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ABSTRACT: Recently, all-polymer solar cells (all-PSCs) have made significant progress
in terms of efficiency and performance. Using Y-series-based small-molecule acceptors, a
new range of polymer acceptors for all-PSC has been developed. These synthesized
polymer acceptors have a low band gap, broad absorption, and easily tunable energy levels,
making them suitable n-type candidates for eflicient all-PSCs. In this review, we
summarize some molecular design and synthesis strategies used to advance the field of 2
innovative materials and device engineering involving Y-series-based polymer acceptors to Y-Series-based

achieve a power conversion efficiency greater than 18% in all-PSCs. ZOlymfr
cceptor

ecent research has shown that bulk heterojunction Y-series-based SMAs have been developed by introducing a

(BHJ) all-polymer solar cells (PSCs) comprising heptacyclic fused ring into the conventional structure,”* using

conjugated polymer donor and acceptor blends can halogenated end groups,”*® and replacing the benzotriazole
produce large-area devices' ™" at low cost and with a simple (BTA) core with a benzothiadiazole (BT) core.”” In contrast
solution process;s_8 moreover, they possess outstanding to A-D-A-type SMAs,>* ! Y-series-type SMAs exhibit a
thermal and mechanical stabilities.”~"” Until the development distinct A-DA’D-A core structure and have proven to be the
of a new type of polymer acceptor by Zhang et al. in 2017,"* most promising candidate to date, primarily attributable to
the power conversion efficiency (PCE) of all-PSCs using their outstanding characteristics, such as (i) an extended
donor—acceptor (D-A)-type polymers did not surpass 12% due absorption range to 950 nm, (ii) molecular packing to form a
to their low extinction coefficient and narrow absorption 3D interpenetrating network for efficient charge transport and
spectrum (300—700 nm)."*~"" Zhang et al. proposed a exciton delocalization, and (iii) electron mobility in the range
strategy to polymerize A-D-A-type small-molecule acceptors 107* to 107 cm® V! s7! with exceptionally low energy loss.

(SMAs) with a low band gap to develop a novel polymer
acceptor, PZ1, containing an IDIC accepting unit and a
thiophene linker; a PCE value of 13% has been attained with
the continued development of IDIC- or ITIC-based polymer
acceptors.'¥'®7** It has been observed that these polymer
acceptors retain all the benefits associated with A-D-A-type
SMAs as well as the distinctive properties of the polymer
backbone.

In addition, many researchers recognized the advantages of
Y-series-type SMA with superior device performance and
predicted that establishing Y-series-based polymer acceptors in
all-PSCs would be a significant step forward in the future of
PSCs. Since the first A-DA’D-A-type pentacyclic SMA, named
BZIC, was announced in 2017,> a series of high-performance

The corresponding Y-series-based polymer acceptors also
overcome the limitations of D-A-type and A-D-A-type polymer
acceptors by reducing the energy loss for high short-circuit
current density (J,) and open-circuit voltage (V,.) and by
suppressing unfavorable charge-transfer states and charge
carrier recombination.’”>* Since the first Y-series-based
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polymer acceptor was reported by Huang et al. in 2020, this
type of acceptors was deemed the best n-type materials. Very
recently, all-PSCs containing Y-series-based polymer acceptor
achieved a high PCE of 18%,”° comparable to that of Y-series
SMA-based devices.>*>” Nevertheless, if flexible organic solar
cells (OSCs) are to be considered in the future, the continuous
development of a new polymer acceptor with superior thermal
and mechanical stability is necessary. For such research, it is of
the utmost importance to examine exhaustively all approaches
utilized in the past three years with all-PSCs comprising
polymer acceptors based on the Y-series SMAs.

Y-series-type small-molecule acceptors
with outstanding characteristics exhibit
a distinct A-DA'D-A core structure and
can be introduced into polymer struc-
tures, proving to be the most promis-
ing candidate to date.

Several articles have recently discussed an all-PSCs develog—
ment roadmap. Independently, Kim et al.*® and Marks et al.”
analyzed design strategies for polymer donors/acceptors and
device efficiency enhancements for all-PSCs through 2019.
Andersson et al. investigated the %rowth of n-type polymers for
all-PSC devices through 2019."° Recently, Zhang and Li
described a polymerized small-molecule acceptor strategy that
utilizes IDIC, ITIC, and Y-series-based SMAs to generate
novel polymer acceptors." Kyaw et al. demonstrated the
development of non-fullerene-based organic solar cells.*”
Despite all these review articles, it is necessary to summarize
research data solely focused on the evolution of Y-series-based
polymer acceptors and the various techniques for device

fabrication employed to improve their stability and efficiency
over the past three years.

In this review, polymer acceptors used in binary active layer
systems are first introduced based on a variety of core structure
and linker structure modifications. In addition, the materials
comprising ternary and single-component active layers as a
non-binary active layer system are described. This is followed
by a conclusion and an outlook on the future of these
acceptors. Figures 1—5 contain diagrammatic representations
of all the polymers reviewed. The performance of photovoltaics
is summarized in Tables 1 and 2.

The synthetic strategy involved in the development of Y-
series-based polymer acceptors is the Stille cross-coupling
between Y-series-based dibromide and the distannyl linking
unit. From this design strategy, we can envisage that
straightforward approaches to manipulating electronic proper-
ties and controlling intermolecular stacking and charge
transport properties of these generated polymer acceptors
involve deploying the properties of either Y-series-based SMA
or the linking unit. Figure 1 illustrates the strategies that have
been used to develop a diverse array of SMA building blocks
involving the insertion of the alkyl chain, chemical
modifications in the DA'D central core, the end group, and
the position of the bromine at the end group of SMA.

As depicted in Figure 1, various conjugated and non-
conjugated linkers, ranging from simple to bulky, electron-
donating to electron-withdrawing units, have been utilized thus
far. In addition to molecular design, controlling the molecular
weight plays a crucial role in balancing the solubility of the
material, the morphology of the blend film, and the stability of
the device. Other strategies, including the insertion of a third
unit into polymer chains (random terpolymers), introduction
of third components with complementary properties (ternary
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Figure 1. Schematic representation of the contents of the present Focus Review.
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systems), and combinations of the donor polymer and these
acceptors in a single component, have also been used.

1. POLYMER ACCEPTORS FOR THE BINARY ACTIVE
LAYER

1.1. Core Design Strategies. For maximizing the device
performance of all-PSCs, the polymer acceptors must have
brilliant solubility, strong absorption coefficient (>10° cm™),
ultra-narrow band gaps (1.6—1.3 eV) for broad absorption
spectra (>900 nm), planar backbones, and better miscibility
with polymer donors for favorable morphology to ensure a
high J,. (~29 mA cm™) and small energy loss (<0.5 eV) for
the resulting devices. Additionally, the acceptors must possess
high chemical, high thermal, high mechanical, and high photo-
stabilities to create durable all-PSC devices. To attain these
properties in binary all-PSCs, various design strategies for the
SMA analog and linking units have been implemented.

For maximizing the device perform-
ance of all-polymer solar cells, the
polymer acceptors must have brilliant
solubility, strong absorption coefficient,
ultra-narrow band gaps for broad
absorption spectra, planar backbones,
and better miscibility with polymer
donors.

1.1.1. Side-Chain Engineering. The variation of the alkyl
chain on the Y-series-based monomer from linear to branched
and shorter to longer enhanced the solubility. Additionally,
these alkyl chains on both the sides of the SMA assist with
conformational issues and locking to achieve a reduced level of
energetic disorder. Min et al. reported the synthesis of the
polymer acceptor PYT1 from the monomer Y5-C20 having
two 2-octyldodecyl as the N-alkyl side chains and thiophene as
the conjugative linking unit (Figure 2).>* The performance of
PM6:PYT1 blend-based all-PSCs revealed a PCE of 13.43%
(Table 1), which is substantially higher than that of the
PM6:Y5-C20-based device owing to its superior crystalline
domain formation and low donor—acceptor highest occupied
molecular orbital (HOMO) energy offset. On the other hand,
the effect of controlling the M, value on the crystallinity,
miscibility, and performance of all-PSC devices in the above
polymer acceptor was investigated.”> Consequently, a series of
PYT polymer acceptors, i.e., PYT, (M, = 7.2 kDa), PYT,; (M,
= 12.3 kDa), and PYTy (M, = 20.6 kDa), with different M,
values were developed (Figure 2). Among them, the device
performance of PM6:PYT), is superior to that of other devices
with a PCE value of 13.44% (Table 1) due to the improved
miscibility, external quantum efficiency values, and low energy
loss. These results indicated the role of M, in device
performance and found PYT-based binary devices with a
medium M, value demonstrated the best performance. For Y-
based polymer acceptors, intermediate M, polymers are
preferred over those with low or high M, values in most
cases.**~*° However, it should be recognized that the optimal
molecular weight, which determines device performance, may
vary depending on the chemical structure of the repeating
group of the polymer acceptor. In contrast to the PYT series,
Huang et al. discovered that polymer acceptors, PJ1 series,
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which have a slightly longer N-alkyl side chain in the core, are
promising candidates for binary all-PSCs (Figure 2).** In
comparison to PJ1-L (M, = 7.3 kDa) and PJI-M (M, = 11.0
kDa)-based devices, the PCE of a PBDB-T:PJ1-H (M, = 23.3
kDa)-based device was relatively high at 14.4% (Table 1). An
increase in J. was observed in the device based on PBDB-
T:PJ1-H as a result of red-shifted absorption and a slight
increase in extinction coeflicient. These findings suggest that
the addition of a long alkyl chain to the PJ1 series can improve
the solubility of higher M, polymers, thereby improving the
performance of the corresponding organic photovoltaic (OPV)
devices. Therefore, since the molecular weight can directly
affect the solubility, chain entanglement, chain packing
behavior, and viscoelasticity of the polymer acceptor, it is
important to optimize this M, value for each polymer design to
maximize the resulting device performance.

