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The last two years have witnessed rapid progress in organic solar cells (OSCs), driven by the newly-
developed nonfullerene acceptor (NFA) Y6, which contains an electron-deficient core-based central fused
ring. Inspired by Y6, a lot of novel Y-series NFAs with A—-DA’D-A structures and matched polymer donors
have been synthesized. Besides developing donor/acceptor materials, there are also many other factors
contributing to the advances in OSCs. This review focuses on the most classic PM6:Y6 material combination
and summarizes the recent progress in OSCs. First, the underlying mechanisms for the such high perfor-
mance of OSCs based on PM6:Y6 are introduced. Then, the modifications of the active layer are discussed
comprehensively, which involves incorporating a third monomer into PM6 to synthesize a terpolymer,
towards the construction of ternary and quaternary devices, and various processing technologies. Next, the
development of an interfacial layer and electrode materials in PM6:Y6-based OSCs are also summarized and

rsc.li/frontiers-materials

1. Introduction

As a promising energy conversion technology, organic solar cells
(OSCs) have attracted wide attention due to their advantages, such
as being low-cost, flexible, lightweight and semi-transparent.'”
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discussed. Finally, perspectives and directions for the further development of OSCs are proposed.

In general, OSCs consist of a transparent and conductive
substrate, active layer, interfacial layers and electrodes. For high-
performance OSCs, the active layer adopts a bulk heterojunction
(BHJ) architecture, where a donor and an acceptor are mixed to
form a bicontinuous network. Accurate control of proper
phase separation guarantees highly efficient exciton separation
and charge transport.®® In recent decades, underpinned by the
development of photovoltaic materials and device engineering,
OSCs have seen rapid progress and their power conversion
efficiencies (PCEs) have reached 16-18%.%""

Developing novel photovoltaic materials has been one of
the most important research areas in the past few decades.
High-performance donor/acceptor photovoltaic materials should
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fulfill several critical requirements: (1) good solubility for solvent
processing, (2) strong and complementary absorption in the
visible-near infrared region, (3) matched energy levels to strike
a balance between the energetic offset for exciton separation and
voltage loss, (4) high charge mobility, which is usually 107>~
10~* cm® V' s and measured using the space charge limited
current (SCLC) method, and (5) suitable aggregation perfor-
mances and miscibility between the donor and acceptor to form
nanoscale phase separation. Before 2015, acceptor materials
were dominated by fullerenes due to their unique performance
in terms of high electron affinity and mobility. However, the
deficiencies of fullerenes, such as their weak absorption, difficult
modification and easy dimerization, result in the theoretical
efficiency of fullerene-based OSCs being limited to ~13%."%"°
Afterwards, the nonfullerene acceptors (NFAs) were strongly
investigated to solve these problems and effectively overcome
the trade-off between the short circuit current (Jsc) and open
circuit voltage (Voc).2>’
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In terms of chemical structure, NFAs with a acceptor-donor-
acceptor (A-D-A) type structure, which consists of an
electron-donating fused-ring core as the D unit, and electron-
withdrawing end groups as the A unit, have been widely studied
and exhibit excellent photovoltaic performance. OSCs based on
A-D-A-type NFAs have reached high PCEs of over 15%, with a
general efficiency of around 13-14% for single-junction
devices.?®3 In 2019, a novel NFA Y6 with a A-DA’D-A structure
was developed, as shown in Fig. 1, where an electron-deficient
core-based central fused ring was used.** When paired with the
widely used polymer donor PM6, the Y6-based OSCs delivered a
high PCE of 15.7% with a simultaneously high V¢ (0.825 V), Jsc
(25.2 mA cm™?) and fill factor (FF, 74%), which is one of the
important milestones in the progress of OSCs. Under the
induction of Y6, a series of Y-series derivatives were developed
by modifying the electron-deficient core,**° alkyl chains,'*?”
and end groups''? to tune the solubility and aggregation
performance of the NFAs. In addition, novel polymer donors
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Fig. 1 Schematic diagram of the main content of this review.

have also been developed simultaneously to pair with
Y6.'41538713 Ag a result, the field has seen excellent progress,
with a PCE of around 18% achieved for single-junction OSCs,
and corresponding reviews have been published recently.** >

In fact, PM6 (also named PBDB-TF, PBDB-T2F) is a D-n-A
type copolymer (as shown in Fig. 1), with an optical bandgap of
~1.80 eV and a highest occupied molecular orbital (HOMO)
energy of &~ —5.50 eV, where benzodithiophene (BDT), thiophene,
and benzodithiophene-4,8-dione (BDD) served as the D, w, and A
units, respectively.”®> PM6 has been proved to be a star polymer
donor and can be widely used to blend with different NFAs,
including both small molecules® ™ and polymers.”®*® As the
most classic donor and acceptor material, PM6:Y6-constructed
devices have attracted a lot of study. On the one hand, ternary
OSCs, thermal/solvent annealing and additive processing have
been developed to optimize the morphology of the active layers
and further improve the PCE. On the other hand, the interfacial
layers and electrodes have also been investigated for achieving
efficient carrier transport and extraction, thereby leading to high
photovoltaic performance, as well as meeting the requirements of
practical commercial applications. Systematic understanding of
this work is helpful for us to further understand the relationship
among the molecular characteristics, active layer morphology,
device physics and photovoltaic performance.

Hence, in this review, we discuss the development of OSCs
based on PM6:Y6 in three parts, as summarized in Fig. 1. First,
the underlying mechanisms for the such high performance are
analyzed. Then, a comprehensive description of bulk hetero-
junction (BHJ) layer optimization is presented, including: (1)
the design and development of new terpolymers based on PM6,
(2) ternary and quaternary OSCs, (3) various treatments such as
solvent/solid additive processing. Next, the recent progress of
interfacial layers and electrodes in PM6:Y6-based OSCs is
discussed. This review is intended to help researchers keep
abreast of the recent achievements, and gain inspiration for the
development direction of high-performance OSCs. Here, it
should be noted that effectively comparing photovoltaic
efficiencies made in different research groups is challenging
due to factors such as the influence of the light source and the
definition of the active area of OSCs.®®* In addition, the
accuracy of the PCE may be limited by measurement techniques,
with the error expected to be in the of range 3-5%.°%*
Therefore, the PCE values in this review are presented in the

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021

Active Layer Optimization:
v' PM6-based terpolymers;
v Ternary and quaternary OSCs;

v Treatment processing.

form of three significant figures. Note that it is the optimization
strategy that deserves more attention, but not the accuracy of
the PCE.

