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Abstract The active layer of all polymer solar cells (all-PSCs) is composed of a blend of a p-type conjugated polymer (p-CP) as donor and an n-
type conjugated polymer (n-CP) as acceptor. All-PSCs possess the advantages of light weight, thin active layer, mechanical flexibility, low cost
solution processing and high stability, but the power conversion efficiency (PCE) of the all-PSCs was limited by the poor photovoltaic
performance of the n-CP acceptors before 2016. Since the report of the strategy of polymerized small molecule acceptors (PSMAs) in 2017, the
photovoltaic performance of the PSMA-based n-CPs improved rapidly, benefitted from the development of the A-DA'D-A type small molecule
acceptors (SMAs). PCE of the all-PSCs based on the PSMA acceptors reached 17%—18% recently. In this review article, we will introduce the
development history of the n-CPs, especially the recent research progress of the PSMAs. Particularly, the structure-property relationship of the
PSMAs is introduced and discussed. Finally, current challenges and prospects of the n-CP acceptors are analyzed and discussed.
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INTRODUCTION

Polymer solar cells (PSCs) have attracted great attention in
recent years, owing to their advantages of light weight, thin and
flexible active layer, and low cost solution-processing.l'™
Photovoltaic active layer of the PSCs is composed of a blend of a
p-type conjugated polymer (p-CP) as donor and an n-type
organic semiconductor (n-type conjugated organic small
molecule or n-type conjugated polymer (n-CP)) as acceptor.! If
the active layer is the blend of a p-CP as donor and an n-CP as
acceptor, the device is called as all-polymer solar cell (all-PSCs).
In addition to the advantages of the common PSCs, all-PSCs
possess additional advantages of good film-forming property,®
high morphology stability and excellent mechanical flexibility,
which is very important for roll-to-roll fabrication and future
application of the flexible PSCs.

In 1995, Heeger et al. reported the first solution-processed
PSCs with a bulk-heterojunction (BHJ) blend active layer of a
p-type conjugated polymer MEH-PPV as donor and soluble
Cgo derivative PCBM as acceptor.’”? And in the same year, they
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also reported all-PSCs based on p-CP MEH-PPV as donor and
n-CP CN-PPV as acceptor.8l However, until the year of 2017,
PCE of the all-PSCs was much lower than that of the PSCs
based on fullerene derivative® or narrow bandgap small mo-
lecule acceptor!'? as acceptors, due to the lack of high per-
formance polymer acceptors. At early stage, the polymer ac-
ceptors used in the all-PSCs were mainly the D-A copolymers
based on the A-unit of perylene diimide (PDI) or naphthalene
diimide (NDI).l''2 The weak absorbance in long wavelength
range and poor aggregation property of the polymer accept-
ors resulted in low short circuit current density (J,.) and lower
fill factor (FF), so that lead to low PCE of the all-PSCs. In 2017,
in considering the strong absorbance in the long wavelength
region and suitable aggregation property of the narrow
bandgap small molecule acceptors (SMAs),'314 Zhang et al.
proposed the concept of polymerizing small molecule ac-
ceptor to synthesize the polymer acceptors.l's] The polymer-
ized small molecule acceptors (PSMAs) preserved the advant-
ages of strong absorption, suitable electronic energy levels
and appropriate aggregation for the SMAs.'®! Therefore, PCE
of the all-PSCs based the PSMA polymer acceptors has ra-
pidly increased to over 17% recently.l'7.18l

In the following, we will introduce the development his-
tory, molecular structures, physicochemical and photovoltaic
properties of the n-type conjugated polymer acceptors (espe-
cially the PSMAs), in more details.
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DEVELOPMENT HISTORY OF THE N-TYPE
CONJUGATED POLYMER ACCEPTORS
AND ALL-PSCS

The first all-PSCs reported in 1995 with n-CP CN-PPV (Fig. 1) as
acceptor, showed a low PCE of ca. 0.2%.® In 2007, Zhan et al.
developed an n-type D-A copolymers PDI-DTT (Fig. 1) based on
PDI A-unit, and the PDI-DTT-based all-PSC with a polythiophene
derivative with conjugated side chains as donor displayed a PCE
of ca. 1%." Then a series of the PDI- and NDl-based D-A
copolymers were synthesized and reported for the application
as polymer acceptors in the all-PSCs,!'""'? among them the NDI-
based D-A copolymer N2200 (Fig. 1) is a representative polymer
acceptor.?%2" Benefitted from the development of polymer
donors and optimization of the morphology of the active layer,
the PCE of the N2200-based all-PSCs increased to over 5% at the
end of 201522 |In 2016, a medium-band-gap polymer J5113
was used as the donor, which is absorption-complementary
with N2200 in the visible-near infrared region, promoting the
PCE of the N2200-based all-PSCs to 8.27%.14 In 2019, the PCE of
the N2200-based all-PSCs reached over 11.50% with the
polymer PTzBI-Si as the donor.?” In addition to the NDI/PDI-
based D-A copolymer acceptors, other D-A copolymer acceptors
have also been explored, based on the A-units of
diketopyrrolopyrrole,?® bithiophene imides?”! and B-N bridged
unit,??! etc, but PCEs of the related all-PSCs are limited to
lower than 10%.