Sun et al. also synthesized a series of polymer acceptors PY-
X (PY-HD, PY-OD, PY-DT, and PY-DH) by introducing
various N-alkyl side chains and the branched 2-hexyldecyl
chains at the f-position of the thiophene on the Y-series-based
core (Figure 2).% Among them, the PM6:PY-DT-based binary
device represented a breakthrough for all-PSCs with a PCE
value of 16.76% with an increased V. of 0.949 V (Table 1).
The increase in device performance can be attributed to (i) the
up-shifting of the lowest unoccupied energy level (LUMO)
and (ii) the increase in miscibility due to the lengthening of the
branched N-alkyl chain. However, PM6:PY-DH demonstrated
an inferior device performance due to disruptions in the
molecular arrangement (or aggregation) in the solid-state as
the length of the alkyl chain increased. Therefore, the alkyl
chain should be selected with caution.

1.1.2. Main-Chain Engineering. The key strategy to finely
tune the photovoltaic properties of the Y-series-based polymer
acceptors lies in the modifications of the main chain. While the
majority of reported Y-series-based polymer acceptors
employed BT as the A’-core, the utilization of BTA core
could give more advantages to adjust the solubility and
molecular packing of the polymer chain through the additional
alkyl side chain tethered to the nitrogen. For example, Li et al.
introduced the polymer acceptor PN-Se with BTA core in
comparison with the BT-based analog PS-Se (Figure 2).*
Compared to PS-Se with stronger electron withdrawing BT
core, PN-Se exhibited upshifted LUMO level. Besides, the
extra alkyl chain on the BTA core had a positive effect on the
packing behavior of PN-Se, proven by its more red-shifted
absorption spectra as well as the formation of homogeneous
fibril-like phases in the blend film with PBDB-T. As a result,
the all-PSC based on PBDB-T:PN-Se showed an improved
PCE of 16.16%, with significant enhancement in all parameters
Voo Jio and FF compared to the PBDB-T:PS-Se-based device
(Table 1). Jen et al. observed similar results with the polymers
acceptors PYT, PZT, and PZT-y (Figure 2).% Bearing the
BTA core, PZT also revealed a bathochromic-shifted
absorption spectra and shallower energy level than those of
PYT with BT core. The regioregular isomer of PZT, PZT-y,
exhibited further broadened absorption spectra, as well as
improved blend morphology with donor polymer. As a result,
the binary device of PBDB-T:PZT-y outperformed with PCE
of 15.8% (Table 1) with a significantly higher J,. of 24.7 mA
cm™? and a low energy loss of 0.51 eV.

Zhou et al. demonstrated the polymer acceptors based on Y-
series moiety bearing the BTA unit in DA'D fused central core
by keeping in mind that the alkyl chain will help in providing

https://doi.org/10.1021/acsenergylett.2c01541
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Figure 2. Design strategies for Y-series-based core and corresponding structures of various polymer acceptors.

good solubility (Figure 2).°° The all-PSCs bearing A702 and
PBDB-T generate PCE of 11.84% along with a high V. of 0.90
V (Table 1). In contrast, all-PSCs containing a binary mixture
of A702 and PM6 under similar optimized conditions showed
only a 2.66% PCE value which is due to the deep HOMO level
of PM6 with respect to polymer acceptor. Consequently, it
interfered with proper charge transfer, resulting in lower J. and
FF. In parallel to the work on A702 polymer acceptor, Ying et
al.>" employed the longer alkyl chain on the central fused BTA
core and synthesized the polymer acceptor named as PSI.

3838

Intriguingly, the devices were fabricated using 2-methylte-
trahydrofuran (2-MeTHF) as a non-chlorinated and green
processing solvent system. The ], and V. values were
improved from 0.90 V to 0.92 V and 21.93 mA cm™ to
2247 mA cm?, respectively, along with an advancement in
PCE value from 11.84% to 13.8% (Table 1). From these
results, it was found that increasing the length of the alkyl
chain improved the solubility in 2-MeTHF and improved the
crystallinity of the polymer, and consequently the tendency to
increase J,. and FF.

https://doi.org/10.1021/acsenergylett.2c01541
ACS Energy Lett. 2022, 7, 3835—-3854
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Table 1. Photovoltaic Parameters of the All-PSCs Binary Systems

SMA
Y5-C20

YS-C20-Br
YS5-C20-Br
YS-C20-Br
TTPBT-IC
TTPBT-IC
TTPBT-IC
SMA-OD
SMA-DT
SMA-DH
SMA-HD
TPBN-Br
TPBS-Br
ZIC-Br
ZIC-Br-y
TPBTA-2Br
TPBTA-2Br
TTPTAZ-ICBr
1S1Se-ICBr
2Se-ICBr
YS-Br
YS-F-Br
Y-OD-Br
Y-OD-FBr
BTP-OD-FBr
BTP-OD-HBr
YS-IT
YS-OT

YS- 10T
M-6

M-6

M-6
CPTCN-Br
CPTCN-Brl
CPTCN-Br2
Y-OD-FBr-o
Y-OD-FBr-m
Y-OD-2FBr
Y2SBr-H
Y2SBr-F
Y2SeBr-F
Y2SeBr-Cl
YS-C20
YS-C20
YS-C20
YS-Br

YS-Br
m-Br-BTIC
m-Br-BTIC
YS-C20-Br- y
YS5-C20-Br- y
YS-C20-Br-y
TTPBT-IC
TTPBT-IC
TPBT-Br
TPBT-Br
TPBT-Br

polymer acceptor

PYT1 and CN
additive

PYT, (7.2)
PYTy, (12.3)
PYTy (20.6)
PJ1-L (7.3)
PJ1-M (11.0)
PJ1-H (23.3)
PY-OD
PY-DT
PY-DH
PY-HD
PN-Se

PS-Se

PYT

PZT

PZT-y

A702

A702

PS1

PYT-2S
PYT-1S1Se
PYT-2Se
PYST

PFA1

PY-T

PYF-T

PAL1

PAL2

PY-IT
PY-OT
PY-IOT
PA-6-L (8.9)
PA-6-M (12.5)
PA-6-H (30.1)
PYTT-1
PYTT-2
PYTT-3
PYF-T-o
PYF-T-m
PY2F-T
PY2S-H
PY2S-F
PY2Se-F
PY2Se-Cl
PY-O

PY-S

PY-Se

PY-2T
PY-2T2Cl
PBTIC-y-2F2T
PBTIC-y-2T
PY-V-y
PY-T-y
PY-2T-y
PJTET
PJTVT
PTPBT
PTPBTETO.1
PTPBTET0.2

polymer
donor

PMé6

PM6
PM6
PMé6
PBDB-T
PBDB-T
PBDB-T
PM6
PMé6
PM6
PMé6
PBDB-T
PBDB-T
PBDB-T
PBDB-T
PBDB-T
PM6
PBDB-T

PTzBI-oF

PMé6
PM6
PM6

PTzBI-oF
PTzBI-oF

PM6
PM6
PM6
PM6
PM6
PM6
PM6
JD-40
JD-40
JD-40
PBDB-T
PBDB-T
PBDB-T
PM6
PM6
PM6
PM6
PM6
PM6
PM6
PBDB-T
PBDB-T
PBDB-T
PBDB-T
PBDB-T
PM6
PM6
PM6
PM6
PM6
JD-40
JD-40
PBDBT
PBDBT
PBDBT

PA HOMO/
LUMO (eV)

—5.69/-3.92

—5.73/-3.92
—5.69/-3.92
—5.69/-3.93
—5.68/—3.83
—5.67/-3.83
—5.64/-3.82
—5.60/—3.84
—5.60/—3.83
—5.65/-3.76
—5.52/-3.94
—5.63/-3.85
—5.69/—3.88
—5.64/-3.81
—5.58/-3.76
—5.57/-3.78
—5.41/-3.75
—5.41/-3.75
—5.56/-3.70
—5.56/-3.72
—5.61/-3.75
—5.59/-3.79
—5.71/-3.76
—5.74/-3.84
—5.63/—380
—5.67/-3.72
—5.67/-3.78
—5.60/—3.81
—5.68/—3.94
—5.69/—3.90
—5.68/-3.92
—5.67/—3.80
—5.64/-3.78
—5.65/-3.75
—5.66/ —3.82
—5.73/-3.83
—5.76/—3.88
—5.73/-3.81
—5.73/-3.77
—5.71/-3.84
—5.76/-3.87
—5.78/-3.91
—5.76/-3.93
—5.75/-3.93
—5.57/ —-3.78
—5.55/ —3.78
—5.56/ —=3.77
—5.59/-3.78
—5.63/-3.82
-5.51/-3.77
—5.56/—3.80
—5.64/-3.76
—5.63/-3.73
—5.62/-3.69
—5.56/-3.78
—5.57/-3.77
—5.66/—3.85
—5.66/—3.85
—5.66/—3.84

/‘lpeak (nm)“
max/onset

801/875

806/882
799/875
792/859
786/868
793/872
798/880
788/832
788/832
766/832
788/837
820/905
798/879
795/873
817/895
838/913
815/892
815/892
810/892
810/878
824/890
830/902
792/852
815/881
796/875
821/900
811/890
818/888
808/894
791/874
796/882
796/870
792/872
795/854
761/834
769/832
815/861
800/896
758/880
830/904
810/852
818/867
839/876
837/875
793/855
801/864
793/874
791/905
793/895
805/882
796/871
796/881
810/871
789/867
776/835
787/869
800/873
800/873
800/879
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Hy/ e (1074
Sk 05,