2. Underlying mechanisms for the high
performance of PM6:Y6 OSCs

According to the reported literature,* Y6 exhibits complementary
absorption to PM6, with an absorption onset of 931 nm and
absorption coefficient of 1.07 x 10° cm™ ", as shown in Fig. 2. The
HOMO and LUMO energy levels of Y6 are calculated to be —5.65
and —4.10 eV, which match those of PM6. The external quantum
efficiency (EQE) spectrum of the PM6:Y6-based device shown in
Fig. 2d demonstrates its broad photoresponse, extending from
300 to 900 nm, which is in good agreement with the absorption
spectroscopy results.

To understand the underlying origin of the excellent perfor-
mance of PM6:Y6-based OSCs, the Vo, Jsc and FF values of the
devices have been analyzed systematically. First, delving deeper
into the energy losses (Ejoss) is beneficial for understanding
high V¢ values. As reported,®® the total Ejyss (Eioss = S1 — gVoc,
where, S; is the singlet exciton energy of the lower bandgap
component in the blend and ¢ is the elementary charge) was
calculated to be 0.535 eV, with a low driving force (AEg; cr,
energy difference between S; and charge transfer state, CT) of
0.05 eV, radiative recombination (AE;.q) of 0.199 eV and non-
radiative recombination (AEponrad, calculated from kT
In(EQEg; "), where EQEg, is the EQE of the electroluminescence,
measured to be 1.3 x 10> as shown in Fig. 2e) of 0.286 €V, which
are among the lowest values reported in the literature.>®”
The corresponding parameters are indicated in Fig. 2f. In
addition, the Ej.s from energetic disorder was calculated to be
as low as 26.7 meV. As Durrant et al. reported,®® the low energetic
disorder caused by the tail state could be due to the high degree of
conformational rigidity and uniformity for Y6, as a result of the
presence of the two alkyl side chains on the outer core.

Even though there is a small energetic offset of the highest
occupied molecular orbital (HOMO) between the donor and
acceptor, the PM6:Y6-based devices show efficient hole transfer,
leading to high performance. Previous studies proposed several
mechanisms such as “hot” CT states and entropy-driven charge
separation (CS).%*”"* Recently, barrier-free CS was proposed.”>
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Fig. 2 (a) UV-vis absorption spectra of PM6, Y6 and the PM6:Y6-based blend films; (b) cyclic voltammetry (CV) plots and (c) energy levels of PM6 and Y6;
(d) EQE curves of the PM6:Y6-based device;** Copyright 2019, Elsevier; (e) EQEg, versus the applied bias for 12 devices based on PM6:Y6; and (f) a
schematic representation of the breakdown of energy losses from S; to Voc.®® Copyright 2019, Wiley-VCH.

It was supposed that CT state dissociation could be assisted by
the electronic polarization effects of Y6. In PM6:Y6-based BH]
films, the polarization energies increase significantly from
the interfaces to the pure regions, which compensate for the
coulombic binding of the CT state, therefore enabling barrier-
free dissociation of the CT states. In addition, Zhang et al
compared the electron and hole transfer channels of CS in the
devices using transient absorption (TA) spectroscopy, and
discussed a possible underlying mechanism.”> When a photon
is absorbed by Y6, the photoexcited local excitation (LE) state is
separated into free polarons through the intra-moiety excited
(i-EX) states due to the strong intermolecular interaction
between the conjugation units and the different electron
affinities in the dimer structure of Y6. However, when a photon
is absorbed by PM6, the LE state is separated into free polarons
via the interfacial CT state.

Accurate characterization of molecular structures in the
melt state, aggregated state and thin films is required to better
understand the structure-processing-property relationships.”®””
Single-crystal analysis of photovoltaic materials provides an
effective method to investigate the relationship between structure
and property, such as intrinsic electronic coupling, charge
transport properties.”®”® As shown in Fig. 3a and b, the
extended Y6 crystal exhibits continuous and regular three-
dimensional (3D) structure, which contain three types of Y6
molecular dimer.”®5® Therefore, there is both overlap between
the end groups (Pairs 1 and 2) and between the cores (Pair 3) in
the Y6 molecular packing structure, leading to much larger
electronic coupling between two adjacent molecules. It is
known that charge mobilities are strongly influenced by the
electronic coupling,®"** hence, Y6 exhibits ambipolar charge

transport properties, with electron and hole mobility values of
1.8 x 10* and 5.6 x 10~* em® V™' s77, respectively. Notably,
the distinctive n-n molecular packing of Y6 is also evident in
the PM6:Y6-base blend film, proved from grazing incidence
wide-angle X-ray scattering (GIWAXS) measurements and
molecular dynamics simulations.®’ Besides this, Y6 exhibits
large exciton coupling between adjacent molecules in the range
of 44-57 meV, which indicates that the excitons are well
delocalized and diffuse. These features are conducive to
reducing exciton-vibration coupling and thus slowing down
the non-radiative decay rate.®® More crucially, the estimated
distance (d..,) between the hole and electron at the donor/
acceptor interface increases from 22 to 51 A due to the electron
delocalization of Y6, leading to reduced coulombic attraction,
as shown in Fig. 3c. Hence, effective charge generation can be
achieved, although the driving force for the exciton dissociation
is small.

Next, the probability of charge collection (Pg) of 97.7% and
91.8% under short-circuit and maximum power conditions,
respectively, indicate negligible geminate recombination.®®
Measurement of the light intensity-dependent short-circuit
current density and open-circuit voltage combined with the
quantitative analysis of capacitance imply moderate non-geminate
recombination with negligible bulk/surface trap-assisted
recombination and excellent charge extraction (the effective
charge carrier lifetime 7. is significantly larger than the
effective extraction time 7.,) of PM6:Y6-based devices. In addition,
the PM6:Y6-based blend exhibits high and balanced charge
mobilities, where the electron and hole mobilities are calculated
tobe 5.9 x 10" *and 2.0 x 10* em® V" s, respectively.’* These
results contribute towards remarkable Jsc and FF values.

3260 | Mater. Chem. Front., 2021, 5, 3257-3280  This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021
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Fig. 3 (a) Molecular pairs in the Y6 single crystal. (b) Illustration of the molecular-dynamics simulations results for the packing in the pristine Y6. (c) Natural
transition orbitals of the interfacial CT states using the TD-©wB97XD/6-31G(d,p) method coupled with the PCM model for molecular clusters (left: one PBDB-

T-2F donor fragment with one Y6 molecule; right: one PBDB-T-2F donor fragment with three Y6 molecules) &°

3. Active layer optimization
3.1 Novel terpolymer based on PM6

Based on the rapid progress of NFAs, efficient polymer donors
are desirable to construct high-performance OSCs. Among the
various polymer donors, the design of terpolymer by incorpor-
ating a third monomeric unit into the copolymer backbone in a
proper ratio has been proven to be a rational and facile strategy
to precisely regulate the absorption spectra, energy level, aggre-
gation and orientation of the original copolymers,*®°"83783
Depending on the third component, terpolymers can be

R=2-ethylhexyl

R
+pbp—na -]-n
PMé6
Fig. 4 Simplified schematic diagram for the classification of terpolymers.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021

Copyright 2020, Springer Nature.

classified into two types: (i) two donors and one acceptor
monomer and (ii) two acceptors and one donor monomer.
Herein, a series of terpolymers based on PM6 with excellent
photovoltaic performance are highlighted, as shown in Fig. 4.
Chemical structures of the typical terpolymer are shown in
Fig. 5 and the corresponding properties and photovoltaic
parameters are summarized in Table 1.