Further development of all-PSCs is limited by weak points
of the D-A copolymer acceptors, such as their weak absorb-
ance in the long wavelength region and poor morphology of
their blend active layers with polymer donor. Fortunately, the
narrow-bandgap SMAs were developed in 2015,['3] and SMAs
possess the advantages of narrow energy bandgap, strong
absorption coefficient and appropriate aggregation property.
Consideration of the advantages of the SMAs, Zhang et al.
proposed a strategy of polymerizing small-molecule acceptor
in 2017, and synthesized a polymer acceptor PZ1 (see Fig. 1)
based on SMA IDIC as the main building block copolymerized
with a thiophene linking unit.l's] The all-PSCs with PZ1 as
polymer acceptor and PBDB-T as polymer donor demon-
strated a higher PCE of 9.19%, which is the highest efficiency
of the all-PSCs in 2017. By using PM6 as polymer donor, PCE
of the PZ1-based all-PSC was promoted to 11.2% (entry 1 in
Table 1).30 The PSMA strategy combined the advantages of
the SMAs with strong absorption in NIR region, suitable elec-
tronic energy levels and appropriate aggregation, and the ad-
vantages of the polymers with good flexibility and the higher

C,H C10HZ1
42_C2H5C4H9 /\Cqus
b GO
W .
N\ CN
-0 N O \
-0 n
N0
CyH
CN-PPV kcr |_‘|2 2 ppI-DTT

107121

morphology stability.l's! Therefore, the PSMA polymer accept-
ors and the PSMA-based all-PSCs have attracted great atten-
tion in recent years. In the following, we will introduce the re-
search progress of the PSMAs, including the studies on the ef-
fect of SMA building blocks and linkage units on the physico-
chemical and photovoltaic properties of the PSMAs and the
ternary and tandem all-PSCs.

EFFECT OF THE SMA BUILDING BLOCKS ON THE
PHOTOVOLTAIC PERFORMANCE OF THE PSMAS

In the synthesis of the first PSMA PZ1, the SMA building block is
IDIC-C16 which possesses longer side chains in comparison with
the SMA IDIC for improving solubility of the PSMA. In
comparison with the absorption spectrum of IDIC-C16 film, the
absorption spectrum of PZ1 film is red-shifted by ca. 50 nm,
showing an absorption edge at 800 nm with a narrow band gap
of 1.55 eV.["” These results indicate the advantage of the PSMA
strategy in broadening the absorption for better light
harvesting of the corresponding all-PSCs.

The SMA building blocks are the most important part of the
PMSAs, and the strategies reported in literatures to tune the
opto-electronic properties of the SMAs are also applicable to
the PMSAs. Comparing to PZ1, PT-IDTTIC (Fig. 2) with the ITIC-
like SMA as the main building block further extended the ab-
sorption and decreased the band gap to 1.49 eV, and the PT-
IDTTIC-based all-PSC realized a higher PCE of 11.69% with a
higher J,. of 17.9 mA-cm~2 (entry 2 in Table 1).B3 To take the
advantage of the Y6-type SMAs with strong absorption in the
NIR region and excellent photovoltaic performance, several
groups synthesized the PSMAs with Y6-type SMAsB2 as the
building block, such as PJ1B331 and series of PYT?34 (Fig. 2), etc.
These PSMAs preserve all the merits of their corresponding Y6
derivative SMA segment and show strong absorption in the
wavelength range of 600—900 nm. The all-PSC based on the
PSMAs achieved the significantly improved PCE of over 14%
with a higher J,. over 21 mA-cm~2 (entries 3 and 4 in Table 1).
Compared with IDIC and ITIC-type PSMAs, the Y6 derivative-
based PSMAs possess narrower bandgap, the wider absorp-
tion and stronger intermolecular interaction, which results in
higher J,. and higher FF for their corresponding all-PSCs.

Compared to the conventional thiophene units in the DA'D
fused ring of the PSMAs, the PSMAs with selenophene-con-
taining DA'D fused ring typically have a further reduced optic-
al band gap, which affords enhanced J,. than their thiophene-
based counterparts in the all-PSCs. On the basis of the ad-
vantage of selenophene, Fan et al. prepared the multi-selen-

N2200 PZ1

Fig. 1 Molecular structures of typical polymer acceptors.
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Table 1 Photoactive layer compositions and photovoltaic parameters of binary all-PSCs.