1.08/3.62

2.81/7.88
6.12/8.91
2.49/5.92
55.8/2.31
65.6/3.34
24.7/7.09
5.58/4.20
4.32/3.53
3.95/1.74
7.11/5.37
7.92/6.87
6.89/4.84
2.73/3.44
2.47/3.31
4.35/5.07
5.34/1.08
2.10/1.02
2.45/3.57
4.49/7.18
4.99/8.50
3.51/7.37
3.76/0.833
10.3/5.49
6.17/7.37
7.52/8.64
0.876/0.658
0.494/0.297
9.21/5.28
8.79/3.81
9.03/4.57
12.86/1.77
15.03/2.13
22.19/1.85
222/1.22
1.19/0.584
1.01/0.179
8.4/7.8
1.21/2.7
8.20/9.29
4.49/7.18
4.66/7.62
4.54/9.34
5.11/9.64
1.56/2.04
2.55/2.74
3.28/3.16
-/2.7
/3.8
2.6/1.8
0.13/0.57
3.15/4.80
529/12
1.42/3.01
11.4/8.55
3.14/1.19
4.71/2.59
4.91/2.48
5.82/2.91

Voc
v)
0.938

0.93
0.93
0.95
0.89
0.88
0.90
0.943
0.949
0.961
0.937
0.907
0.874
0.892
0.909
0.896
0.95
0.90
0.92
0.941
0.926
0.908
0.91
0.87
0.95
0.88
091
0.90
0.933
0.954
0.939
0.92
0.92
0.92
0.93
0.91
0.82
0.901
0.949
0.86
0.941
0.920
0.885
0.884
0.876
0.889
0.891
0.89
0.87
0.95
0.95
0.912
0.929
0.933
0.92
0.89
0.849
0.855
0.864

Jee PCE
(mA cm™) FF (%) (%) ref
21.50 66.66 1343 32
20.92 64.51 1255 43
21.78 6633 1344 43
20.6 52.91 861 43
20.3 69 12.3 33
21.6 70 132 33
223 70 14.1 33
23.95 732 16.53 47
23.73 74.4 1676 47
21.39 723 14.86 47
24.05 72.8 1641 47
24.82 71.8 1616 48
23.27 68.0 13.83 48
20.8 69.6 12.9 49
232 68.6 14.5 49
24.7 71.3 15.8 49
6.74 43 273 50
21.93 60 11.84 50
22.47 6670  13.8 51
22.3 70.7 14.8 52
24.1 73.0 16.3 52
23.9 71.4 15.5 52
991 4442 401 53
23.96 7267 1511 53
17.45 64.61 1074 54
23.27 6683  13.77 54
22.41 6632 1353 55
17.96 56.46 9.16 55
22.30 72.3 1505 56
16.82 62.6 10.04 56
19.71 65.6 1212 56
22.13 7299 1481 44
2242 7241 1499 44
20.53 67.36 1278 44
20.66 7035  13.54 57,58
22.00 7153 1432 57,58
21.99 68.47 1241 57,58
233 724 152 45
4.60 327 140 45
24.02 7262 1522 59
223 70.7 14.8 60
233 70.5 15.1 60
24.4 722 15.6 60
24.5 74.3 16.1 60
17.86 62.68 9.80 61
22.84 69.71 1416 61
23.52 73.85 1548 61
11.56 51 534 62
16.32 65 935 62
22.56 6689 1434 63
20.85 6022 1192 63
24.8 75.8 17.1 64
24.1 71.9 16.1 64
23.5 69.9 15.3 64
18.58 63.84 1093 65
23.57 7640 1613 65
19.82 59.2 9.96 66
19.48 62.3 1037 66
20.78 65.5 11.76 66
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Table 1. continued

polymer PA HOMO/ Apeak (nm)* /4}5/ U, (19’417 V. e PCE
SMA polymer acceptor donor LUMO (eV) max/onset cm? V1 s7h) V) (mA cm™) FF (%) (%) ref

TPBT-Br PTPBTETO0.3 PBDBT —5.65/—-3.83 800/879 7.27/4.13 0.899 21.33 65.3 12.52 66
TPBT-Br PTPBTETO0.4 PBDBT —5.65/-3.82 800/873 5.70/1,08 0.900 21.22 55.3 10.56 66
TPBT-Br PTPBTETO0.5 PBDBT —5.64/—-3.84 800/873 6.75/1.14 0.902 18.77 57.5 9.73 66
TPBT-Br PTPBTETO.75 PBDBT —5.60/—3.78 800/873 5.10/0.10 0.903 14.50 38.8 5.08 66
Y5-C20-2Br PYT PBDBT —5.56/-3.99 789/854 3.72/5.83 0.88 21.30 62.65 11.75 67
YS5-C20-2Br PYT-TOE(10) PBDBT —5.53/-3.96 789/862 5.14/6.86 0.91 21.57 64.63 12.77 67
YS5-C20-2Br PYT-TOE(20) PBDBT —554/-3.94 790/867 1.80/3.47 0.97 18.75 61.41 10.49 67
YS-C20-2Br PYT-TOE(30) PBDBT —5.53/-3.96 791/869 0.79/2.26 0.89 16.74 55.01 8.16 67
TPBT-IC A701 (DIO) PBDB-T —5.61/-3.80 —/873 1.24/4.65 0.92 18.27 64 10.70 68
YS5-2BO P(B;)TZBOYS- PBDB-T —5.60/—4.15 789/855 2.2/4.7 0.92 18.61 S1 8.81 69

H
YS-2BO P(B)DTZBOYS- PBDB-T —5.61/-4.16 789/855 2.1/7.6 0.92 19.03 SS 9.64 69

F
YS-2BO P(Bl])DTZBOY& PBDB-T —5.62/—4.18 789/861 22/14 0.92 18.72 63 11.12 69

C
YS PFS-YS PBDB-T —5.52/-3.84 —/880 0.13/0.076 0.944 20.54 73.1 14.16 34
YS PYS-BTZ PBDB-T —5.67/-3.72 775/860 0.356/4.83 0.922 22.61 71.1 14.82 70
YS PYS—-2TZ PBDB-T —5.70/-3.76 775/861 0.241/3.43 0.894 20.82 68.4 12.73 70
YS PYs-PZ PBDB-T —5.71/-3.75 772/856 0.23/2.88 0.893 1991 68.2 12.10 70
YS PYS-BT PBDB-T —5.73/-3.78 778/863 0.066/1.02 0.891 15.05 60.4 8.12 70
YS PYS-TTz-FT PBDB-T —5.70/-3.76 775/861 2.41/3.43 0.894 20.82 68.4 12.73 71
YS PYS-TTz-CT PBDB-T —5.68/-3.71 790/930 1.74/3.12 0.929 20.44 51.8 9.84 71
TTPBT-ICBr PBN25-CC PM6 —5.59/-3.85 792/861 5.45/2.34 0.91 12.40 63.5 7.17 72
TTPBT-ICBr PBN2S PM6 —5.74/-3.93 799/867 6.37/6.78 0.89 22.62 71.6 14.36 72
YS L11 PM6 - —/892 7.76/4.30 0.95 18.0 64.3 11.1 73
YS L14 PM6 —5.76/-3.92 849/892 8.03/6.55 0.953 21.12 71.60 14.41 73
YS L15 PM6 —5.75/-3.94 850/898 7.86/6.78 0.953 22.21 71.86 15.22 74
YBO PFY-DTC PBDB-T —5.53/-3.85 —/885 10.1/6.02 0.863 20.20 66.3 12.31 76
YBO PFY-2TS PBDB-T —5.50/-3.85 - 9.78/6.35 0.906 20.47 63.6 11.08 76
YS-Br PTH-Y PBDB-T —5.55/-3.74 771/850 3.7/0.98 0.956 12.01 57.2 6.57 75
YS5-Br PTCL,-Y PBDB-T —5.60/-3.81 776/866 5.5/1.9 0.941 15.86 558.3 8.25 75
YS-Br PTCl,-Y PBDB-T —5.61/-3.83 784/870 6.3/3.8 0.948 20.21 66.5 12.74 75
YS PYTS-0.0 PBDB-T —5.88/—4.28 796/879 3.9/0.58 0.92 22.38 63 13.01 77
YS PYTS-0.1 PBDB-T —5.89/—4.94 792/885 3.0/0.98 0.92 22.52 68 14.19 77
YS PYTS-0.3 PBDB-T —5.89/—4.20 793/879 3.4/2.3 0.92 2291 70 14.68 77
YS PYTS-0.5 PBDB-T —5.88/—4.19 794/885 2.1/0.077 0.92 14.46 60 791 77
YS PYTS-1.0 PBDB-T —5.87/—-4.17 790/861 3.7/0.0088 0.89 4.31 44 1.71 77
YS PYSe PBDB-T —5.65/—-3.85 804/886 2.33/542 0.875 22.79 62.43 12.45 78
YS PYSe-TC4T(10) PBDB-T —5.65/-3.83 800/883 3.23/5.01 0.882 22.82 64.29 12.94 78
Ys PYSe-TC;T(10)  PBDB-T —5.62/-3.79 795/873 3.53/5.16 0.891 22.94 6626 1354 78
' PYSe-TC,T(20)  PBDB-T —5.59/-3.72 792/867 1.46/2.68 0.906 20.08 62.66 1140 78
YS-out YS-Se-out PBDB-T —5.68/—4.24 797/861 2.3/0.45 0.88 16.09 56 7.60 79
YS5-mix YS-Se-mix PBDB-T —5.68/—4.25 800/867 1.9/0.62 0.89 17.95 58 8.65 79
YS5-in YS5-Se-in PBDB-T —5.68/—4.28 820/885 2.2/19 0.86 21.74 72 12.95 79
YS-out YS5-BiSe-out PBDB-T —5.64/-4.22 792/873 2.0/1.2 0.92 18.12 66 10.13 79
YS-mix YS-BiSe-mix PBDB-T —5.64/—4.22 795/873 1.8/0.67 0.92 17.44 60 9.42 79
YS5-in YS-BiSe-in PBDB-T —5.66/—4.25 800/879 2.0/0.43 0.86 16.54 59 8.31 79
BP2S-ICBr PFY-0Se PBDB-T —5.68/—3.88 800/824 2.76/4.83 0.904 20.9 68.8 13.0 46
BP2S-ICBr PFY-1Se PBDB-T —5.68/—3.89 800/825 2.96/5.51 0.894 21.2 72.9 13.8 46
BP2Se-ICBr PFY-2Se PBDB-T —5.64/—3.91 825/853 3.33/5.85 0.875 23.4 72.0 14.7 46
BP2Se-ICBr PFY-3Se PBDB-T —5.65/—-3.92 825/856 3.41/6.23 0.871 23.6 73.7 15.0 46
YN-Br PYN-BDT PBDB-T —5.60/-3.76 822/900 8.84/4.65 0.87 21.33 65 12.06 80
YN-Br PYN-BDTF PBDB-T —5.67/-3.77 - 9.39/5.52 0.86 22.28 69 13.22 80
YN-Br PYN-BDT PM6 —5.67/-3.77 - 8.84/3.33 0.97 14.36 52 13.74 80
YN-Br PYN-BDTF PM6 —5.67/-3.77 - 8.52/4.05 0.96 16.60 57 9.08 80
— BTP-T2F PTQI0 —5.90/—4.03 ~750/830 1.75/0.54 0.86 19.58 65.2 11.06 81
— BTP-2T2F PTQIl10 —5.87/-3.92 ~750/839 2.43/1.02 0.89 23.15 69.5 14.32 81
- RRd-C12 PBDB-T —5.63/-3.96 793/861 3.4/0.58 0.93 19.14 54 9.39 82
- RRd-C20 PBDB-T —0.5.66/3.96 790/861 2.8/0.81 0.93 19.67 63 11.59 82
- RRd-C24 PBDB-T —5.68/-3.99 790/849 4.1/1.3 0.93 20.34 67 12.18 82
- RRg-C20 PBDB-T —5.66/—3.95 817/879 3.1/3.7 0.88 23.54 73 15.12 82
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Table 1. continued