Increasing the withdrawing properties of the acceptor building
block of polymer donors can lower the HOMO energy levels of the
donors, therefore contributing towards improved V¢ values of

-[—D—A-]n—[—D—A1-]-m

Two acceptors and one donor monomers

Embedding a
third component

-,

Two donors and one acceptor monomers

Terpolymer
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Fig. 5 Examples of the chemical structure of terpolymers (R = 2-ethylhexyl).

OSCs. Hou et al. introduced 20% of strong electron-withdrawing
ester group-substituted thiophene (EST) into the PM6 polymer
backbone and developed a novel terpolymer, T1, with lower
HOMO levels, broader optical absorption and better solubility.*®
Combined with BTP-4F-12 (flexible alkyl chains modification of
Y6), the devices with tetrahydrofuran (THF) as a processing
solvent yielded a PCE of 16.1%. Besides EST, the electron-
withdrawing fluorine atom (F) is another feasible choice for
lowering the energy levels. In addition, a T1:BTP-4F-12-based
device with an area of 1.07 cm” was fabricated via the blade-
coating method using THF as the processing solvent, and an
impressive PCE of 14.4% was achieved. Guo et al. overcame
synthetic challenges and synthesized a novel building block (FE-T)
based on a thiophene unit with the simultaneous substitution
of EST and F.®” Then, a novel terpolymer, S1, with a deeper
HOMO level was developed by introducing 20% of FE-T into
PMB6. Besides this, benefiting from the S-O and S-F noncovalent
interactions between FE-T and the adjacent thiophene, S1
exhibited reduced dihedral angles, which led to extended
n-electron delocalization. Hence, compared with PM6, S1 shows

3262 | Mater. Chem. Front., 2021, 5, 3257-3280

more optimized crystallization and aggregation behavior, leading
to enhanced face-on orientation and improved n-m stacking.
Therefore, S1:Y6-based OSCs exhibit a remarkable PCE of
16.4%, with a significantly improved Vo value of 0.877 V, Jsc
value of 25.402 mA em™> and FF value of 73.7%, which are higher
values than those of the PM6:Y6-based device (15.4% with a V¢
value of 0.839 V).

Reducing the HOMO energy of the donor and minimizing
the energy offset between the donor and acceptor are effective
in decreasing the energy loss for OSCs and achieving high Ve
values. While, reversely aligned energy levels between the donor
and acceptor limit the effective charge separation. Optimizing
the energy match between the donor and acceptor is critical to
overcoming the trade-off. Yan et al reported a series of
terpolymer donors with a range of energy levels to find an
optimal balance between efficient charge transfer and Voc.*®
These novel polymers were synthesized by inserting around
20% of the third acceptor (difluorobenzo|c|[1,2,5]thiadiazole
(DFBT), p-difluorobenzene (DFB), tetrafluorobenzene (TFB),
and thiazolo[5,4-d]thiazole (TzTz)) into the backbone of PM6/PM7.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021
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Table 1 Summary of the optical, electrochemical performance and photovoltaic parameters of the corresponding terpolymers

Terpolymer Amax (NM) EgP* (eV) HOMO (eV) LUMO (eV) Voc (V) Jsc (MA em™?) FF (%) PCE (%) Ref.
T1¢ — 1.82 —5.45 —3.64 0.853 25.2 75 16.1 86
S1 — — —5.52 —3.72 0.877 25.402 73.7 16.4 87
sz1® 577 1.80 —5.50 —2.85 0.832 25.2 76.6 16.1 88
Sz2°P 567 1.83 —5.51 —2.95 0.847 25.4 76.7 16.5 88
sz3? 568 1.85 —5.44 —2.85 0.839 25.6 77.7 16.7 88
sz4b 569 1.86 —5.51 —2.85 0.848 26.0 77.4 17.1 88
PM6-TZz20 — 1.84 —5.47 —-3.59 0.85 26.3 77 171 89
PM1 — — —5.52 —-3.59 0.87 25.9 78 17.6 90
PM20Si 607 1.81 —5.49 -3.07 0.80 26.92 70.44 15.2 91
PM6-Ir1.5¢ — — —5.55 —3.62 0.839 26.09 77.98 171 92
PL1 620 1.84 —5.47 —3.52 0.82 25.57 78.1 16.4 93
PL2 620 1.84 —5.48 —3.53 0.81 24.63 75.5 15.1 93

“ BTP-4F-12 served as an acceptor. > N3 served as an acceptor. © Y6-2 served as an acceptor.

These terpolymers possess fine-tuned energy levels, leading to
higher Vo values and better efficiencies. As a result, when
blended with derivatives of Y6 (N3), all of these terpolymer-
based devices exhibit impressive PCEs of over 16.1%. In particular,
Sz4 matched N3 the best among these terpolymers, therefore
leading to a PCE value of as high as 17.1%.

Apart from increasing the Vo and Js¢ values by tuning the
energy levels of the donor, optimizing the molecular packing
and orientation via a terpolymerization strategy also plays an
important role in boosting the FF value, which is beneficial for
effective charge generation, transport, and extraction, resulting
in an improved PCE. In order to finely regulate the molecular
packing to further optimize the morphologies of the corres-
ponding active layer, Zhang et al. developed a novel terpolymer
(PM6-Tz20) by incorporating 5,5'-dithienyl-2,2'-bithiazole
(DTBTz, 20 mol%) as the third unit into the PM6 molecular
backbone.?? Combined with Y6, the M6-Tz20-based active layer
shows optimized morphology with enhanced molecular packing,
proper phase separation and high phase purity. These lead to the
high-efficiency physical processes of the corresponding devices,
including higher exciton dissociation and charge extraction
efficiency, less charge recombination, higher and more balanced
charge mobilities and increased PL quenching efficiencies. As a
result, the PM6-Tz20:Y6-based OSCs achieved a noteworthy PCE
of 17.1% with a significantly increased FF value of 0.77, while
PM6:Y6-based devices only yielded a PCE of 15.7% with an FF
value of 0.72. Meanwhile, Zhang et al. reported another
high-performance terpolymer PM1 by incorporating 20% of
thiophene-thiazolothiazole (TTz) into the PM6 backbone via
random terpolymerization.”® Based on the high crystallinity
and charge mobility of PM1, the PM1:Y6-based blend showed
favorable phase separation and good molecular aggregation.
Therefore, a high PCE of 17.6% with a high FF value of 0.78
was achieved for the PM1:Y6-based OSCs.