Entry Acceptor Donor Vo (V) Jsc (MA-cm™2) FF PCE (%) Ref.
1 PZ1 PM6 0.96 17.1 0.68 11.2 [30]
2 PT-IDTTIC PM6 0.97 18.0 0.67 1.7 [31]
3 PJ1 PBDB-T 0.90 223 0.70 14.4 [33]
4 PYT PM6 0.93 21.8 0.66 134 [34]
5 PYF-3Se PBDB-T 0.87 236 0.74 15.1 [35]
6 PZT PBDB-T 0.91 23.2 0.69 14.5 [37]
7 PS-Se PBDB-T 0.87 233 0.68 13.8 [38]
8 PN-Se PBDB-T 0.91 24.8 0.72 16.2 [38]
9 PY-DT PM6 0.95 23.7 0.74 16.8 [39]
10 PY-IT PM6 0.93 223 0.72 15.1 [40]
1 PY-IOT PM6 0.94 19.7 0.66 121 [40]
12 PFA1 PTzBI-oF 0.87 24.0 0.73 15.1 [41]
13 PY2F-T PM6 0.86 243 0.73 15.2 [42]
14 PIDIC2T PM6 0.90 10.5 0.52 49 [43]
15 PIDIC2T2CI PM6 0.90 12.7 0.62 71 [43]
16 PBTIC-y-2F2T PM6 0.95 22.6 0.67 14.3 [44]
17 PBTIC-y-2T PM6 0.95 209 0.60 11.9 [44]
18 PY-V-y PM6 0.91 248 0.76 171 [45]
19 PFBDT-IDTIC PM6 0.96 15.3 0.68 10.3 [47]
20 PF5-Y5 PBDB-T 0.95 20.7 0.74 14.5 [48]
21 L14 PM6 0.96 20.6 0.72 14.3 [49]
22 PY5-BTZ PBDB-T 0.92 226 0.71 14.8 [50]
23 PYF-2TS PBDB-T 0.91 20.5 0.66 123 [51]
24 PY-IT2F PM6 0.91 222 0.70 14.1 [17]
25 PG-IT2F PM6 0.95 24.0 0.76 17.2 [17]
26 QM1 PM6 0.91 25.2 0.74 17.1 [52]

ophene-containing PSMA PFY-3Se (Fig. 2),1351 which shows an
obviously red-shifted absorption spectrum, increased elec-
tron mobility, and improved intermolecular packing in films
compared to its selenophene-free analog PFY-0Se (also
named PYT). As a result, the all-PSC with PFY-3Se as polymer
acceptor yields a PCE of 15.1% with a high J,. of 23.6 mA.cm~—2
(entry 5 in Table 1). Jen et al. also synthesized a PSMA with an
asymmetrical selenophene-fused backbone, and the PSMA
demonstrated a higher photovoltaic performance with PCE of
16.3% for its corresponding all-PSCs.13¢!

The A’ unit in the DA'D fused ring also influence the photo-
voltaic performance of the PSMAs, just like its influence on
the A-DA'D-A SMAs. In comparison with the A’ unit of ben-
zothiadiazole (BT), benzotriazole (BTz) with weaker electron
withdrawing ability as A’ unit can broaden the absorption
spectrum of the PSMA and can attach an alkyl side chains on
the top nitrogen atom of BTz. Replacement of BT in the PSMA
PYT with BTz affords the PSMA PZT (Fig. 2). Compared with
PYT, PZT shows higher lying HOMO/LUMO energy levels and
red-shifted absorption, which contribute to higher V. (0.909
V for the PZT-based device versus 0.892 V for the PYT-based
device) and J,. (23.2 mA-cm~2 for the PZT-based device versus
20.8 mA-cm=2 for the PYT-based device).3”! The all-PSCs
based on PZT exhibit a higher PCE of 14.5% than that (12.9%)
of the device based on PYT (entry 6 in Table 1). Du et al. syn-
thesized two PSMAs of PS-Se (Fig. 2) with BT as A’ unit and
PN-Se (Fig. 2) with BTz A" unit, and with selenophene as link-
ing unit. PN-Se shows more red-shifted absorption than PS-Se
and suitable electronic energy levels for the application in the
all-PSCs with PBDB-T as the polymer donor. A bicontinuous-
interpenetrating network in the PBDB-T:PN-Se blend film with
an aggregation size of 10-20 nm is observed by the photoin-

duced force microscopy. The desirable morphology of the PB-
DB-T:PN-Se active layer leads to its all-PSC showing a higher
PCE of 16.16% (entries 7 and 8 in Table 1).[38]

Side chain engineering of the PSMAs also plays an import-
ant role on tuning their photovoltaic properties. In addition to
improving solubility in organic solvents, the alkyl side chains
can also regulate the intermolecular interaction of the PSMAs.
For example, Sun et al. synthesized the PSMA PY-DT (Fig. 2) by
changing the linear upper side chain of PYT to branched up-
per side chain, and the PCE of all-PSC based on PM6:PY-DT in-
creased to 16.76% with the V,. of 0.949 V, J,. of 23.73
mA-cm~2 and FF of 74.4% (entry 9 in Table 1).3% In contrast to
PYT, the improved efficiency in the PY-DT-based device is
mainly ascribed to its decreased energy loss, optimized phase
separation, and suppressed non-radiative recombination.