polymer PA HOMO/ Apea (nm)“ ”}i/ u, ( 19*417 A Je PCE
SMA polymer acceptor donor LUMO (eV) max/onset cm? V1 s7h) V) (mA cm™) FF (%) (%) ref
- RRg-C24 PBDB-T —5.68/—-3.93 811/873 3.6/4.5 0.88 21.67 71 13.53 82
- PYDT-2F PM6 —5.65/—-3.90 767/~899 —/2.40 0.935 24.11 72.08 16.25 83
- PYDT-3F PM6 —5.67/-3.94 774/~905 —/5.02 0.923 24.49 77.01 17.41 83
- PYDT-4F PMé6 —5.68/—3.96 776/~912 —/5.54 0.915 24.37 75.20 16.77 83

“Apea is the onset of acceptor film absorption edge. b4, and p, are the hole and electron mobilities of the blend film, respectively.

In brief, Y-series-based polymer acceptors have been mainly
developed using two types of A’-cores: BT and BTA.
Compared to the BT-based polymer acceptor with high
mobility and electronegativity, the BTA core-based polymer
acceptor has a higher-lying LUMO level and can improve
molecular packing through an additional N-alkyl chain. Thus, it
is recognized as a promising material which can be applied to
all-PSCs.

One of the criteria for main-chain engineering in these
polymer acceptors is the chemical modification surrounding
the central core. To improve the electron delocalization,
polarizability, and quinoidal contribution, Jen et al. found that
the replacement of thiophene with selenophene in the Y-series-
based polymer main chain reduced the band gap, down-shifted
the LUMO level, and enhanced the maximum extinction
coefficient of the resulting polymer acceptors.”” Compared to
the devices using selenophene-free analog PYT-2S and
symmetrical selenophene-fused analog PYT-2Se, those based
on PM6 and PYT-1S1Se with an asymmetrical selenophene-
fused backbone (Figure 2) demonstrated an optimized J,. of
24.1 mA cm™* while still maintained a good V. of 0.926 V
owing to their low E)  of 0.502 eV, resulting in a superior PCE
of 16.3% (Table 1).

Modifying the end groups of the SMA analog affected the
photovoltaic performance because they affected the electron
transport via molecular stacking. Accordingly, the modification
of the end group influenced the energy levels, absorption,
blend morphology, push—pull effect, charge carrier mobility,
and photo-stability. The main-chain engineering of the
polymer acceptors involving modifications to the end group
of the SMA analog could be carried out in diverse ways,
including halogenation, regioregularity, and conjugation
extension, which were all common techniques. Other ideas
involving the combined effect of the end-group modification
and side-/main-chain engineering were also considered. As a
result, the current study focused primarily on the incorporation
of fluorine atoms into the end group of SMA. In this regard,
Ying et al. reported fluorinated polymer acceptor PFAl and
discovered that the optimized binary device of PTzBI-oF:PFA1
had a PCE value of 15.11%, which was significantly higher than
that of PTzBI-oF:PYST (PCE = 4.01%) (Figure 2 and Table
1).”* In addition to the red-shifted absorption spectra and
varying energy levels, the enhanced performance was a result of
uniform lamellar chain stacking and miscibility with PTzBI-oF.
Moreover, PFAI exhibited excellent device performance with
widely used polymer donors (PTzBI-Si, PM6, and PBDBT).

Yan et al. developed PYF-T, a fluorinated polymer acceptor
with a different alkyl chain than PFA1 (Figure 2). Two
polymer acceptors, PM6:PYF-T and PM6:PY-T (non-fluori-
nated analog of PYF-T), show different energy level offsets
from PMS6, but the corresponding all-PSCs display similar V.
values. This is due to the trade-off phenomenon between
radiative and non-radiative recombination after fluorination on

3841

the end group moiety.”* A high PCE of 14.10% was reported
with the PM6:PYF-T-based device, which is superior to that of
the PM6:PY-T-based device (Table 1). By synthesizing PAL1
with two fluorine atoms at the end group (Figure 2) and PAL2
with fluorine atoms at the z-linker (see Figure 3), Lu et al.
compared the device performances of two fluorinated polymer
acceptors.” Both polymers exhibited comparable maximum
absorption wavelengths and electronic energy levels. However,
the PCE value of the PM6:PAL1-based device was 13.53%
(Table 1), higher than that of the PM6:PAL2-based device
(9.16%). Owing to the superior molecular planarity, uniform
morphology, and tight 7—x stacking, polymer acceptors with
fluorinated end groups provided longer carrier lifetime,
enhanced charge dissociation, and suppressed charge recombi-
nation.

1.1.3. Regioregular End Group. Due to the irregularity at
the end group of the SMA analog, the polymer acceptors
synthesized from those SMAs were characterized by low
crystallinity, weak intermolecular interactions, and low electron
mobility. However, these restrictions could be circumvented by
producing the polymer acceptors from the monomers with
uniformly brominated end groups. Yang et al. reported PY-IT
and PY-OT, two well-defined regioregular polymer acceptors
(Figure 2).°° To compare the effect of the polymerization site,
a random terpolymer (PY-IOT) comprising two polymer
acceptors in equal proportions was developed (Figure 2).
Among them, the PM6:PY-IT-based device exhibited a high
PCE of 15.05%, .. of 22.30 mA cm™2, V,_ of 0.933 V, and FF
of 72.3% (Table 1). Thus, the regioregularity at the end group
significantly improved the device performance of PM6:PY-IT
relative to other materials.

To investigate the molecular weight effect in regioregular
isomers, Yang et al. reported the series polymer acceptor (a
regioregular isomer of PJ1) comprising PA-6 (e.g., PA-6-L (8.9
kDa), PA-6-M (12.5 kDa), and PA-6-H (30.1 kDa)), as shown
in Figure 2.** The binary devices of JD40:PA-6-M and
JD40:PA-6-L showed high PCEs of 14.99% and 14.81%,
respectively, due to their interconnected fibrillar crystalline
morphology. In contrast, the JD40:PA-6-H-based device was
manufactured using chlorobenzene and exhibited a low PCE of
12.78% (Table 1). Considering the independent effect of
chemical modification and regioregularity at the end group of
SMA on the photovoltaic properties of Y-series-based polymer
acceptors, it would be worthwhile to examine the combined
effect of these modifications in the polymer acceptor’s main
chain.

Min et al. reported a series of polymer acceptors with
thiophene-fused end group acceptors, PYTT-1, PYTT-2, and
PYTT-3 (Figure 2),”’ and investigated the degradation of
PSCs derived from this polymer series.”® By using different
isomerized thiophene-fused end group, the push—pull
behavior, intermolecular interaction, and molecular aggrega-
tion of the polymer acceptors can be manipulated. Since

https://doi.org/10.1021/acsenergylett.2c01541
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Figure 3. Structures of various polymer acceptors containing (a) simple and (b) bulky conjugated linkers.

PYTT-2 has an intermediate crystallinity between PYTT-1 and value of PYF-T-m-based all-PSCs drastically decreased to only
PYTT-3, it showed an optimized morphology on the blend 1.4%.

film. The device using this polymer showed efficient charge After establishing the superiority of ortho-based regioregular
carrier generation and transport properties, yielding an polymer acceptor, the same group compared the device
excellent and stable PCE of 14.3% (Table 1). performance of regioregular isomer PY2F-T with two fluorine

atoms at the end group of the SMA analog to PYF-T (mono-
fluorinated) and PY-T (non-fluorinated) (Figure 2).°° The
PM6:PY2F-T device exhibited a superior PCE value of 15.22%
(Table 1) as a result of the fluorine substitution-enhanced ICT
effect, as indicated by the red-shifted absorption spectra, tight
inter-layer packing, and uniform blend morphology.