Side chain modification is also an effective strategy by which
to adjust the solubility, molecular packing and film morphology.
Tan et al synthesized a series of PM6-based terpolymers
(PM10Si, PM20Si, and PM30Si), containing different siloxane-
substituted (4,7-di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole) (DTBT)
content.”® Compared with PM6, these terpolymer-based blends
showed more favorable morphology when combined with Y6,

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021

leading to increased mobilities. As a result, the PM20Si:
Y6-based device yielded a higher PCE with enhanced Jsc value.

Recently, Min et al. introduced a heavy metal containing
component (1.5 mol% Ir complexes) into the PM6 backbone
and synthesized a new terpolymer donor (PM6-Ir1.5) that shows
increased steric hindrance and reduced aggregation
tendency.’” Blended with Y6-C2, a PM6-Ir1.5-based active layer
exhibited suitable phase separation, contributing towards
enhanced exciton dissociation and balanced charge transport.
Hence, optimized PM6-Ir1.5:Y6-C2-based OSCs achieved high
PCEs of up to 17.1%.

The PM6:Y6-based devices showed excellent efficiency.
However, there are still factors that limit further improvements
in PCE, such as efficient but sub-optimal hole transfer.
Therefore, it is necessary to fine-tune the HOMO energy levels
of donors to enable highly efficient hole transfer without
severely sacrificing the Voc value. Yan et al. developed two
terpolymers, PL-1 and PL-2, via terpolymerization.®® Compared
with PM6, both terpolymers exhibited slightly upshifted HOMO
energy levels and a slightly higher order of molecular packing.
When blended with acceptor Y6, the blend films based on
terpolymers showed a similar morphology to PM6-based blends.
As a result, the OSCs based on PL-1:Y6 performed much better in
terms of PCE (16.4%), with improved Jsc and FF values and a
slightly decreased Vo value than those based on PM6:Y6 (15.9%).

3.2 Ternary and quaternary OSC based PM6:Y6

In order to further improve the efficiency of OSCs, ternary
devices with multiple donor or acceptor materials in the active
layer are believed to be a promising strategy. Generally, ternary
OSCs can be divided into four models according to the systems
reported to date: charge transfer, energy transfer, parallel-like
and alloy models. The incorporation of the third component
provides one/multiple synergetic benefits to devices: (a)
enabling complementary absorption with host materials to
improve the Jsc value, (b) tuning the energy levels to enhance
the Vo value, (c) optimizing the morphology of the active layer,
leading to favorable performances such as high-efficiency
exciton dissociation, charge transport and collection, and
suppressive recombination, hence contributing towards the
enhancement in the Jsc and FF values.
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3.2.1 Two donors and one acceptor as the ternary OSC
active layer. The third component serving as a donor in the
ternary OSCs is desirable to lead to a deeper HOMO energy level
and proper crystallinity to achieve a higher V¢ value and
optimized morphology of the active layer. Small molecule
donors (SMDs) with diversified molecular structures can be
used to easily tune the energy levels and optimize absorption.
In addition, compared with polymers, SMDs generally exhibit
better crystallinity, with the ability to regulate the morphology
of ternary OSCs. Bao et al. reported a highly crystalline SMD
(DRTB-T-C4, as shown in Fig. 7), serving as the third component
in a binary device based on PM6:Y6.”* DRTB-T-C4 with an
appropriate coherence length of n-n stacking can prevent self-
aggregation, facilitate a highly ordered structure and optimized
morphology, leading to increased hole and electron mobilities
(un and ), with a balanced up/pe ratio of 1.01. As a result, an
excellent FF value of as high as 0.813 can be achieved, therefore
contributing towards an impressive PCE of 17.1% for PM6:
DRTB-T-C4:Y6-based ternary OSCs. Li et al. demonstrated
nematic liquid-crystalline benzodithiophene terthiophene rho-
damine (BTR) with a similar structure and different crystallinity
compared to that those of PM6, which simultaneously signifi-
cantly enhanced the stacking and reduced the phase separation
scale of the ternary active layer.”> Hence, the introduction of BTR
facilitated effective exciton dissociation, charge transport and
collection, resulting in an improvement in the PCE from 15.7%
for a PM6:Y6-based binary device to 16.6% for a BTR-
incorporating ternary device. Similarly, Li et al introduced
BPR-SC] with a deep-lying HOMO and good crystallinity into
PM6:Y6-based devices.”® Simultaneously increased Voc, Jsc and
FF values were achieved for the ternary devices, with a high PCE
of 16.7%. Zou et al. designed a novel donor ECTBD with the
same central unit as PM6.”” The introduction of ECTBD
optimized the morphology of the ternary blend, resulting in
increased Jsc and FF values. And then, the PM6:ECTBD:Y6-based
ternary OSCs yielded a high PCE of 16.5%. Moreover, Peng et al.
constructed ternary OSCs by introducing SMD (SM1) into
PM6:Y6-based devices.”® The similar structure ensured good
compatibility between SM1 and PM6, and the highly-ordered
stacking of SM1 optimized the morphology of the ternary blend,
leading to improved Jsc and FF values, which were attributed to
the improved charge extraction and exciton dissociation efficiencies,
and reduced bimolecular recombination. And then, a high PCE of
16.6% was achieved for the ternary OSCs.