In the SMAs, the halogen substituted end group is a mix-
ture of two isomers, and the same is true for the brominated
end group (IC-Br) used in the polymerization for the PSMAs.
To exclude the effect of isomerization on device performance,
Yang et al. separated IC-Br (in) and IC-Br (out) (where “in” and
“out” indicate that the bromine and carbonyl groups are on
the same side and the opposite side, respectively) and syn-
thesized the regioregular polymers PY-IT (Fig. 2) and PY-OT
(Fig. 2) by using an isomer-free reagent.[? The PY-IT synthes-
ized by using the IC-Br (in) displays a lower LUMO, a red-shif-
ted and stronger absorption and higher electron mobility rel-
ative to the regiorandom PY-IOT (also named PYT). The
devices based on PY-IT show an improved PCE of 15.05% in
comparison with that of PY-IOT (12.12%), which is mainly
ascribed to a more balanced charge transport, and favorable
morphology (entries 10 and 11 in Table 1). Fluorination of end
groups in the SMAs has been proven to be a successful
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Fig.2 Molecular structures of the PSMAs with different SMA building blocks and thiophene or selenophene linking units.

strategy for red-shifting absorption and enhancing the inter-
molecular interaction of the polymers. In considering the flu-
orination effect of the SMAs, Cao et al. synthesized a PSMA
PFA1 (Fig. 2) based on the SMA with a fluorine-substituted
end group.[*! Benefitted from the electron-withdrawing abil-
ity of fluorine, PFA1 shows red-shifted absorption and low-
lying energy levels relative to the corresponding PYT without
the fluorine substitution. When blended with PTzBI-oF poly-
mer donor, due to the special fluorine supermolecular inter-
action, the PTzBI-oF:PFA1 active layer formed stronger inter-
molecular packing thus leading to a more effective exciton
dissociation and lower extent of charge recombination. Con-
sequently, the all-PSC based on PFA1 demonstrated a higher
PCE of 15.11% with a higher J;. and improved FF than that of
the PYT-based device (entry 12 in Table 1). In addition, Min
and Yan et al.*? synthesized the PSMA PY2F-T (Fig. 2) based
on the SMA with difluorine-substituted end group, and the
PY2F-T-based all-PSC displayed a PCE of 15.22% (entry 13 in
Table 1).

EFFECT OF LINKING UNITS ON THE
PHOTOVOLTAIC PERFORMANCE OF THE PSMAS

Modifications on linking units can also affect the molecular
orbital energy levels, absorption, active layer morphology and
photovoltaic properties of the PMSA. Besides the thiophene
linking unit used in the first PSMA PZ1, bithiophene (bT) was
also used as the linking unit in the PSMAs. Yuan et dal.
synthesized the PSMAs of PIDIC2T, PIDIC2T2F, and PIDIC2T2Cl
(Fig. 3) with IDIC-type SMA as building block and bT as linking
unit®! The halogen substitution on the linking unit can
significantly promote the intermolecular 7-7 stacking and thus
increase electron mobility. The PIDIC2T2CI based devices
delivered a PCE of 7.11% relative to that (4.89%) of the PIDIC2T
based device due to their favorable morphology and more
balanced mobilities (entries 14 and 15 in Table 1). He et al.
combined fluorinated bT linker and Y6-type SMA building block,
and synthesized the PMSA PBTIC-y-2F2T (Fig. 3).** Compared
with its non-fluorinated analog PBTIC-y-2T (Fig. 3) with PCE of

https://doi.org/10.1007/510118-023-2944-0
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Fig.3 Molecular structures of the PSMAs with different linking units.

11.92% for the PBTIC-y-2T based device, PBTIC-y-2F2T shows a
red-shifted absorption and improved blend morphology, thus a
favorable PCE of 14.34% was obtained for the PBTIC-y-2F2T
based all-PSC (entry 16 and 17 in Table 1). On the basis of PY-IT,
Yan et al. also synthesized the PSMAs PY-V-y (Fig. 3) and PY-2T-y
(Fig. 3) with vinylene or bT as linking units instead of the
thiophene linking unit in PY-IT*! When blended with PM6
polymer donor, PY-V-y polymer acceptor exhibits a denser
interchain packing and more suitable phase separation.
Meanwhile, the PY-V-y-based device possessed decreased
energy loss owing to the reduced energy disorder enabled by
the vinylene-assisted rigid conformation.*® Therefore, the all-
PSCs based on PM6:PY-V-y delivered a higher PCE of 17.1% with
a higher J,. of 24.75 mA-cm™2 and FF of 75.8% (entry 18 in Table
1), out-performing the PCE of 16.1% for the devices based on
PM6:PY-IT.

Benzodithiophene (BDT) is a well-known electron-rich unit,
which has been widely applied as the D-unit of D-A copoly-
mer donors. Yan et al. designed a PMSA named PFBDT-IDTIC
(Fig. 3) by replacing the thiophene linking unit in PZ1 with a
fluorinated alkyl-thiophene-substituted BDT unit.*”] The film
absorption edge of PFBDT-IDTIC is around 767 nm, which is
slightly blue-shifted relative to that of PZ1 (800 nm). With
PM6 as donor, the PFBDT-IDTIC-based all-PSCs displayed a
PCE of 10.3% (entry 19 in Table 1). By introducing the BDT
linking unit in the A-DA'D-A-type SMA based PSMAs, Fan et al.
prepared the PSMA PF5-Y5 (Fig. 3).1481 Compared with PYT,
the PSMA PF5-Y5 shows an up-shifted LUMO level (—3.84 eV

for PF5-Y5 versus —3.92 eV for PYT), as a result, the PF5-Y5-
based all-PSCs achieved a higher V,_ (0.95 V) than that of the
PYT-based device with PBDB-T as polymer donor (entry 20 in
Table 1).