? : . 1.1.4. Additional Core Design Strategies. Multiple
their device performances with that of the non-regular polymer strategies can be applied to simultaneously manipulate the

acceptor, PYF-T.*> PM6:PYF-T-o-based devices outperformed DA'D core and the end group. Jen et al. reported polymer
those of the other acceptors with a PCE value of 15.2% (Table acceptors PY2Se-F and PY2Se-Cl with a selenophene-fused

The regioregularity was also investigated using polymer
acceptors composed of SMA with fluorinated end groups.
Thus, Yan et al. fabricated two regioregular polymer acceptors,
PYF-T-0 and PYF-T-m, comprising SMA analogs with the
fluorine atom in the ortho and meta positions to the
polymerization site, respectively (Figure 2), and compared

1). Meanwhile, the small dipole moment of PYF-T-m central core and an end group appended with a halogen at the
weakened its intramolecular-charge-transfer (ICT) effect and ortho position to the polymerization site in order to study the
the weak conjugation reduced its light absorptivity and steric synergistic effect of all types of modification strategies in the
hindrance, leading to large crystalline domain size. The PCE main chain (Figure 2).°° It was discovered that the
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incorporation of halogen and Se improved the crystallinity,
interlayer packing, morphology, and charge carrier mobilities
in PY2Se-F and PY2Se-Cl compared to those of PY2S-F and
non-fluorinated PY2S-H without selenium (Figure 2). The
PM6:PY2Se-Cl- and PM6:PY2Se-F-based devices exhibited
PCEs of 16.1% and 15.6%, respectively, which were superior to
those of the selenium-free PY2S-F- and non-fluorinated PY2S-
H-based devices (Table 1).

1.2. Linker Design Strategies. 1.2.1. Simple Conjugated
Linkers. In addition to modifying the core structure of SMA
analog, the diversity of linking units is one of the simplest ways
to modulate the interlayer packing, improve ICT, expand the
absorption range, and enhance the charge carrier transport by
introducing the heteroatoms and increasing the conjugation
around small thiophene-based linkers. Thus, Min et al
demonstrated a series of polymer acceptors named PY-O,
PY-S, and PY-Se synthesized using electron linkers such as
furan (O), thiophene (S), and selenophene (Se), respectively,
to explore the effect of varying the chalcogen atom in the linker
(Figure 3).°" The optimized photovoltaic parameters of
PBDB-T:PY-Se were found to be superior to those of
PBDB-T:PY-S and PBDB-T:PY-O, with a PCE of 15.48%
(Table 1). This is due to improved interlayer interactions from
oxygen to selenium leading to high and balanced charge
transport properties. Moreover, owing to the improved
miscibility of polymer donor and polymer acceptor and their
chain entanglement, the PY-S- and PY-Se-based films exhibited
superior photo-stability and mechanical endurance, as
evidenced by the high crack-onset-strain (COS) value
(>8.70%), high toughness (>2.22 J m™), and high tensile
strength (>28.83 MPa).

Considering the impact of halogenation on the end group of
the SMA analog in the preceding sections, it would be
worthwhile to examine the insertion of halogen atoms into the
linking units. Yuan et al. presented the PY-2T and PY-2T2Cl
polymer acceptors that were synthesized by copolymerizing
Y5-SMA with bithiophene and chlorinated bithiophene,
respectively (Figure 3).°” A study on the PBDB-T:PY-
2T2Cl-based optimal device revealed a PCE value of 9.35%
(Table 1), which is superior to PY-2T-based devices. This
superiority may be attributed to chlorination at the z-linker,
which improved the crystallinity of PY-2T2Cl. In addition, He
et al. found that the polymer acceptor PBTIC-y-2F2T with
fluorinated 2,2'-bithiophene as the linker exhibited significantly
better absorption properties than PBTIC-y-2T with non-
fluorinated 2,2'-bithiophene as the linker (Figure 3).°* This
superior performance could be attributed to the enhanced J
value from 20.85 to 22.56 mA cm ™ owing to the significant
increase of charge carrier mobility with inter-chain packing via
F---S interactions of PBTIC-y-2F2T. Although the HOMO and
LUMO energy levels of PBTIC-y-2F2T were deeper than
those of PBTIC-y-2T, the V,_ value of 0.95 V was maintained
owing to the lower energy loss of PM6:PBTIC-y-2F2T device.
As a result, the PM6:PBTIC-y-2F2T-based device exhibited a
higher PCE of 14.34%, compared to that of 11.92% for the
PM6:PBTIC-y-2T-based device (Table 1).

To reduce the “randomness” and molecular twisting in the
Y-series-based polymer acceptor, Yan et al. utilized a vinylene
structure with center of symmetry as the linking unit to design
the polymer acceptor PY-V-y (Figure 3).°* PY-V-y exhibited a
more ordered coplanar backbone and tighter packing than the
PY-T-y (Figure 2) and PY-2T-y (Figure 3) with thiophene and
bithiophene as linkers, respectively. Consequently, PM6:PY-V-
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7-based binary all-PSC attained a PCE of 17.1% with a high ]
of 24.8 mA cm™ and FF of 75.8% (Table 1). Meanwhile,
thienylene—vinylene—thienylene (TVT) unit was also known
as a conjugated linker useful in organic semiconductor design.
Huang et al. demonstrated that TVT conjugated linker is
superior to thienylene—ethyl—thienylene (TET) non-conju-
gated linker.”> With a PCE of 16.13%, the JD40:PJTVT device
performance was superior than that of PJTET (Figure 3 and
Table 1). This is due to the incorporation of a conjugated
linker that enhanced the planarity, 7—x stacking distance, and
delocalization of electrons in PJTVT, thereby facilitating
vertical charge transport, electron mobility, and exciton
dissociation.

Li et al. used the terpolymer synthetic strategy to construct a
new polymer acceptor PTPBT-ET,, where x denotes the
composition of the third component unit, ie., the 3-
ethylesterthiophene (ET) unit, in order to incorporate the
two types of small linkers into a Y-series-based polymer
acceptor (Figure 3).% Replacing PTPBT with PTPBT-ET|; in
devices enhanced the PCE values from 9.96% to 12.52%
(Table 1). In addition, the presence of additional S--O
interactions in PTPBT-ET,; decreased the n—rx stacking
distance and improved the morphology, thereby enhancing
electron and hole mobility and improving J,. and FF in the
corresponding device. Using similar strategy, Chen et al
developed another terpolymer acceptor, PYT-TOE(x), by
fusing TOE into PYT (where x represents the fraction of
thiophene appended to oligoethylene oxide (TOE) as a side
chain) (Figure 3).°” An increase in the proportion of TOE in
PYT correlates with a rise in HOMO—-LUMO levels, an
increase in solubility, and compatibility with PBDB-T. Thus, all
photovoltaic parameters in PBDB-T:PYT-TOE(10) were
superior to PBDB-T:PYT, which has a PCE of 12.77%
(Table 1).

1.2.2. Bulky Conjugated Linkers. In addition to the
thiophene-based linkers, numerous complex and extensive
structures had been employed as the linking monomers for the
Y-series-based polymer acceptors. The Y-series-based polymer
acceptors were synthesized using BDT-based linkers, which
was structurally similar to the repeating units in the polymer
donor, PBDB-T, to enhance the miscibility of the active layer
blend. Zhou et al. reported the polymer acceptor, named A701,
with BDT as the bulky electron-donating linker (Figure 3).°*
The PBDB-T:A701-based all-PSCs resulted in a PCE value of
10.7%, with V,. and ], values of 0.92 V and 18.27 mA cm™2,
respectively (Table 1). Kim et al. additionally incorporated the
halogen atom into the BDT linker and developed the series of
polymer acceptors designated P(BDT2BOYS-X), where X =
H, F, Cl (Figure 3). With the addition of halogen,
P(BDT2BOYS-F) and P(BDT2BOYS-Cl) exhibited a red-
shift in their absorption spectra relative to P(BDT2BOYS-H)
due to an increase in intermolecular interaction.’” Among
them, the P(BDT2BOYS-Cl)-based device exhibited higher
PCE value of 11.2% (Table 1), which is due to the balance of
hole/electron mobilities and decreased charge recombination.
The all-PSC also exhibited much better thermal stability
compared to SMA-based PSC, as the P(BDT2BOYS-Cl)-based
device retained 90% of its initial PCE after aging at 100 °C for
100 h. As another example, Wang et al. reported the polymer
acceptor PFS5-YS, which was synthesized by modifying the alkyl
chain on the BDT linking unit (Figure 3).>* Compared to the
YS SMA, the upshifted LUMO level of PES-YS enabled a high
V.. of 0.944 V for the corresponding all-PSC. Owing to the
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Figure 4. (a) Polymer acceptors containing non-conjugated linkers. (b) Polymer acceptors designed by combination of core and linker

engineering.

improved V,_ and the reduced energy loss, the device based on
PBDB-T:PF5-YS exhibited a high PCE value of 14.16% (Table
1).

The introduction of a D-A-D acceptor moiety as a linkage
unit to the Y-series-based polymer acceptors could lower
energy levels and create additional channels for the electron
transport. For example, Li et al. developed a series of polymer
acceptors, i.e., PYS-BTZ (benzotriazole), PY5-2TZ (thiazolo-
thiazole), PYS-PZ (pyrazine), and PYS-BT (benzothiadiazole),
in the order of increasing acceptor strength of D-A-D-type
linker, to construct polymer acceptors with a narrow band gap
(Figure 3).7° Among these, PBDB-T:PYS-BTZ has absorption
spectra in the range 700—900 nm with a strong absorption
coeflicient and outperforms other acceptors with a PCE of
14.82% (Table 1). The same group also synthesized PYS-TTz-
FT and PY5-TTz-CT, two polymer acceptors with isomerized
D-A-D-type linking units containing ethylhexyl side chains
(Figure 3).”" PYS-TTz-FT exhibited a PCE value of 12.73%