In addition to SMD, polymer donor materials have also been
used as a third component to construct ternary OSCs. An et al.
designed ternary OSCs by introducing a polymer donor S3 into
the blend of PM6:Y6.%° Motivated by the good compatibility, the
two donors preferred to form an alloy-like state, leading to a
well-developed morphology in the ternary active layer, which is
beneficial to achieving enhanced charge generation and extraction,
resulting in a highly improved FF value. Complementary
absorption spectra of the two donors, as well as the deeper
HOMO energy level of S3 contributed to simultaneously
enhanced Jsc and Vo values. As a result, the optimized ternary
OSCs achieved a PCE of 17.5% with an FF value of 79.17%.
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Analogously, Zhang et al. constructed high-performance ternary
0SCs by incorporating J71 into binary OSCs.'®® The resulting
ternary devices showed a PCE of 16.5%, as a result of the
complementary absorption, fine tuning of the energy levels,
optimized molecular aggregation and phase separation.
Recently, Guo et al. fabricated ternary OSCs consisting of
PM6 and P1 as donors and Y6 as an acceptor.'®" Benefiting
from the extended absorption, cascade-like energy levels and
favorable morphology in the ternary blend, the optimized
ternary OSCs achieved a PCE of 16.2%, with a significantly
increased Vo value and lower non-radiative recombination
loss. Zhan et al. applied PBDB-T-SF as the third component
into a PM6:Y6 system, in which the two had identical backbone
structures with different side-chain orientation.'®® The loading
of PBDB-T-SF tuned the polymer phase morphology via mesoscale
interpenetrating polymer crowding, resulting in improved pup
and balanced p;, and g, values, as well as faster charge extraction
and reduced trap-assisted recombination. Consequently, an
improved efficiency of 16.4% with increased Jsc and FF values
was achieved. Moreover, polymers with asymmetric blocks can
also be used to optimize the photovoltaic performance of devices
when introduced into binary systems as a third component.
Yang et al. designed two asymmetrical polymers, PDHP-Th and
PDHP-Ph, and introduced them into OSCs based on PM6:Y6
hosts.'” The twisted backbone of the guest donors induced
blue-shifted absorption spectra compared to that of PM6, which
helped to improve the light harvesting. The finely mixed
morphology of PDHP-Th with the host blend balanced the
crystallinity of the donor and acceptor, leading to balanced
charge mobility. As a result, ternary OSCs based on the
PDHP-Th guest gave a PCE of 16.8%. And recently, Chen et al.
employed a polymer donor, TPD-3F, as the third components
into PMe6:Y6-based devices.'™ The interaction parameter
between PM6 and TPD-3F was extremely low, indicating good
miscibility, which contributed towards the formation of a mixed
phase. GIWAXS patterns indicated that the TPD-3F:Y6-based
blend was more inclined to face-on orientation compared with
the PM6:Y6 blend. Besides this, chloronaphthalene (CN) with a
high boiling point, promoted a higher degree of n-stacking with
proper phase separation. The various morphologies of the
blends are summarized in Fig. 6. The optimized morphologies
of the ternary devices exhibited efficient exciton dissociation and
carrier transport, resulting in a significantly enhanced PCE
of 17.0%.

3.2.2 Two acceptors and one donor as the ternary OSC
active layer. Apart from introducing a donor as the third
component, acceptor guests also play an important role in
optimizing the performance of ternary OSCs. To this aim,
Fullerene as the first available guest material has attracted
wide studies in constructing ternary OSCs. Hou et al. introduced
phenyl-Cg;-butyric-acid-methyl ester (PCy¢;BM) into a PM6:Y6-
based device and fabricated the ternary OSCs, which delivered
an impressive PCE of 16.5%, with simultaneously improved Vo,
Jsc and FF values."®® The improvement in the PCE for the ternary
devices could be ascribed to the following reasons. First, the
incorporation of PCs;BM helped to increase the y. value, leading
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Fig. 6 Schematic representations of the morphologies in the various blend films.}°* Copyright 2020, American Chemical Society.

to a balance between the u;, and u. values. Then, the PCsBM
dispersed the aggregation of Y6 and enhanced the EQEg;, which
resulted in reduced nonradiative energy losses. Zhan et al
fabricated a ternary device by adding a small amount of
phenyl-C,;-butyric-acid-methyl ester (PC,;BM) into a PMé6:
Y6-based device. The use of PC,;BM increased the Vo and Jsc
values due to the higher LUMO energy (—3.90 eV) compared to
that of Y6 (—4.15 eV) and relatively strong absorption in the
region of 300-700 nm, which helped to achieve complementary
absorption with the host material.'® Besides this, the good
compatibility between PC,;BM and Y6 ensured that the main
morphology of the host blend was unchanged and helped to
improve the phase purity, contributing towards increased y;, and
Ue values, as well as suppressive monomolecular recombination.
Therefore, the Voc, Jsc and FF values were simultaneously
improved, resulting in a 7.7% enhancement in the PCE (16.7%
vs. 15.5%) of the ternary OSC relative to that of the binary OSC.
Ge et al. also introduced PC,,BM into a PM6:Y6-based blend and
developed ternary OSCs with a high PCE of 16.7%.'%” Notably,
PM6:Y6:PC,,BM-based flexible ternary OSCs prepared on a PET
substrate showed an excellent PCE of over 14%. Recently, Bu
et al. made PM6:Y6-based binary and PM6:Y6:PC,,BM-based
ternary devices to study the influence of vertical miscibility on
the photovoltaic performance.'®® As reported, good vertical
miscibility prevented charge traps and provided effective charge
transport pathways. The PM6:Y6-base blend showed a uniform
distribution of components in the vertical direction. While, the
addition of PC,;BM further optimized the uniform distribution
of the components with improved content of Y6 on the top of the
active layer, indicating more balanced charge transport, effective
exciton dissociation, negligible bimolecular recombination and
reduced trap-assisted recombination. As a result, an excellent
PCE of 17.1% with a low sensitivity to film thickness for the
PM6:Y6:PC,;BM ternary OSCs was achieved. Yip et al. added
20% weight content of PC,;BM into a PM6:Y6-based system and
revealed that the addition of PC,;BM had little effect on the
packing of Y6, according to GIWAXS measurements.*® And, the
enhanced PCE (16.5%) of the ternary devices was mainly
attributed to the improved charge transport properties.

NFAs with tunable absorption spectra, energy levels and
molecular aggregation have also been widely used as the third
component in ternary OSCs. Chen et al. synthesized two
asymmetric NFAs (BTP-S1 and BTP-S2), as shown in Fig. 9,
based on the same backbone as Y6 and two different end
groups.'” The PM6:BTP-S2-based device gave an outstanding
EQEg. of 2.3 x 10 %%, which was one order of magnitude
higher than that of the PM6:Y6 system (4.4 x 10 °%), resulting

