ratio of Jgc / Jgr (Jgq 18
the saturatio current density). The ternary system also dis-
played the highest exciton collection probability (P.;;) value
of 87.1% among all systems (Table S5), where P, is defined
as the ratio of Ji.x / Jear (Vmax 1S the current density under
maximum power output conditions). The J;,;, of P3HT:BTP-
2Br-based devices approaches saturated at much higher Vg
values exceeding 2 V, indicating a lower exciton dissociation
probability and diminished charge collection efficiency.

Furthermore, we measured the J-V curves of the devices
under different light intensity to explore the charge recombi-
nation behavior in the active layer. The correlation between
Jsc and Py can be expressed as Jgo o Pyigp®, as shown
in Figure 3. The slope (as reflected in o values) of Jgc
versus light intensity (Pyen) approaching 1 indicates that
the bimolecular recombination of the control binary and
the optimal ternary blends are so weak that it can be
ignored. Nevertheless, the trap-assisted recombination can-
not be ignored in the system, as displayed in Figure 3H.
The relation between Voc and Pjigpe can be expressed as
Voc = B(kT/e)In(Pyigp) + ¢, where k is the Boltzmann con-
stant, T is the temperature, e is the elementary charge, c is
the constant, and (3 is the scaling factor. From the 8 values
(1.97 for P3HT:ZY-4Cl, 1.57 for P3HT:ZY-4C1:BTP-2Br)
derived from the Pjiop, dependent Vi, it is suggested that
the BTP-2Br can suppress the trap-mediated monomolecular
recombination in the devices. The exaggerated 8 value (3.00)
and low «a value (0.882) of the P3BHT:BTP-2Br-based device
indicate the strong charge recombination in the device, there-
fore presenting the terrible Jgc and FF. It is concluded that
BTP-2Br can suppress the charge recombination and facili-
tate the charge extraction, which contributes to the high Jgc
and FF in the ternary device.!®”]

Subsequently, the charge mobility in the binary and ternary
blend films was monitored based on the space-charge-limited
current (SCLC) model, which is one of the critical factors for
Jsc and FF. The curves of the hole- or electron-only devices
are shown in Figure S3, and the relevant parameters are listed
in Table S6. The calculated hole mobility (u;,) and electron
mobility (i) in the active layers are plotted in Figure 31. The
up and p. of the ternary blend were slightly improved (1.51
X 1073/2.34 x 107 cm? V~! s71) compared with the con-
trol binary blend (9.08 x 107%/1.51 x 107> cm? V~! 571,
Normally, the degree of balance in charge carrier transport
can be evaluated with the ratio of hole and electron mobil-
ity (up/ue).1%%1 The py,/u. values are 0.60, 4.27, and 0.65 for
devices with P3HT:ZY-4Cl, P3HT:BTP-2Br and P3HT:ZY-
4CL:BTP-2Br as active layers, respectively. The uy,/u, of the
optimal ternary devices is the closest to 1, indicating that

adding an appropriate amount of BTP-2Br can make the
charge transport more balanced in active layers. Thus, greater
and more balanced charge mobilities contribute to the higher
Jsc and FF for the optimal ternary devices.

Next, the surface morphology of the photoactive layers
was monitored by atomic force microscopy (AFM). As pre-
sented in Figure 4A, the P3HT:ZY-4Cl:BTP-2Br ternary
blend film exhibits a significantly reduced root-mean-square
surface roughness (Rq) of 1.4 nm compared with the control
binary films (1.9 nm). The P3HT:BTP-2Br blend film exhibits
the smallest R, of 0.9 nm, implying a poor phase separa-
tion in the binary film. Insufficient phase separation results
in poor phase purity and smaller domains, which could be
detrimental to both charge generation and transport. Further-
more, the power spectral density profiles®”! were obtained
to attain the size scale of phase separation by fast Fourier
transform of AFM phase images (Figure S4). As shown in
Figure 4B, the characteristic length scale of the blend films
gradually decreases from 56 to 50 nm, to 37 nm as the con-
tent of BTP-2Br increases, which agrees well with its smaller
x with P3HT.