(Table 1), which is superior to that of PYS-TTz-CT due to
more efficient exciton dissociation, bimolecular recombination,
and charge transport. This study suggested that the position of
the side chain on the D-A-D linker unit played an important
role in manipulating the energy levels of the polymer acceptor,
as well as the molecular packing for an ideal interpenetrating
network between donor and acceptor polymer chains.
Considering the device performances of Y-series-based
polymer acceptors with electron-donating and D-A-D-type
linkers, it would be worthwhile to examine their device
efficiency by selecting an electron-deficient linker to enhance
n-type characteristics. Thus, Liu et al. synthesized the polymer
acceptor PBN25 by incorporating an electron-deficient
boron—nitrogen coordination bond (B«N) into the linking
unit (Figure 3). The PM6:PBN2S-based all-PSC demonstrated
a PCE of 14.3%, which is superior to the device of
PM6:PBN25-CC without the (B«N) unit (Figure 3 and
Table 1).”* The increase in PCE value was attributed to the
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fact that the insertion of (B«<~N) lowered the HOMO levels of
the acceptor, which promoted photo-induced hole transfer
from the polymer acceptor to the polymer donor. Guo et al.
reported the narrow band gap polymer acceptor L14 with the
electron-deficient linker bithiophene imide (BTT) (Figure 3).”
In comparison to L11 (Figure 2), L14 exhibited superior light-
harvesting properties and down-shifted energy levels. In
addition, the PCE value of PM6:L14-based all-PSCs was
14.3%. Due to the larger energy offset of L14 with PM6 and
low energy loss, this device displayed a considerably higher V.
of 0.96 V than PM6:L11. Moreover, the device performance
was enhanced by synthesizing the regioregular isomer of L14,
ie, L1S (Figure 3), and the PCE value was increased to
15.22% (Table 1).”*

1.2.3. Non-conjugated Linkers. The simplest way to create
flexible Y-series-based polymer acceptors is to replace the
conjugated linkers with non-conjugated linkers, which reduces
the backbone rigidity while maintaining the high thermal
stabilities of the active layers. The introduction of such flexible
linkers adds some degrees of conformational freedom and
energetic disorder. Although this appears to have a negative
effect on the electronic properties of polymer acceptors, it is
considered to improve the polymer miscibility, processability,
and mechanical stability. For instance, Chen et al. developed
PTCl,-Y and PTCl,-Y polymer acceptors by utilizing the
position isomers of chlorinated non-conjugated linkers (Figure
4).”> The PBDB-T:PTCl,-Y-based all-PSCs device exhibited a
PCE value that was 12.74%, higher than those of its positional
isomer, PTCl,-Y, and non-chlorinated analog, PTH-Y (Table
1). This was due to the tight 7—x stacking and uniform surface
morphology of PBDB-T:PTCI,-Y, which facilitated charge
transport, balanced charge carrier mobility, reduced trap-
assisted recombination, and improved the photovoltaic
parameters. More importantly, the PCE was maintained 85%
after 1000 cycles (bending radius = 4 mm), with no obvious
crack in the PBDB-T:PTCI,-Y active layer. In another study, a
polymer acceptor structure using thioalkyl bithiophene was
also introduced. Wang et al. also developed the polymer
acceptor PFY-2TS with a flexible thioalkyl bithiophene (2TS)
linker and compared its photovoltaic pro;)erties to those of the
polymer acceptor PEY-DTC (Figure 4). ® The PBDB-T:PFY-
2TS-based device displayed a PCE of 12.31%, with a lower
value of energy loss of 0.56 eV (Table 1). PFY-2TS exhibited
superior miscibility with PBDB-T, leading to a smaller domain
size due to the non-conjugated linker, outperforming PFY-
DTC.

To combine the advantages of conjugated and non-
conjugated linkers in a Y-series-based polymer acceptor,
Wang et al. reported the terpolymer PYTS-x with various
compositions of linking units such as thiophene and TS8 non-
conjugated linker (Figure 4).”” The PBDB-T:PYTS-0.3-based
device displayed the highest PCE of 14.68% (Table 1) due to
its superior crystallinity and charge carrier mobility. Notice-
ably, excellent mechanical stretchability was obtained, with a
COS of 21.64% and toughness of 3.86 MJ m >, which is a great
enhancement compared to the devices based on the fully
conjugated polymer acceptor. Chen et al. employed the same
strategy, with selenophene as the conjugated linker and
chlorinated 1,6-di(thiophen-2-yl)hexane (TCT) as the non-
conjugated linker in a terpolymer structure, PYSe-TC,T (x).”
The incorporation of a non-conjugated linker up-shifted the
LUMO level and decreased the aggregation and crystallinity of
the terpolymer acceptor, while simultaneously enhancing the
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donor:acceptor miscibility. By balancing the ratio between
conjugated and non-conjugated units, the PSC device with
PBDB-T:PYSe-TC(T(10) exhibited a higher PCE of 13.54%
than the PSC device with a fully conjugated polymer acceptor
(Table 1). The good miscibility of PBDB-T:PYSe-TC4T(10)
also improved the blade-coated film quality, resulting in an
outstanding PCE of 11.96% for the large-area (1.21 cm?)
device.

1.3. Combined Effects of Core and Linker. To design
the Y-series-based polymer acceptors, it would be benign to
investigate the combined effects of core and linker engineering
after comprehending their respective functions. In this context,
Kim et al. examined the effects of the molecular structure of
the end group of the SMA analog, as well as the modifications
of linker units.”” Incorporating selenophene or biselenophene
as the linker with different positional isomeric monomers
resulted in the Y5-Se and YS5-BiSe series of polymer acceptors
(i.e., Y5-Se-In, Y5-Se-Out, and Y5-Se-mix, and YS-BiSe-In, YS-
BiSe-Out, and YS-BiSe-Mix, respectively, Figure 4). Due to its
high absorption coefficient and electron mobility, YS5-Se-In
exhibited the highest PCE value of 13.38% in the Y5-Se series.
When biselenophene was used as the linker, however, Y5-BiSe-
Out achieved the highest PCE value of 10.67% (Table 1). To
explain this opposite trend, it was found that YS-Se-In and YS-
BiSe-Out have a more planar conformation and tighter chain
packing than other polymeric isomers.

By manipulating the linker structure and regioregularity of
the Y-series-based monomer, it is possible to alter the
performance of all-PSCs. Further, Jen et al. studied the
combined effect of modifications of the main chain and linking
units, resulting in the development of PFY-0Se, PFY-1Se, PFY-
2Se, and PFY-3Se, all of which contain selenophene in their
central core and linking unit (Figure 4).** Moreover, PBDB-
T:PFY-3Se-based devices with a medium M, value (M, = 34.0
kDa) demonstrated superior device performance with a PCE
value of 15.1% compared to PFY-Se devices with a low or high
M, value (Table 1).

Marks et al. also reported polymer acceptors with -
extended end groups, namely PYN-BDT and PYN-BDTF, by
employing BDT and fluorinated BDT as linkers, respectively
(Figure 4).*" All-PSCs were produced by combining PBDB-T
or PM6 with PYN-BDT or PYN-BDTF acceptor polymer.
Among them, the conventional device based on PBDB-T:PYN-
BDTF exhibited the highest PCE of 13.22%. The reasons for
PBDB-T:PYN-BDTF-based all-PSC’s superior performance
are as follows: (i) an increase in the conjugation of end
groups decreased the optical band gap (1.38 eV) and (ii) the
presence of fluorine played a role in reducing the 7— stacking
distance. As another strategy to improve device efliciency,
Peng et al. modified the structure of the acceptor by removing
two fused thiophene rings from the native DA'D core and
developed two polymer acceptors with different linking units,
BTP-T2F and BTP-2T2F (Figure 4).°' The BTP-
2T2F:PTQ10-based device exhibited a high PCE of 14.32%,
which is superior to the PTQ10:BTP-T2F-based device. Due
to the higher LUMO level and extinction coefficient of BTP-
2T2F, having an additional thiophene ring in the linker unit,
the former binary device exhibited relatively high values of J
and V. In addition, examples of improving device perform-
ance by controlling the regularity in the polymer structure were
also presented. Kim et al. developed a series of regioregular
polymer acceptors called RRg-24 (2-decyltetradecyl) and RRg-
20 (2-octyldodecyl) and compared their device performances
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with those of regiorandom isomers called RRd-C12 (2-
butyloctyl), RRd-C20 (2-octydodecyl), and RRd-C24 (2-
decyltetradecyl) (Figure 4).5 PBDB-T:RRg-24 and PBDB-
T:RRg-20 exhibited minimizing molecular defects and bal-
anced hole mobility/electron mobility (p,/pt.) values, i.e., 0.8,
with superior device performances with PCEs of 13.53—
15.12% compared to the devices with RRd series.

Another design strategy involves the halogenation on both
the core and linker moieties. Peng et al. demonstrated three Y-
series-based polymer acceptors, PYDT-2F, PYDT-3F, and
PYDT-4F, with varying numbers of fluorine atoms on the end
groups and bithiophene linkers.”> With the increasing of the
number of fluorine substituent, narrow optical band gap,
down-shifted HOMO level, reduced surface energy, and
enhanced miscibility with the fluorinated donor polymer
PM6 could be achieved. Especially, all-PSC based on
PM6:PYDT-3F exhibited a maximum PCE of 17.41% with a
high FF of 77.01% owing to the deep HOMO level of PM6
and the favorable morphology of the blend film.To create

To create advanced Y-series-based
polymer acceptors with excellent
power conversion efficiency values of
binary and non-binary all-polymer solar
cells, a simultaneous investigation must
be conducted on the Y-series-based
small-molecule acceptors and linkers.

advanced Y-series-based polymer acceptors with excellent
power conversion efficiency values of binary and non-binary
all-polymer solar cells, a simultaneous investigation must be
conducted on the Y-series-based small-molecule acceptors and
linkers.

Multiple factors, such as regioregularity, side chains, and the
insertion of heterogeneous atoms, can alter the properties of
the polymer acceptors, as demonstrated by the examples
presented previously. To create advanced Y-series-based
polymer acceptors with excellent PCE values, a simultaneous
investigation must be conducted on the Y-series-based SMA
and linkers. Therefore, chemical structure modification
strategies, such as alkylation, fused-core/end group engineering
involving the insertion of chalcogen and halogen atoms, change
in the conjugation length, variation in conjugation, flexibility,
and the electronic nature of the linking unit, as discussed
above, should be considered judiciously and require further
investigation to increase the PCE of all-PSCs to 20% and
beyond.