Apart from the electron donating group, using electron-de-
ficient linking units is another way to modify the photophys-
ical properties of the PSMAs. Guo et al. synthesized the PSMA
L14 (Fig. 3) by using electron-deficient distannylated bithio-
phene imide as linking units.*9) Relative to its thiophene-
based counterparts, L14 shows a narrower energy bandgap
and lower HOMO/LUMO levels. Owing to a smaller nonradiat-
ive recombination energy loss of 0.22 eV, the V. of L14-based
device is as high as 0.95 V (entry 21 in Table 1). Other elec-
tron-withdrawing units were also used as linking unit in PM-
SAs. For example, Zhou et al. employed electron-withdraw-
ing linking units of bifluorobenzotriazole, thiazolo[5,4-
dlthiazole, pyrazine, and benzothiadiazole, and synthesized a
series of PMSAs by copolymerizing them with a Y5-like SMA
like PY5-BTZ (Fig. 3).501 These PMSAs exhibit similar absorp-
tion spectra but diversified energy levels, the PY5-BTZ based
device exhibits a PCE of 14.8% (entry 22 in Table 1).

Notably, besides conjugated linkages, the non-conjugated
spacer can also as the linking unit to synthesize the PSMAs,
such as PYF-2TS (Fig. 3).5"1 Compared with conjugated PM-
SAs, the PSMAs with non-conjugated linking unit show simil-
ar optical absorption, but different molecular crystallinity. The
non-conjugated linking units can favor a flexible backbone to
avoid over aggregation of the blend active layer, and realize a

https://doi.org/10.1007/510118-023-2944-0
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Fig.4 Molecular structures of PY-IT, PY-IT2F, PG-IT, PG-IT2F and the schematic diagram of the morphology of PM6:PY-IT2F and PM6:PG-

IT2F blend film.

promising PCE (entry 23 in Table 1) for its corresponding all-
PSCs along with good thermal stability.

As mentioned above, both modifications of SMA building
blocks and linking units can regulate the photovoltaic per-
formance of the PSMAs. Recently, Sun et al. proposed a syner-
gistic strategy of fluorinated thiophene m-bridge linker and
branched alkyl upper side chain modification of the SMA
building block, and synthesized a PSMA PG-IT2F (Fig. 4).1']
The introduction of fluorine atoms in m-bridges (PY-IT2F) can
increase electron mobility than those of the non-fluorinated
PSMA (PY-IT), which affords a more balanced charge carrier
transport with longer charge carrier lifetime in the active lay-
er. However, it will lead to excessive miscibility of acceptors
with PM6 donor, resulting in poor photovoltaic performance.
By attaching the branched alkyl upper side chains, PG-IT2F af-
fords optimal miscibility with PM6 and the PM6:PG-IT2F blend
active layer showed good morphology with nanoscaled inter-
penetrating networks. Therefore, the all-PSCs based on
PM6:PG-IT2F displayed efficient exciton dissociation and de-
creased charge recombination, thus demonstrating a high
PCE of 17.24% with higher J,. and FF (entries 24 and 25 in
Table 1). This work confirms the importance of synergistic
regulation in improving the photovoltaic performance of the
PSMAs.

In addition to the PSMAs mentioned above, recently Zou
et al. synthesized an A-r-A structured organic acceptor QM1
by linking two SMA units with a thiophene m-bridge.l521 QM1
exhibits a special spiral-like molecular structure while retain
favorable miscibility with the polymer donor PM6, and the
QM1-based PSCs with PM6 as polymer donor displayed a
higher PCE of 17.06% (entry 26 in Table 1).

TERNARY AND TANDEM ALL-PSCS

In the binary blend of polymer donor and polymer acceptor, it is
challenging to achieve favorable donor/accepter contact and
obtain suitable phase separation while maintain high molecular

order in the blend films. To address this issue, the incorporation
of a third component into binary polymer blend is considered to
be an effective strategy. As early as 2015, Ito et al. reported a
ternary all-PSC based on PBDTTT-EF-T:PCDTBT:N2200. As the
third component, the addition of PCDTBT effectively promotes
the increase of J,,, and finally obtaining a PCE of 6.65%.5% Since
2016, many research groups have made a lot of efforts in the
construction of ternary all-PSC systems, and the efficiency of
ternary all-PSCs increased rapidly in recent years>*4 For
ternary all-PSCs, the third component can be either a polymer
donor or a polymer acceptor, based on that, we divided ternary
all-PSCs into donor 1:donor 2: acceptor (D1:D2:A) system and
donor:acceptor 1:acceptor 2 (D:A1:A2) system.