In order to reveal how the addition of BTP-2Br impacts
the molecular stacking of the blend films, we conducted
grazing incidence wide-angle X-ray scattering (GIWAXS)
measurements. The 2D scattering patterns of P3HT:ZY-
4Cl, P3HT:BTP-2Br and P3HT:ZY-4Cl:BTP-2Br blend films
were shown in Figure 4C, and the corresponding scatter-
ing intensity curves in the out-of-plane (OOP) and in-plane
(IP) directions were displayed in Figure 4D. Both P3HT:ZY-
4Cl and P3HT:ZY-4Cl:BTP-2Br blend films exhibit a more
predominant face-on orientation, with a pronounced (010)
diffraction signal in the OOP direction at 1.64 A~'. An obvi-
ous (100) diffraction signal at 0.37 A~! in the IP direction
can be observed, which originates from the lamellar stak-
ing of P3HT. The weak (100) diffraction signals at 0.23 A~
in the IP direction and 0.51, 0.62 A=! in the OOP direc-
tion are the features of ZY-4Cl. The two blend films show
very little difference in diffraction signals, indicating that
the introduction of BTP-2Br has no significant impact on
the molecular arrangement of P3HT:ZY-4Cl. Moreover, the
coherence length (CL) of -7 staking increased from 16.8 A
to 17.8 A, and the CL of lamellar staking increased from
100.5 to 111.6 A. The detailed parameters are summarized
in Table S7-S8. Therefore, we can confirm that the addition
of BTP-2Br into the P3HT:ZY-4Cl blend film leads to more
ordered molecular packing. In contrast, the P3HT:BTP-2Br
blend exhibits the mixed face-on and edge-on orientation,
with the (100) peaks at ~0.37 A~! in both OOP and IP direc-
tion. The (100) diffraction signals at 0.46 and 0.61 A=!in
the OOP direction correspond to the alkyl-stacking direction,
originating from BTP-2Br (Figure S5 and Table S9-S10). A
pronounced (010) diffraction signal in the IP direction was
observed at 1.48 A~!, corresponding to 7-7 distances of
4.3 A.

To quantify and further evaluate the effects of BTP-2Br
on the film crystallinity of the blends, we further performed
the pole figure analysis of the (010) -7 stacking scattering
peaks in OOP directions. Figure S6 displayed the pole figures
(intensity X sin(w)~w) of (010) 7-7 stacking peaks of P3HT
blend systems. The relative degree of crystallinity (rDoC)!7"]
is calculated by integrating the scattering intensity of the
pole figure across all polar angles from 0 to 90° based on a

85U9017 SUOLULUOD SA1IER1D 3o [dde 3y Ag pauenoh afe sajoile YO @8N J0 3| oy Aelq 18Ul U AB|IM UO (SUOIPUOI-pUR-SLLIBH WD AB | 1M ARe.d 1B [UO//SA]L) SUOIIPUOD pUe SR | 3U1 385 *[7202/70/2z] uo ARigiauliuo Ae|im ‘Aisieaiun Ajod Buoy BuoH Aq 99t°21Be/z00T 0T/10p/wod A5 (1M Arelq 1 Ul Uo//Sdny woly papeojumoq ‘2 ‘7202 ‘09572692



AGGREGATE

P3HT-Ternary

@ -6.0nm ‘_" B -5.0nm

P3HT:BTP-2Br (B)

" @ P3HT:ZY-4CI (56 nm)
=40 ° P3HT-Ternary (50 nm)
3 * P3HT:BTP-2Brg(37 nm)
a
2 30 'd
; £ |
g 20 °0 .,,,,»m)‘f
6 | 1
Q P
N b &
g 104 ..,oomJt&*
o @
-~ o

olee .,aa“"we L

WILEY 122

0.01 0.1 1
Spatial Frequency (nm™')

—OO0P
n === P
0500 05 1.0 15 -0.5 0.0 05 1.0 15 0500 05 1.0 15 1/ i\ pauT-BTP-28Br j\
qr (A1) qr (A1) gr (A1) u ~
—_ ey et
(E) (F) 3 - s
- 0~90° 1.0{ » )
(010) Peaks (a: 0~90°) - o P3HT:ZY4CI <
1.0 2 o P3HT-Ternary o
- c
S w — 210°
s g 08 LN E
b \
Q. N
e s —
c 0.6 ,‘,___°\
5 Sy
z TA: 130 °C 3
0.0 T T : 4+ v v v 102 T . . .
:ZY-4Cl| -Ternary  :BTP-2Br 0 20 40 60 2000 4000 6000 0.5 1.0 1.5 2.0
P3HT Blends Heating Time (min) q[AY]
FIGURE 4 (A) The AFM height images of P3HT-based blend films. (B) Lorentz corrected power spectral density (PSD) profiles of the phase images

for the three blend films. (C) The 2D GIWAXS patterns of P3HT:ZY-4Cl, P3HT:BTP-2Br and P3HT:ZY-4CLl:BTP-2Br blend films. (D) The corresponding
1D GIWAXS line profiles of the OOP and IP directions for three blend films. (E) The histogram of rDoC values calculated from the (010) peaks of the P3HT
blend systems. (F) The evolution plots of normalized PCE with annealing time for the P3HT-based blend films at 130°C.