2. POLYMER ACCEPTORS FOR NON-BINARY ACTIVE
LAYER

Despite the inspiring progress made in the binary all- PSCs with
the Y-series-based polymer acceptors through various molec-
ular engineering strategies, the efficiency of all-PSCs still needs
to be enhanced. Due to the thermodynamically unfavorable
mixing of the polymer donors and polymer acceptors, the
binary all-PSCs have intrinsically poor morphologies and
insufficient stabilities.** In terms of device engineering, a non-
binary active layer capable of producing a robust and durable
all-PSC using the Y-series polymer acceptor was therefore
considered. It was developed by (i) ternary strategy, ie., the
addition of a third component, which could improve the

3846

miscibility of host materials while reducing the carrier
recombination losses and enhancing the stability, and (ii)
single-component strategy with a single polymer material in
the photoactive layer.

2.1. Ternary Blend Strategy. 2.1.1. Fullerene Derivative
as a Third Component. As previously discussed, the PM6:PY-
IT-based binary device exhibited a PCE of 14.84%. Thus, a
fullerene derivative can be added as an additive to achieve high
device performance and mechanical stability for practical
applications. Primarily, Tao et al. observed that the small
energy offset between the HOMO and LUMO of PY-IT
(Figure 2) and those of PM6 resulted in limited charge
transport, leading to low J,. value for the corresponding
device.® Consequently, they found that the addition of
PC,;BM (Figure 5) with a deep HOMO level enhanced the
performance of the device by realizing a HOMO energy level
cascade. The PM6:PY-IT:PC,BM ternary system demon-
strated improved V,, J,, and FF with a PCE value of 16.36%
(Table 2). Similarly, the PCE value of PM6:PY-IT was
improved to 16.16% by using a low-cost “technical grade”
PCBM, i.., incompletely separated blends of PC4BM and
PC,,BM (Figure 5), as a compatibilizer to improve the active
layer morphology.86 The V,,, J,, and FF of the ternary-based
devices were increased to 0.956 V, 22.93 mA cm ™2, and 73.6%,
respectively (Table 2). Moreover, the small amount of
technical grade-PCBM disrupted the formation of large
polymer crystallites and PCBM aggregates, thus enhancing
mechanical endurance of the ternary blend film with a COS
value of 11.1%. Further, Huang et al. developed the ternary
system by integrating 1% of PC, BM as an additive into the
binary blend of PTzBI-oF:PFAL."’ It was discovered that the
processing with PC,BM did not contribute to the absorption
but decrease the large-scale phase separation of PTzBI-
oF:PFA1 blend film. Hence, PTzBI-oF:PFA1:PC, BM
(1:1:0.01)-based device showed relatively high PCE of 15.6%
(Table 2), so as to weaken carrier recombination and improve
the FF.

2.1.2. Polymer Acceptor as a Third Component. Despite
the high charge carrier mobility of fullerene derivatives, it is
advisable to use non-fullerene polymer additives to improve
the miscibility and long-term stability of the all-PSCs. Thus,
Yan et al. improved the device performance of PM6:PY-IT by
incorporating BN-T (Figure 4), a non-fullerene polymer
acceptor with B«N-type electron-deficient structural units.*®
The ternary system composed of PM6:PY-IT:BN-T (1:1:0.1)
exhibited a PCE of 16.09% higher than PM6:PY-IT (Table 2)
due to the occurrence of both charge and energy transfer
between the two polymer acceptors, PY-T and BN-T. The
addition of BN-T also improved the shelf-life and photo-
stability of the devices, and >90% of the initial PCEs of BN-T-
containing all-PSCs were maintained even after storing for 10
days or light-soaking for 116 h (1 sun condition). Another
example can be found in the work of Yang et al., where they
chose N2200 (Figure S) as an additive to the binary blend of
PM6:PY-IT to broaden the absorption spectra of the blend
film.*” In the presence of 0.7 vol% CN and 3 wt% N2200, a
high PCE of 16.04% was obtained (Table 2). Similarly, Guo et
al. chose the MBTI polymer acceptor as the third component
that can achieve complementary absorption spectra to
efficiently transfer energy to L15 (Figure 5).”* By facilitating
the effective charge generation between a polymer donor and
polymer acceptor, the PCE value of the resultant ternary
system (PM6:L15:MBTI) was increased to 16.18% (Table 2)
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Figure S. Ternary and single-component systems involving Y-series-based polymer acceptors.

compared to that of PM6:L15-based binary system (15.22%)
(previously discussed in section 1.2.2).

To ensure compatibility between the acceptors, the third
component can be a polymer acceptor based on the Y-series. Li
et al. synthesized PYCI-T, a chlorinated Y-series-based polymer
acceptor (Figure 2), and incorporated it into PM6:PY-IT
blends.” Thus, the addition of PYCL-T permits the realization
of cascade energy alignment and the formation of a
bicontinuous fibrillar interpenetration network in the ternary
blend films. Despite a slight decrease in the V,_ due to the low
LUMO of PYCI-T, J,. and FF of the ternary-blend-based PSC
were improved, resulting in a higher PCE of 16.62% compared
to those of the binary PSCs (Table 2). Utilizing terpolymer
PYSe-TCI20 (Figure 3) and polymer acceptor PTCL-Y
(Figure 4) with non-conjugated linkages, Chen et al.
demonstrated the significance of D:A:A’-type ternary sys-
tems.”" The PCE value of the ternary blend of PBDB-T:PYSe-
TCI20:PTCI,-Y-based all-PSCs was 15.26%. These findings
demonstrated that the collaborative effect of terpolymerization
with a non-conjugated backbone and a ternary system can
effectively regulate the morphology of blends and improve the
performance of the device. Previously discussed in section
1.1.3, the binary device based on PM6:PY2F-T had a
maximum PCE of 15.0%, which is superior to that of
PM6:PYT (non-fluorinated polymer acceptors) with a PCE

of 14.5%.”" Hence, Min et al. developed an efficient ternary
system based on PM6:PYT:PY2F-T by considering a proper
energy-transfer mechanism.”” They demonstrated that an
increase in J,. value from 21.3 mA cm™2 to 24.2 mA cm™>
was the sole cause of this improvement, with a trade-off with
V,e (from 0.96 to 0.87 V) and energy loss (0.46 to 0.50 V)
values due to larger energy offsets between PY2F-T and PM6.
The PM6:PYT:PY2F-T-based ternary system achieved the
high PCE of 17.2% (Table 2), together with improved light-
soaking and photo-thermal stability compared to the binary
devices.

2.1.3. Polymer Donor as a Third Component. Polymer
donors can also be used as the third component to realize
D:D’:A-type (two donors:one acceptor) ternary systems. For
example, Li et al. selected PTQI0 with complementary
absorption spectra, compatibility, and lower HOMO energy
levels relative to PBDB-T.*° Consequently, the PBDB-
T:PTQIO:PTPBT-ET0.1 (1.3:0.2:1) system (Figure )
exhibited a PCE value of 14.56%, which is superior to those
of PBDB-T:PTPBT-ET0.1 (13.63%) and PTQIO:PTPBT-
ETO0.1 (3.15%) (Table 2). Later, the same group continued to
use PTQI10 as the third component to the PM6:PY-IT binary
blend, which increased the PCE to 16.52% for the
PM6:PTQI10:PY-IT (1.0:0.2:1.0) device (Table 2).°* V,_ and
J of the ternary-based PSCs were enhanced due to the down-
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Table 2. Photovoltaic Parameters of the All-PSCs Non-binary Systems

Ternary Systems

binary components third component/additive ratio i/t (1074 em® VL a2 V. (V) J. (mAcm™®) FF (%) PCE (%) ref
PM6:PY-IT PC, BM - 6.75/6.32 0.942 25.06 69.27 16.36 85
PM6:PY-IT Tech-PC,;BM 1:0.8:0.2 1.55/1.70 0.956 22.93 73.6 16.16 86
PM6:PY-IT BN-T 1:1:0 8.61/4.763 0.937 21.90 73.6 15.11 88
PM6:PY-IT BN-T 1:1:0.1 9.98/5.87 0.95§ 22.65 74.3 16.09 88
PM6:PY-IT BN-T 1:1:0.2 9.68/4.98 0.958 22.46 72.0 15.51 88
PM6:PY-IT N2200 + CN - 8.79/5.22 0.947 22.60 74.9 16.04 89
PM6:PY-IT PYCI-T 1:1:0.2 5.79/6.27 0913 24.3 73.40 16.3 90
PMé6: PY-IT PTQI0 1:0.2:1 7.86/6.81 0.94 23.79 73.87 16.52 94
PBDB-T:PYSe-TC120 PTClo-Y 1:1.1:0.1 5.83/3.12 091 23.18 72.1 15.26 91
PTzBI-oF:PFA1 - - 0.174/0.042 0.86 24.3 67.2 14.6 87
PTzBI-oF:PFA1 PC, BM 1:1:0.01 0.235/0.171 0.86 24.5 73.1 15.6 87
PM6:L15 MBTI 1:1:0.05 8.15/7.81 0.957 2291 73.83 16.18 74
PM6: PY2E-T PYT 1:1.2:0.3 6.88/6.56 0.90 252 76.0 17.2 92
PBDB-T:PTPBT-ETO0.1 PTQI10 1.5:0:1 - 0.888 23.15 66.31 13.63 93
PBDB-T:PTPBT-ETO0.1 PTQIO0 1.3:0.2:1 4.68/3.36 0.909 23.68 67.64 14.56 93
PBDB-T:PTPBT-ETO0.1 PTQIl0 1:0.5:1 - 0912 22.20 67.86 13.74 93
PBDB-T:PTPBT-ETO0.1 PTQI10 0.75:0.75:1 - 0.916 21.51 65.18 12.84 93
PBDB-T:PTPBT-ETO0.1 PTQI10 0:1.5:1 - 0.972 6.48 50.03 3.15 93
PTQI10:BTP-2T2F PBDTCI-TPD 0.8:0.2:1.2 - 0.89 23.49 72.3 15.12 81
PTQI10:BTP-2T2F PBDTCI-TPD 0.6:0.4:1 2.26/8.34 0.89 2391 75.4 16.04 81
PTQ10:BTP-2T2F PBDTCI-TPD 0.4:0.6:1.2 - 0.88 23.56 72.8 15.09 81
PTQI10:BTP-2T2F PBDTCI-TPD 0.2:0.8:1.2 - 0.88 22.92 70.6 14.24 81
Single-Component Systems
single-component acceptor block/ HOMO/LUMO  Apey (nm)® max/  pp/p. (107* cm? V7! V. Joe ( PCE
system (SCS) donor block (eV) onset sH? V) cm2) FE (%) (%) ref
PBDB-T-b-PTY6 PTY6/PBDB-T —5.50/—3.67 600—800 1.54/0.64 0.89 1542 63 864 95
PBDB-T-b-PYT PYT/PBDB-T —5.38/-3.67 700—800 3.62/3.46 0916 196 63 1132 9%
(chloroform)
PBIDB-Fg-h-PYT (o- PYT/PBDB-T - 3.64/3.28 0.895 20.57 68.46 12.60 97
silene