For the D1:D2:A system, in 2020, Peng et al. synthesized the
polymer donor PNDT-T based on the PBDB-T, and PNDT-T can
be well matched with the polymer acceptor DCNBT-IDT (Fig.
5).1651 By adopting the p-doping agent F4-TCNQ and adding
the second polymer donor PBDB-T to the PNDT-T:DCNBT-IDT
system), the PCE is increased from 9.57% for the binary device
based on PNDT-T:DCNBT-IDT to 11.87% for the ternary device
(entry 1 in Table 2). In 2021 Li et al. fabricated high-efficiency
ternary all-PSCs based on PBDB-T:PTPBT-ET,; (Fig. 5) system
and using low cost polymer donor PTQ10 as the third com-
ponent.[6) Compared with the binary PBDB-T:PTPBT-ET all-
PSC, the ternary all-PSC showed an improved J;. which should
be attributed to the complementary absorption spectra and
good compatibility of PBDB-T and PTQ10. In addition, the
lower HOMO energy level of PTQ10 helps the ternary all-PSC
to achieve higher V,, thus an optimal PCE of 14.56% was ob-
tained (entry 2 in Table 2). After that, PTQ10 was further ap-
plied into PM6:PY-IT system as the third component to finely
tune the energy-level matching and microscopic morpho-
logy of the active layer. As a result, a PCE of 16.52% was
achieved for the ternary all-PSCs (entry 3 in Table 2). In addi-
tion, owing to the increased - stacking coherence length in
blend films, photovoltaic performance of the ternary devices
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Fig.5 Molecular structures of the PSMAs used in ternary all-PSC.

Table2 Photoactive layer compositions and photovoltaic parameters of ternary and tandem all-PSCs.

Entry Acceptor Donor Third component Voc V) Jsc (MA-cm™) FF PCE (%) Ref.
1 DCNBT-IDT PNDT-T PBDB-T 0.91 17.5 0.74 11.9 [65]
2 PTPBT-ETy; PBDB-T PTQ10 0.91 23.7 0.68 14.6 [66]
3 PY-IT PM6 PTQ10 0.94 23.8 0.23 16.5 [67]
4 PFA1 PTzBI-oF PM6 0.88 244 0.76 16.3 [68]
5 PY-IT PM6 J71 0.94 233 0.75 16.5 [69]
6 BTP-2T2F PTQ10 PBDTCI-TPD 0.89 239 0.75 16.0 [70]
7 PY-IT PM6 BN-T 0.96 22.7 0.74 16.1 [71]
8 PY2F-T PM6 PYT 0.90 252 0.76 17.2 [72]
9 PY-IT PM6 PYCI-T 0.92 24.6 0.73 16.6 [73]
10 PY-IT PM6 PYF-IT 0.92 24.1 0.75 16.6 [74]
1 PY-SSe-V PM6 PY-CI 0.91 259 0.77 18.1 [75]
12 PY-82 PM6 PY-DT 0.95 24.3 0.78 18.0 [76]
13 N2200 2 P(NDI2HD-T) ® PBFSF 2 PTP8 P \ 1.77 8.00 0.59 8.3 [78]
14 N2200 2P PTzBI-Si 2P \ 1.72 08.9 0.72 11.2 [79]
15 PY-IT2PIDTP PM6 2 PM7 © \ 2.00 11.7 0.76 17.9 [80]

2 Rear cell photovoltaic materials; ® Front cell photovoltaic materials.

exhibited a high tolerance of the active layer thickness.67! Cao
et al. reported an efficient ternary all-PSC by replacing a cer-
tain amount of polymer donor PTzBI-oF with the counterpart
polymer PM6 when blending with the PSMA PFA1 (Fig. 2).
Compared with binary all-PSC based on PTzBI-oF:PFA1 with a
PCE of 14.8%, the incorporation of PM6 resulted in Forster res-
onance energy transfer with PTzBI-oF, reduced non-radiative
recombination energy loss, and led to optimal film morpho-
logy, which leads to an improved PCE of 16.3% (entry 4 in

Table 2).1681 Besides of PTQ10, J71 is also frequently used as
the third component in the PM6-based all-PSCs due to its
good miscibility with PM6. Gao et al. reported a ternary all-
PSCs based on PM6:J71:PY-IT. The good miscibility between
J71 and PM6 enabled the active layer to have well-main-
tained film morphology without damaging the initial nano-
scale network, which resulted in faster charge transfer and
suppressed exciton recombination. Thus, a higher PCE of
16.52% was achieved (entry 5 in Table 2), which is signific-
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antly higher than the corresponding binary all-PSC based on
PM6:PY-IT with PCE of 15.56%.69

Reducing cost of the polymer photovoltaic materials is very
important for future application of the all-PSCs. Peng et al.
used smaller fused ring dithienopyrrolo[3,2b]benzothi-
adiazole (BTP) as the central core and synthesized two PSMAs
BTP-T2F and BTP-2T2F (Fig. 5).700 The BTP core significantly
lowered the HOMO levels of the polymer acceptors, thus en-
abled them to pair with polymer donors with low-lying
HOMO levels, especially for low-cost PTQ10 polymer donor. In
addition, the smaller fused ring unit also simplifies the syn-
thesis route and reduces production costs. Finally, the PCE of
14.32% was achieved in the system of PTQ10:BTP2T2F. When
second polymer donor PBDTC-TPD was added into the mix-
ture, the resulting ternary all-PSC realized a PCE of 16.04%
(entry 6 in Table 2).