corrected Ewald sphere. The histogram of rDoC values of
(010) peaks are shown in Figure 4E. All values are normal-
ized to the control binary blend (P3HT:ZY-4Cl), which is
assigned to be 1. The rDoC value of ternary blends is 0.95,
suggesting a slightly suppressed crystallinity. Suppression of
strong crystallization in the binary system by the introduction
of BTP-2Br can suppress the formation of large crystals in
the film, thereby providing a more stable film morphology,
which will synergistically lead to higher device performance
and thermal stability.

Thus, considering the changes in film crystallinity upon the
addition of BTP-2Br, we investigated the thermal stability of
the control binary and ternary blends. As shown in Figure 4F,
the PCE of the control binary blend decreased to 50% of
the initial efficiency after continuously annealing the blend
films at 130°C for 6000 min. By comparison, the ternary
blend retained a higher percentage of its initial performance,
which is mostly attributed to the suppressed crystallization
with smaller rDoC values. The results indicate that the new
ternary blend possesses better thermal stability than that of
the binary blends.

To test the aforementioned miscibility-guided ternary
blending approach, we revisited PM6:eC9 with various
acceptors. As displayed in Figure 5A, the PM6:eC9 blend
possesses the maximum Y value, while the y values of PM6
with other acceptors are all smaller than that of the control
binary blend. Thus, all of these acceptors can be introduced

as second acceptors to potentially improve photovoltaic effi-
ciencies. In this regard, we introduced 10 wt% BTP-2Br
into the high-efficiency system PM6:eC9, considering the
lower y value of PM6:BTP-2Br blend. As expected, the
PM6:eC9:BTP-2Br-based ternary devices can obtain a higher
PCE of 18.22% with a Jsc of 27.14 mA/cm?, an FF of
78.2%, and a higher Vo of 0.859 V, compared with the con-
trol binary cell (17.88%). The histogram of optimal devices
based on PM6:eC9, PM6:BTP-2Br and PM6:eC9:BTP-2Br
blends is presented in Figure 5B. The J-V curves and EQE
curves are presented in Figure S7, respectively, and the rel-
evant photovoltaic parameters are summarized in Table S11.
It was found that the alterations in PM6 systems after intro-
ducing BTP-2Br exhibit a similar trend to the performance
and stability evolutions (Figure 5C) in the above P3HT sys-
tems. The higher y implies the stronger phase separation in
the control binary blends.!®’ Therefore, introducing acceptor
(BTP-2Br) with lower y value can inhibit excessive aggre-
gation of Y-series acceptors (ZY-4Cl and eC9) and provide
smaller phase separation (Figure S8), which will synergisti-
cally lead to higher device performance and thermal stability
of both P3HT:ZY-4Cl systems and PM6:eC9 systems.
Subsequently, we evaluated the y between an asymmet-
ric acceptors Y6-CNO (see Figure 5D, an analogue of
eC9 and ZY-4Cl) and the two polymers. we can find
the y parameters of P3HT:Y6-CNO blends are higher
than that of P3HT:ZY-4Cl, while the y parameters of
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FIGURE 5 (A) The plots of y values between PM6 and various nonfullerene acceptors. (B) The histogram of optimal devices efficiency based on
PM6:eC9, PM6:BTP-2Br, and PM6:eC9:BTP-2Br blends. (C) The evolution plots of normalized PCE with annealing time for the PM6-based blend films at
100°C. (D) The chemical structure of the Y6-CNO and 10-4H. (E) The y values of P3HT:ZY-4Cl, P3HT:Y6-CNO, P3HT:10-4H; PM6:eC9, PM6:Y6-CNO,
and PM6:10-4H blends. (F) The histogram of optimal devices based on P3HT:ZY-4Cl, P3HT:Y6-CNO, P3HT:ZY-4Cl:Y6-CNO; PM6:eC9, PM6:Y6-CNO,
and PM6:eC9:Y6-CNO blend films. (G) The histogram of efficiency based on P3HT:ZY-4Cl, P3HT:10-4H, P3HT:ZY-4C1:10-4H; PM6:eC9, PM6:10-4H, and

PM6:eC9:10-4H blend films.