“Apeak 18 the onset of acceptor film absorption edge. b/th and p, are the hole and electron mobilities of the blend film, respectively.

shifted HOMO levels of PTQ10 (Figure 4) compared to those
of PBDB-T and PM6. With PTQI10 as the host donor, Peng et
al. reported that the incorporation of PBDTCI-TPD polymer
donor (Figure S) improved the PCE of the PTQ10:BTP-2T2F
binary device (PCE = 14.32%, previously discussed in section
1.3) to 16.04% (PTQIL0:PBDTCI-TPD:BTP-2T2F =
0.6:0.4:1.2) (Table 2).*' Moreover, the addition of PBDTCI-
TPD improved polymer miscibility, crystallization, and
consequently, device performance.

With the PCEs exceeding 17%, ternary PSCs systems with
the polymer acceptors based on the Y-series have generated
exciting opportunities in this promising field. Therefore, the
judicious choice of the third component in the design of the
successful ternary all-PSCs can generate a PCE of 20% or more
in the future.

2.2. Single-Component Strategy. After observing the
remarkable device performances of Y-series-based polymer
acceptors in binary and ternary component systems, the
feasibility of using Y-series-based single-component OPVs to
achieve sufficient stability and device performance for practical
implementation must be examined. Ma et al. adopted the Y-
series and ITIC-based polymer acceptors and the PBDB-T
polymer donor to design the block copolymers PBDB-T-b-
PTY6 (Figure S) and PBDB-T-b-PIDIC2T, respectively, for
the development of an efficient single-component-based
device.”> Due to the high electron affinity of Y-series-based

polymer acceptor, PBDB-T-b-PTY6 produced a PCE of 8.64%,
higher than that of PBDB-T-b-PIDIC2T (4.20%) (Table 2).
More importantly, the PBDB-T-b-PTY6-based OPV main-
tained more than 80% of its initial PCE after aging at 80 °C for
over 1000 h, which is a significant improvement from the
corresponding binary device. Independently, Min et al. also
reported a Y-series-based block copolymer, PBDB-T-b-PYT,
(Figure 5) with slightly shorter alkyl side chains than PBDB-T-
b-PTY6. The PBDB-T-b-PYT device displayed a remarkable
PCE of 11.32% (Table 2).”° Despite the fact that the PCE of
PBDB-T-b-PYT-based devices lags behind those of PBDB-
T:PYT binary devices, their lower non-radiative energy loss
and superior long-term stabilities once again demonstrate the
superiority of single-component devices.”” With o-xylene as the
solvent, a PCE of 12.60% was obtained for PBDB-T-b-PYT
device, which is the highest PCE value ever observed in a
single-component system to date (Table 2).

Thus, the ternary strategy has demonstrated its efficacy in
terms of the device performance with a variety of third
components for the complementary absorption, cascade energy
level alignment, and morphological enhancement. The
importance of simple fabrication and durability in the single-
component devices, thus, makes the OPV devices practical.-
With the end goal of commercialization in mind, more effort
should be devoted to improving the device’s stability rather
than simply increasing the power conversion efficiency.
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With the end goal of commercialization
in mind, more effort should be devoted
to improving the device’s stability
rather than simply increasing the
power conversion efficiency.

3. SUMMARY AND OUTLOOK

The recent development of high-performance all-PSCs with Y-
series-based polymer acceptors in binary and non-binary
systems demonstrated that all-PSCs containing polymer
acceptors based on the Y-series possess all the benefits
associated with SMAs as well as additional remarkable
properties. By taking advantage of the A-DA'D-A structure
with excellent synthetic flexibility of the Y-series-based
structures as well as multiple possible combination with
different linkers, various strategies have been utilized to narrow
the PCE gap between all-PSCs and SMA-based PSCs. The
main-chain backbone with electron-withdrawing end groups
exhibits planar geometry that is associated with the efficient
intramolecular charge transport and molecular packing for
achieving higher electron transporting ability. The suitable
design of linkers is helpful for efficient intermolecular charge
transport and controlled molecular aggregation. Thus, all-PSCs
involving Y-series-based polymer acceptors displayed broad
absorption spectra (300—950 nm) and low band gaps. The
present review showed the attractive features of the all-PSCs
based on Y-series-based polymer acceptors in terms of
reducing energy losses around 0.49 eV for high V,
suppressing unfavorable carrier recombination losses and
charge-transfer states for high J,, and morphology optimiza-
tion to ensure a high FF. Due to the above-discussed superior
features, the highest PCE of 18% was eventually achieved in
all-PSCs involving Y-series-based polymer acceptors. In the
coming years, it can be expected that these devices will be able
to compete with SMA-based devices. Despite these remarkable
achievements in all-PSCs, the batch-to-batch variations,
solubility, purity, and large-scale production of the conjugated
polymer acceptors are still quite challenging. The following
strategies are proposed to further improve device performance
for potential future applications of this technology based on
the disclosed working mechanism:

(1) Until now, the vast majority of publications have mostly
described the use of a PBDB-T polymer donor or its
fluorinated derivative PM6 in conjunction with Y-series-
based polymer acceptors. New polymer or small-
molecule donors with complementary absorptions,
suitable energy levels, crystallinity, and miscibility with
Y-series-based polymer acceptors should be designed to
simultaneously improve the V,, J,, and FF of the
resulting PSCs. To acquire high-performance D-A
copolymer donors, the development of acceptor
moieties based on quinoxaline (PBQx-H-TF and
PQM-C1)*** or imide (PTzBI-oF and Q4)°*°° has
been proven a feasible method. The Same-A-Strategy
using BT moieties (D18 and JD40)'*'" can be applied
to ensure good miscibility between polymer donors and
Y-series-based polymer acceptors. In addition, the
synthesis of high-performance polymer donors with
simple structure, such as PTQlO,81 is crucial to reduce
the fabrication cost. Small-molecule donors (Se-1 and
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()

3)

(4)

(5)

(6)

Se-2)""* are also good candidates in the blend with Y-
series-based polymer acceptors.

New Y-series-based polymer acceptors could be
developed by selecting a new conjugated core with
intermediate electron affinity to increase the absorption
range for high-performance flexible devices. Simple
aromatic all-fused rings'®® or unfused backbones with
non-covalent interactions, such as S:--N, F---H, or O--
H,'%*"% can be incorporated into the design of new
polymer acceptors to reduce production costs and
enhance device stability. Highly branched polymer
structures have been developed to realize 3D networks
with good crystallinity and solubility.'”” Besides, by
connecting two SMAs through a 7-bridge, the desi%n of
A-7-A (N-7-N) quasi-macromolecule acceptors'™'"”
increases the conjugation length for more electron
delocalization while still maintaining definite molecular
structures with fewer chain entanglements. Conse-
quently, it is possible to simultaneously achieve the
high device performance of SMA-based PSCs and the
excellent device stability observed with all-PSCs.

As previous research has demonstrated that the high
PCE values in both PSCs with SMAs (>19%) and
polymer acceptors (>17%) were obtained with ternary
systems, more effort can be devoted to this category.
The ternary strategy should be capable of stabilizing the
binary counterparts by improving the morphology and
enhancing the hydrophobicity. From a review of the
relevant literature, we can hypothesize that regioregular
and fluorinated Y-series-based polymer acceptors, as well
as SMAs as a third component, can balance the phase
separation and crystallization properties, thereby in-
creasing the charge carrier mobility, FF, and ] values of
the corresponding PSCs.

In addition to the design and synthesis of new
photoactive materials, the structure and fabrication of
PSC devices also play significant roles. In addition to the
conventional BHJ structure with donor:acceptor blends,
quasi-planar heterojunctions (Q-PHJs),"'” or interdigi-
tated heterojunctions (IHJs)''' can be realized by
sequential deposition''™"'* to control the micro-
structure of the active layer and improve the device PCE.
In terms of simple processes, researchers should
concentrate on single-component PSCs by synthesizing
Y-series-based block copolymers and double-cable
polymers; these PSCs offer superior photo- and thermal
stability as well as mechanical robustness compared to
binary blend-based PSCs for both outdoor and indoor
photovoltaics. The introduction of Y-series-based
polymer acceptor into single-component PSCs will be
advantageous due to their strong absorption in the NIR
region and high electron mobility. We believe that the
strong electronegativity of the Y-series acceptor moiety
will emphasize the ICT characteristics of the excited
state upon coupling with certain p-type polymer donors
and will provide balanced energy levels and charge
transport, thus providing the benefit of high J,. values.
To compete with inorganic solar cells, it is desirable to
utilize the high viscoelasticity and high absorption
coefficient of polymer acceptors in lightweight, flexible
devices. With the end goal of commercialization in mind,
more effort should be devoted to improving the device’s
stability rather than simply increasing the PCE.
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Consideration may be given to the development of
stable materials and the application of device encapsu-
lation, inverted structure, or cross-linking strategies of
active layer. Indoor applications should also be
prioritized, as organic materials have the unique ability
to match their absorption spectra to different light
sources.
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