For the ternary all-PSCs based on D:A1:A2 system, Yan et al.
utilized a B«N-type polymer acceptor BN-T (Fig. 5) in the
PM6:PY-IT system as the third component to make ternary all-
PSC.71 The small amount of BN-T prefers to form a more crys-
talline network with enhanced lamellar and - stacking
between PM6 and PY-IT, which facilitates the phase separa-
tion of the donor and acceptor. The suitable size crystalline
domains provide the resulting ternary all-PSC devices with
higher charge generation and more balanced charge trans-
port. In addition, lower nonradiative energy losses in the ter-
nary systems are obtained, which further promote the PCE of
the system to over 16% (entry 7 in Table 2). On the basis of
PY-IT, Min et al. synthesized the PSMA PY2F-T (Fig. 2) by intro-
ducing fluorine atoms into the terminal group.’2’ When
blending PY2F-T polymer acceptor with polymer donor PM6
to fabricate all-PSCs, the PCE of 15.0% was achieved. After-
wards, PYT (Fig. 2) as the third component was introduced in-
to the PM6:PY2F-T system, the PCE of the ternary all-PSC was
improved up to 17.2% (entry 8 in Table 2). This is mainly ow-
ing to the complementary absorption bands of the acceptors
and finely tuned microstructures of the ternary blend by the
polymer PYT. Furthermore, the ternary system exhibited bet-
ter light and thermal stabilities than that of the correspond-
ing binary systems. PYT is one of the most commonly used
polymer acceptor, Li et al. synthesized the PSMA PYCI-T (Fig.
5) based on the PYT by introducing chlorine substitution on
the A-end groups in the A-DA'D-A structure to adjust the ag-
gregation behavior of the polymer.73! PYCI-T was then em-
ployed as the third component into the PM6:PY-IT system to
prepare the ternary all-PSC based on PM6:PY-IT:PYCI-T. In the
ternary device, PYCI-T played an important role in the forma-
tion of homogeneously mixed phase and more ordered mo-
lecular aggregation in the blend films. By optimizing the
devices, a high PCE of 16.62% was achieved in the PM6:PY-
IT:PYCI-T based ternary all-PSC (entry 9 in Table 2). Moreover,
Ye et al. used the ternary strategy to simultaneously improve
device efficiency, mechanical robustness, and stability of all-
PSCs.[’41 Considering the homologous acceptors PY-IT and
PYF-IT (Fig. 5) with the same conjugated backbone can effect-
ively interrupt the crystallinity of indivdual acceptors while
adjust their blend morphology. They introducing 50 wt% PYF-
IT into the PM6:PY-IT system. Compared with the binary sys-
tem, the optimal ternary devices exhibit more efficient charge
separation and less recombination. The ternary all-PSCs based

on PM6:PY-IT:PYF-IT achieved a PCE of 16.6% (entry 10 in
Table 2), which is significantly higher than that of the control
binary all-PSC with PCE of 15.0%. In addition, the mutual en-
tanglement between polymer acceptor chains makes the
ternary all-PSC have more outstanding mechanical proper-
ties than the binary blends, which offered the flexible ternary
all-PSC with a desirable PCE of 14.5% and maintaining 90% of
its initial PCE after bending 1000 cycles.

Recently, several research groups have promoted the effi-
ciency of all-PSCs to even higher levels by ternary strategy.
For example, Min et al. designed and synthesized two similar
PSMAs PY-SSe-V and PY-CI (Fig. 5) by introducing selenium in-
to the central core and chloride into the end group of the
SMA monomers, to modify absorption and crystallinity of the
PSMAs.751 When using PM6 as polymer donor, the PCE of
17.03% for the PM6/PY-SSe-V-based binary device and
16.37% for the PM6/PY-Cl-based binary all-PSC were ob-
tained by the layer-by-layer (LbL) processing technique. It is
worth noticing that the LbL-type PM6/PY-SSe-V blend still
shows BHJ-like morphology, while the PM6/PY-Cl active layer
exhibits a pseudo-planar bilayer architecture. This is mainly
because of the PY-Cl exhibiting lower miscibility with PM6
compared with PY-SSe-V. Therefore, taking PY-Cl as the third
component will help to inhibit the excessive mixing of PY-
SSe-V and PM6 in the LbL-type ternary all-PSCs and could pro-
mote the active layer to form an ideal vertical phase separa-
tion. This morphological merit is conducive to the enhance-
ment of charge transport properties, and further reduces the
non-radiative recombination loss, resulting in a higher PCE of
18.14% (entry 11 in Table 2).7" Similarly, Sun et al.l’6 pre-
pared ternary all-PSCs in which PM6:PY-82 was selected as the
host blend and PY-DT was employed as a guest component.
The polymer PY-DT (Fig. 2) and PY-82 (Fig. 5) are similar in
structure but more regular, which can not only ensure the
compatibility of materials, but also effectively optimizes the
morphology of active layer. As a result, the ternary PM6:PY-
82:PY-DT device produces a high PCE of 18.03% (entry 12 in
Table 2). In addition, the all-PSCs module (16.5 cm?) based on
this ternary system processed with environmentally friendly
solvent (o-xylene) has achieved the PCE of 13.84%.72