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021

in significantly lower nonradiative loss. Combining the high
Voc value of the BTP-S2-based device and high Jsc value of the
Y6-based device, a ternary device was fabricated based on
PM6:Y6:BTP-S2 to further improve the efficiency. Notably, when
the BTP-S2 ratio changed from 10% to 50% in the acceptor
mixture, efficiencies of over 17% could be achieved for all of the
ternary OSCs. The champion PCE was as high as 17.4% for the
ternary device with 20% BTP-S2, which showed highly
improved Voc and Jsc values. Introducing an NFA guest with
red absorption and high LUMO energy levels also effectively
induced the improvement in the Vo and Jsc values of the
ternary OSCs. Tang et al. introduced a NFA named SY3 as the
third component in a PM6:Y6 host."'® Due to the slightly red-
shifted absorption and higher energy levels relative to those of
Y6, the optimized ternary device realized an outstanding PCE of
17.1%, which was ascribed to the enhanced V¢ and Js¢ values.
Considering the morphology of NFA-guest ternary OSCs, Chen
et al. developed a novel small acceptor BTP-M, which showed
higher energy levels and lower crystallinity than Y6.""" And
then, ternary OSCs based on PM6:Y6:BTP-M were fabricated,
where an alloy-like composite was formed between Y6 and
BTP-M. Hence, the energy levels and morphology of the ternary
active layer were optimized, leading to enhanced V¢ and Jsc
values. Therefore, the optimized ternary device yielded an out-
standing PCE of as high as 17.0%. Sun et al. designed two
3TP3T-4F and 3TP3T-IC NFAs, and incorporated as them as the
third component in PM6:Y6-based binary OSCs.''® 3TP3T-4F
exhibited excellent compatibility with Y6, while poor compatibility
was observed between 3TP3T-IC and Y6. Benefiting from the
well-mixed acceptor phases (Y6 and 3TP3T-4F), the ternary device
with a nondisrupted bicontinuous morphology delivered an
improved PCE of 16.7%, higher than that of a 3TP3T-IC-based
ternary device (15.6%), owing to a sacrificial morphology. Zhan
et al. developed a new NFA IN-4F with a BDT central core, as a
second acceptor to boost PM6:Y6-based device performance.™"’
The optimized ternary device showed a high efficiency of 16.3%.
This result indicated that the similarity in the structures of the
host and guest acceptor helped to maintain the homogeneous
fine film morphology of the corresponding binary active layer.
At the same time, Zhan et al. incorporated IDIC into a PM6:Y6
blend to construct a ternary device with the well-maintained
morphology of the host blend, and a PCE of 16.5% was
achieved."™* An et al. applied MF1 as a guest acceptor to generate
an alloy model in a PM6:Y6-based host system, ascribed to the
good compatibility of MF1 and Y6, which was proved by Raman
mapping, contact angle and cyclic voltammetry measurements.™"
The ternary device achieved a high PCE of 17.2%, an over 8%
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Fig. 7 Chemical structures of the third component (serving as a donor) in PM6:Y6-based ternary OSCs (R = 2-ethylhexyl).

improvement compared with the corresponding host device.
Using the same ternary approach, this group also developed
another ternary system by adding IT-4F into the PM6:Y6 blend
and achieved a PCE of 16.3%.""°

Different from the above, Liu et al. fabricated a series of
ternary devices by incorporating acceptor guests with low
miscibility and high LUMO energy levels into a PM6:Y6 system.
The participation of a small amount of the third components
enlarged the domain size and reduced the bimolecular recom-
bination in the ternary blend, leading to enhanced Jsc and FF
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values.''” As a result, the corresponding ternary OSCs based on
PM6:Y6:ITCPTC, PM6:Y6:N7IT and PM6:Y6:PF2-DTC exhibited
improved PCEs of 17.4%, 17.0 and 17.0%, respectively.
Gasparini et al. designed a novel small acceptor O-IDTBR
and introduced it into a PM6:Y6 blend."'® With the addition of
O-IDTBR, the PCE of this ternary system increased from 15.2%
to 16.6%. The increase in PCE can be attributed to better charge
transfer and reduced trap-assisted recombination, where the
O-IDTBR selectively mixed within the acceptor matrix and
served as a charge relay. Notably, the ternary device exhibited
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Fig. 8 (a) D-Spacing (red symbols), CCL (blue symbols) and peak area/volume fraction (black symbols) of n—n and lamellae diffraction peaks for blended
films with different compositions. (b) Sketch of the arrangement of molecules in the quaternary blended films.*?” Copyright 2021, Springer Nature.

3266 | Mater. Chem. Front., 2021, 5, 3257-3280  This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021


https://doi.org/10.1039/d1qm00060h

Published on 22 February 2021. Downloaded by ECOLE POLY TECHNIC FED DE LAUSANNE on 9/3/2021 1:19:53 PM.

Materials Chemistry Frontiers

improved photostability, with a negligible PCE drop upon 1 sun
illumination stress using a metal halide lap after 225 h,
corresponding to minimized trap formation in the ternary
devices.

Besides these above reports that applied A-D-A (or A-
DA'D-A)-type acceptors as the third component, Cai et al
mixed a mid-band-gap star-shaped acceptor, FBTIC, with a
PM6:Y6 blend and achieved a high PCE of 16.7% for the
corresponding ternary device."*® FBTIC provided complementary
absorption to the host blend, with a high-lying LUMO energy level,
contributing towards higher Jsc and Voc values. In addition,
according to single-crystal analysis, the star-shaped structure of
FBTIC led to a complex 3D conjugated framework, benefiting
charge transfer, and therefore leading to an improved FF value.
Moreover, Zhang et al. designed ternary OSCs by introducing a
commercially available polymer acceptor N2200 as the guest
component into a PM6:Y6 blend."*® The addition of N2200
suppressed the aggregation of Y6, leading to more favorable
morphology with an appropriate domain size. Therefore, high
photovoltaic efficiencies of 16.0% and 16.6% were obtained for
blade-coated and spin-coated ternary OSCs, respectively.

3.2.3 Other ternary and quaternary OSCs. Up to now, the
commonly used guest components in the ternary OSCs have
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been limited to relatively complex molecules. On the contrary,
Zheng et al. constructed high-performance ternary OSCs by
introducing a simple small molecule, BTF."*" The addition of
BTF led to an outstanding PCE of 16.5% for the optimized
ternary device, with simultaneously improved V¢, Jsc and FF
values. Recently, Liao et al. introduced a liquid crystal small
molecule (LCSM) named DFBT-TT6 into the PM6:Y6 system
and constructed ternary OSCs to explore the influence of liquid
crystal properties on the performance of devices."* Due to the
good compatibility of DFBT-TT6 with PM6 and Y6, it was
proved that DFBT-TT6 is mainly located at the D/A interface,
contributing towards effective charge transfer and optimized
morphology. Therefore, a significantly improved PCE of 17.1%
was obtained for ternary OSCs compared with that of binary
OSCs (15.8%). Tao et al. employed hydrogen bonding inter-
actions between the guest component DIBC and host acceptor
Y6 to regulate the crystallization, stacking and aggregation of
acceptor, as well as optimize the morphology of the ternary
blend.* OSCs based on the PM6:Y6:DIBC blend exhibited an
improved PCE (16.4%) compared with the binary device
(15.0%), with a significant improvement in the FF value from
71.28% to 77.12%. In addition, in order to suppress the
recombination of excitons located in the CT state, Lin et al
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Fig. 9 Chemical structures of the third component (serving as an acceptor) in PM6:Y6-based ternary OSCs (R = 2-ethylhexyl).
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Table 2 Photovoltaic parameters of the PM6:Y6-based ternary or quaternary OSCs
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Active layer Ratio (w/w) Voc (V) Jsc (mA cm™?) FF (%) PCE (%) Ref.
PM6 : DRTB-T-C4:Y6 0.9:0.1:1.2 0.84 24.79 81.3 17.1 94