PM6:Y6-CNO blends are lower than that of PM6:eC9, as
shown in Figure 5E. According to our prediction, the intro-
duction of Y6-CNO is not beneficial to the performance
of P3HT-based ternary systems due to the unfavorable
phase separation. In contrast, introducing Y6-CNO into
the PM6:eC9 binary control system is expected to offer
better photovoltaic performance. As expected, the P3HT:ZY-
4Cl:Y6-CNO-based ternary devices offer a poor PCE of
1.95% by incorporating 10 wt% Y6-CNO, much lower
than that of the control binary cell (10.20%). While the
PM6:eC9:Y6-CNO-based ternary devices give a higher
PCE of 18.66%, higher than the PCE of PM6:eC9 blends
(17.88%). The histogram of optimal devices is presented
in Figure 5F. The J-V curves are presented in Figure S9,
and the relevant photovoltaic parameters are summarized in
Table S12. ZY-4Cl is a derivative of eC9, which replaced
the strong electronegative malononitrile with carbonyl group.
In a similar manner, we evaluated the y between 10-4H!71
(a derivative of ITIC, where the malononitrile in ITIC was
replaced with carbonyl) and the two polymers to confirm
the impact of terminal groups on performance. We found
that the P3HT:10-4H blend provides a considerably higher
PCE of 3.44% than that of P3HT:ITIC (0.02%). Unfor-
tunately, the y values of 10-4H-based binary blends are

higher than that of P3BHT:ZY-4Cl and PM6:eC9, respectively.
Hence, when introducing 10 wt% 10-4H into the host sys-
tem, the 10-4H-based ternary devices exhibit significantly
lower PCEs (7.27% for P3HT systems and 0.47% for PM6
systems) compared to the control binary devices, as shown
in Figure 5. Therefore, the screening of second acceptors in
ternary systems necessitates not only matching energy lev-
els and complementary absorption but also requires further
prediction of intermolecular interactions through miscibility
analysis. As such, our screening strategy holds significant
value in reducing reliance on trial-and-error methods for
constructing high-efficiency ternary solar cells.

In ternary blend systems, there are intermolecular inter-
actions between the donor/acceptor molecules, and mutual
interactions between the donor and acceptor molecules all
matter..’? As the y values between the nonfullerene acceptor
molecules are all lower than 0.4 (Figure S10), the two accep-
tors are highly miscible compared with the blend between
donor and acceptor molecules. Therefore, it is more impor-
tant to match the miscibility between donor and acceptor.
One can infer the mutual interactions in ternary blends based
on the y values of the various binary blends. Finally, a guid-
ing principle for selecting the second acceptor for Y-series
systems with strong self-aggregation characteristics emerges
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as follows: the third component exhibits a y value with the
host polymer smaller than that of the host acceptor materials.
The introduction of an appropriate amount of BTP-2Br can
improves the photovoltaic performance and thermal stabil-
ity of both P3HT:ZY-4Cl and PM6:eC9-based devices, which
is well captured by our miscibility-function relations. Over-
all, the theoretical calculation of y values can offer a facile
guide for the selection of the third component in developing
high-performance ternary OPVs, which can greatly reduce
the experimental trial and error costs.!”?]

3 | CONCLUSION

Motivated by theoretical calculations of blend miscibility, we
designed and synthesized a versatile nonfullerene acceptor
BTP-2Br as a third component to simultaneously optimize
the photovoltaic performance of P3HT and PM6-based binary
OPVs. Strikingly, a champion photovoltaic efficiency of
11.41% was achieved by introducing 10 wt% BTP-2Br into
the P3HT:ZY-4Cl system, which was higher than that of the
control binary cell (10.20%). The champion PCE attained in
this work is the topmost value reported so far for P3HT-based
OPVs. This study fills the existing gap in constructing high-
efficiency ternary OPVs based on P3HT and nonfullerene
acceptors. Moreover, a facile strategy of miscibility screening
was proposed for the first time for selecting the second accep-
tors suitable for both P3HT and PM6-based ternary systems.
With the assistance of this approach, the PM6:eC9:BTP-2Br-
based ternary devices delivered a photovoltaic efficiency of
18.23%, higher than that of the control binary cell. The effec-
tiveness of this approach is further validated with a ITIC
analogue. Our study points out that the y value between
the second acceptor and the host polymer donor should
be smaller than those of control binary blends. This sim-
ple approach offers great potential, as it can facilitate the
selection of an optimal ternary combination with desired
morphology for fabricating efficient and cost-effective opto-
electronic devices. Moving forward, developing stretchable
polythiophene solar cells!’#73! is of cruical importance.
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