To push all-PSCs toward higher PCE, constructing tandem
all-PSCs may be an effective way for surpassing the Shockley-
Queisser limit of single-junction solar cells. By pairing the
photovoltaic materials with complementary absorption in the
front and rear cells, the tandem devices can effectively re-
duce thermal loss of high energy photons and harvest broad-
er solar spectrum. However, up to now, there are few reports
on tandem all-PSCs, which may be due to the slow develop-
ment of early all-PSCs, thus it is difficult to select two pairs of
polymer materials with outstanding efficiency and comple-
mentary absorption at the same time.

In 2016, Ma et al. first reported a tandem all-PSC using
identical sub-cells based on P2F-DO:N2200.771 As a result, the
PCE of 6.70% was achieved, which is 43% higher than the PCE
of its single junction cell. In order to utilize absorption com-
plementation strategy to improve device efficiency, then they
fabricated the tandem all-PSCs with two different sub-cells.
Among them, PTP8:P(NDI2HD-T) (Fig. 6) with good response
in the short wavelength region was used as the front cell,
while PBFSF:N2200 with strong absorption in the long
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Fig.6 Molecular structures of the polymer acceptors used in tandem all-PSC.

wavelength region was used as the rear cell. Finally, the tan-
dem all-PSC achieved a higher PCE of 8.3% (entry 13 in Table
2).78 |In 2018, Huang et al. used PTzBI-Si as the polymer
donor, N2200 as the polymer acceptor, and PNDIT-F3N:
PEI/PEDOT as the interconnection layer built a tandem all-
PSC.79 Through fine adjustment of the thickness of the front
and rear cells, the device achieved a PCE of 11.2% (entry 14 in
Table 2). Furthermore, this tandem all-PSC exhibit improved
stability than the single-junction all-PSC, which demon-
strated that the tandem all-PSC may be potential candidate to
offer a new approach to improve both the PCE and the stabil-
ity of the PSC devices.

Recently, Li et al. fabricated high performance tandem all-
PSCs by employing two complementary absorbing PSMAs, a
wide bandgap PSMA PIDT (Fig. 6) as the polymer acceptor in
the front cell with PM7 as polymer donor and a narrow-
bandgap PSMA PY-IT as the polymer acceptor in the rear cell
with PM6 as polymer donor.8% Owing to the complementary
absorption spectra of the PSMAs and the polymer donor, the
device formed an efficient utilization of sunlight in the
300-900 nm wavelength range. By fine-tuning the active lay-
er thicknesses of the front cell and rear cell, the tandem all-
PSC achieved an outstanding PCE of 17.87% (entry 15 in
Table 2). Moreover, the tandem all-PSCs show excellent
thermal and photo stability compared with their small-mo-
lecule counterparts. In the future, the rapid development of
PMSAs will provide versatile choice for the polymer acceptors
used in the tandem all-PSCs, which will further promote the
improvement of the PCE of the tandem all-PSCs.

CONCLUSIONS AND FUTURE OUTLOOK

All-PSCs possess the advantages of mechanical flexibility,
morphology-stability, and good film-forming property. Recently,
the strategy of the PSMAs and the rapid development of the
high performance PSMA polymer acceptors have promoted the
PCE of the all-PSCs to the level of 17%—18%, which is close to
the efficiency of the SMAs-based PSCs. Therefore, the PSMA-
based all-PSCs are promising for the application in future large
scale flexible PSCs.

To further boost device performances for the ultimate in-
dustrialization, we want to point out the following several is-
sues. (1) The synergistic optimization of SMA building blocks
and linking units may provide new opportunities to further

improve photovoltaic performance of the PSMAs, by further
broadening its absorption, enhancing its electron mobility
and optimizing the active layer morphology of the blend of
polymer acceptor and polymer donor. (2) It is still a challenge
to control the active layer morphology of the blend of poly-
mer acceptor and polymer donor in the all-PSCs. From the
thermodynamic point of view, studies on Flory-Huggins type
interactions and solubility parameters may give some hints
for a better understanding of the phase separation behavior
in the active layer, which may instruct the molecular design
for the donor and acceptor materials as well as the third com-
ponent used in the ternary all-PSCs. (3) More diversified poly-
merization methods for the high performance and low cost
PSMAs should be explored to solve the problems of batch dif-
ference and low yield of the PSMA polymer acceptors. (4) Sta-
bility issue, including the photo-stability, environmental sta-
bility and thermal stability, should be deeply studied. (5)
Large scale synthesis of the p-type conjugated polymer
donors and the PSMA polymer acceptors with non-halogen-
ated solvent processing is also very important for future ap-
plication of the all-PSCs. We believe that the flexible all-PSCs
will get our daily life application in near future.
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