PM6:BTR:Y6 0.95:0.05:1.2 0.839 25.8 76.7 16.6 95

PM6: BPR-SCL: Y6 0.75:0.25:1 0.87 25.77 75 16.7 96

PM6: ECTBD: Y6 0.85:0.15:1.2 0.848 25.54 76.24 16.5 97

PM6:SM1:Y6 0.85:0.15:1.2 0.831 25.7 77.5 16.6 98

PM6:S3:Y6 0.8:0.2:1.2 0.856 25.86 79.17 17.5 99

PM6:J71:Y6 0.9:0.1:1.2 0.85 25.55 76.0 16.5 100
PM6:P1:Y6 0.6:0.4:1.2 0.87 25.45 73.23 16.2 101
PM6 : PBDB-T-SF: Y6 0.85:0.15:1.2 0.856 25.21 76.11 16.4 102
PM6: : PDHP-Th:Y6 1:0.1:1.2 0.850 26.60 71.7 16.8 103
PM6: PDHP-Ph: Y6 1:0.03:1.2 0.823 26.58 68.2 15.4 103
PM6: TPD-3F:Y6 0.9:0.1:1.2 0.893 25.83 73.7 17.0 104
PM6:Y6: PCs;BM 1:1.2:0.2 0.845 25.4 77.0 16.5 105
PM6:Y6: PC,BM 1:1.2:0.1 0.861 25.1 77.2 16.7 106
PM6:Y6:PC,,BM 1:1.0:0.2 0.850 25.70 76.35 16.7 107
PM6 : Y6 : PC; BMgiexible) 1:1.0:0.2 0.828 23.57 72.03 14.1 107
PM6:Y6: PC,1BM 1:1.0:0.2 0.85 27.5 73.1 17.1 108
PM6:Y6:PC,,BM 1:0.96:0.24 0.83 26.0 75.9 16.3 80

PM6:Y6: BTP-S2 1:0.96:0.24 0.880 26.20 75.80 17.4 109
PM6:Y6:5Y3 1:1:0.2 0.855 25.51 78.2 17.1 110
PM6:Y6: BTP-M 1:0.96:0.24 0.875 26.56 73.46 17.0 111
PM6:Y6: 3TP3T-4F 1:1.02:0.18 0.85 26.1 75.4 16.7 112
PM6:Y6:3TP3T-IC 1:1.02:0.18 0.86 25.2 71.6 15.6 112
PM6:Y6: IN-4F 1:1.2:0.1 0.85 25.7 74.5 16.3 113
PM6:Y6: IDIC 1:1:0.2 0.868 25.39 74.92 16.5 114
PM6:Y6: MF1 1:1.08:0.12 0.853 25.68 78.61 17.2 115
PM6:Y6: IT-4F 1:0.96:0.24 0.844 25.40 75.9 16.3 116
PM6:Y6: ITCPTC 1:1.14:0.06 0.861 25.674 78.8 17.4 117
PM6:Y6: N7IT 1:1.14:0.06 0.854 25.538 77.7 17.0 117
PM6:Y6: PF2-DTC 1:1.14:0.06 0.854 25.728 77.5 17.0 117
PM6:Y6: O-IDTBR 1:0.85:0.15 0.85 25.75 76 16.6 118
PM6:Y6: FBTIC 1:1.0:0.2 0.866 24.6 77.9 16.7 119
PM6:Y6 : N2200(spin) 1:1.2:0.12 0.83 26.3 76 16.6 120
PM6 : Y6 : N2200(pjaqc) 1:1.2:0.12 0.83 26.3 74 16.0 120
PM6:Y6: BTF 1:1.2:0.1 0.853 26.11 74.22 16.5 121
PM6:Y6: DFBT-TT6 1:1.2:0.066 0.845 26.56 76 17.1 122
PM6:Y6: DIBC 1:1.2:0.1 0.83 25.61 77.12 16.4 123
PM6:Y6: APDC-TPDA 1:1.2:0.1 0.84 25.98 77.5 17.0 124
PM6:Y6: Br-ITIC 1:1.08:0.12 0.854 25.5 75.1 16.4 125
PM6:Y6: Br-ITIC: PC,,BM 1:1.08:0.12:0.12 0.853 25.8 76.4 16.8 125
PM6:Y6:IDIC: PC,;BM 1:1.0:0.2:0.1 0.866 26.19 75.29 17.1 126
PM7:PM7:Y6:PC,;BM 0.8:0.2:1.2:0.25 0.859 26.55 79.23 18.1 127

developed a novel ternary device by introducing a delayed
fluorescence (DF) emitter (APDC-TPDA) into the PM6:Y6-based
host blend. The incorporation of APDC-TPDA extended the
exciton lifetime and prevented energy transfer from the CT to
the T1 state, leading to effective exciton diffusion and
dissociation.'** As a result, the optimized ternary device based
on APDC-TPDA yielded a high PCE of 17.0%, with a highly
improved FF (77.50%) value compared to that of the binary
device (PCE of 15.2% and FF value of 71.87%). Notably, the
APDC-TPDA-containing ternary OSCs exhibited excellent storage
stability with around 96% of the initial PCE after 55 days of
storage under ambient conditions (temperature of 25 °C and
relative humidity of 25%, room light).

Consistent with the effect of the ternary device, a quaternary
strategy was adopted to further improve the efficiency of OSCs.
Zhang et al. fabricated quaternary OSCs based on a PM6:Y6
host blend by incorporating Br-TICI and PC,;BM as guest
components.'*® Compared to the binary (PM6:Y6, PCE of
15.7%) and ternary (PM6:Y6:Br-ITIC and PM6:Y6:PC,,BM, PCEs
of 16.4% and 16.2%, respectively) devices, the quaternary

device presented a further improved efficiency of 16.8%.
Subsequently, Zhan et al. prepared a quaternary device based
on PM6:Y6:IDIC:PC,,BM and achieved an excellent PCE of
17.1%."%® Liu et al.*’ fabricated quaternary devices comprising
PM6:Y6 host pairs with an additional donor PM7 and acceptor
PC,;BM. PM7 has a similar structure to that of PM6 but with a
deeper HOMO energy level and PC,;BM exhibits higher LUMO
energy levels than Y6, affording a cascading energy level alignment
and resulting in longer exciton diffusion times. GIWAXS
measurements showed that the quaternary blend showed the
largest crystal coherence lengths (CCL) and peak area in both
the n-m stacking and lamellar stacking directions. The results
are summarized in Fig. 8a, which indicated the improved
crystallinity and crystal quality of the quaternary blend.
A schematic of the molecular packing in the quaternary blend
is shown in Fig. 8b. The mixture of PM6 and PM7 contributes
towards a fibrillar network, and optimized the packing of Y6
due to the different interaction of PM7 with Y6 compared with
that of PM6. The addition of PC,,BM was found not to disrupt
the host morphology. As a result, the PM6:PM7:Y6:PC71BM-
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based quaternary device yielded an outstanding PCE of over
18%. In addition, the quaternary device exhibited excellent
photostability and storage stability. After 1000 h of illumination,
the device maintained 81% of its initial PCE. And, after 1000 h of
aging at an average temperature of 41.5 °C and relative humidity
of 12.5%, the device retained 97.2% of its initial PCE (Table 2).

3.3 Various treatment procedures of the PM6:Y6 blend

Apart from optimizing the photovoltaic materials as demon-
strated above, controlling the kinetics and thermodynamics
during the evolution of the film formation, as well as grasping
the thermal transition of molecules in the blend film to
regulate the morphology of the active layer have also attracted
considerable attention. Specifically, tuning the D/A ratio, solvent/
solid additives processing, solvent selection, and thermal/solvent
annealing are the widely used approach to optimize the active
layer for solution-processed OSCs. Recently, Liu et al. revealed the
relationship between the processing solvent and thermal annealing
conditions, film morphology, and photovoltaic performance of
a PM6:Y6-based device.” In the chloroform (CF) processed
film, Y6 with a banana shape, adopted n-n stacking through
its end group along the cube body diagonal with two Y6
molecules and formed 1D channel. And two 1D channels were
integrated to form a polymer-like conjugate backbone with a 2D
network. The two charge channels with special orientation
improved the charge mobilities and current density. Furthermore,
after thermal annealing, the n—n stacking became tighter and the
crystal coherence length was increased, thus further improving
the performance. As a result, the best optimized device delivered a
PCE of as high as 16.9%. By contrast, the device processed in
chlorobenzene (CB) only showed a PCE of 12.2% due to the small
and discrete oriented crystallites of Y6. Subsequently, Ma et al.
fabricated a series of devices using CB, 1,2,4-trimethylbenzene
(TMB) and ortho-xylene (0-XY) as processing solvents via slot-die
coating.'*® Interestingly, the devices with different solvents
exhibited similar morphology through controlling the solution
and substrate temperature, therefore yielding similar PCEs of
15.2%, 15.4% and 15.6% for CB, TMB and o-XY, respectively.
These results indicated that similar aggregation states and
kinetics processes during film formation result in the different
solvent processed blends having similar morphologies. Tan et al.
proposed a solvent-flushing strategy using acetylacetone
(Acac, as shown in Fig. 10) to optimize the component distribution
in the active layer for PM6:Y6-based OSCs.'” Due to the partial
solubility of Y6 and insolubility of PM6 in Acac, the acceptor on the
surface of the flushed blend could be taken away, leading to an
inhomogeneous vertical concentration distribution. Then, the
inverted OSCs based on PM6:Y6 exhibited increased PCEs from
15.4% to 16.5%.

Different from the empirical trial-and-error approaches of
processing thermal annealing, Ade et al. proposed a relatively
rational annealing strategy named double-annealing method,
involving aggregation transitions. Thermal transition of the
acceptor Y6 (102 + 1 °C) was evaluated using a UV-vis
method.”® And then, after double-annealing treatment under
a low temperature of 100 °C first and a second higher temperature
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Fig. 10 Chemical structures of additives applied in a PM6:Y6-based
system.

of 120 °C, the PM6:Y6:PC,;BM-based ternary OSCs achieved
16.8% efficiency, representing a 5% and 6% improvement
compared with the device that was single-annealed at 100 and
120 °C, respectively.

Zhang et al. explored the p-dopant tris(pentafluorophenyl)-
borane (BCF) for use in PM6:Y6-based OCSs."*' Due to the
electron-deficient B atoms in BCF, the dopant prefers to interact
with PM6 and frustrated Lewis pairs, leading to enhanced n-n
stacking, with the efficiency of the PM6:Y6 device increasing
to 16.0% from 15.4%. Anthopoulos et al. demonstrated an
n-type dopant BV and incorporated it in the PM6:Y6 and
PM6:Y6:PC,;BM-based host blends, respectively.'** The addi-
tion of BV results in increased optical absorption and opti-
mized phase separation with improved molecular packing,
contributing towards balanced charge transport. Hence, high
efficiencies of 16.0% and 17.1% were achieved for BV-doped
PM6:Y6 and PM6:Y6:PC,;BM-based devices, respectively. More-
over, Jiu et al. proposed chlorine-functionalized graphdiyne
(GCl) as a novel solid additive applied in a PM6:Y6 system,
resulting in the PCEs of the corresponding devices significantly
improving to 17.3%, with simultaneously increased Jsc and FF
values.'®® The high efficiency was attributed to the enhanced
crystallinity and prominent phase separation, and hence more
effective physical processes upon the addition of GCI. Likewise,
Yang et al. introduced a new polymer acceptor (PIDTC-T) as the
solid addition into a PM6:Y6-based device and achieved a
remarkable PCE of 16.8%."** Shoaee et al. fabricated a thick
device (~400 nm) based on PM6:Y6 using chloronaphthalene
(CN) addition to regulate the packing and crystallinity of
photovoltaic materials. And then, a PCE of 14.4% was achieved
(Table 3)."**

3.4 Interfacial engineering and electrode progress

Designing novel donor/acceptor materials and optimizing the
morphology of the active layer are the key strategies to improve
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Table 3 Photovoltaic parameters of PM6:Y6-based OSCs subjected to different treatment processing

Active layer Processing conditions Voc (V) Jsc (mA cm™?) FF (%) PCE (%) Ref.
PM6:Y6 CB 80 °C 0.796 21.16 72.15 12.2 79

PM6:Y6 CF 80 °C 0.835 26.52 76.21 16.9 79

PM6:Y6 CB solution/substrate temperature (80/80 °C) 0.82 25.9 70.0 15.2 128
PM6:Y6 0-XY solution/substrate temperature (100/100 °C) 0.81 26.6 70.3 15.6 128
PM6:Y6 TMB solution/substrate temperature (110/110 °C) 0.80 26.4 70.9 15.4 128
PM6:Y6 Solvent-flushing (0.5% Acac) 0.857 25.50 75.57 16.5 129
PM6:Y6:PC,;BM Single-annealed 100 °C 0.84 25.40 75 16.0 130
PM6:Y6:PC,;BM Single-annealed 120 °C 0.83 25.90 74 15.9 130
PM6:Y6:PC,,BM Double-annealed 100/120 °C 0.83 26.60 76 16.8 130
PM6:Y6 0.01 wt% BCF 0.84 25.96 73.47 16.0 131
PM6:Y6:PC,;BM 0.004 wt% BV 0.84 26.3 77 17.1 132
PM6:Y6 1 wt% GCl 0.840 26.09 79.05 17.3 133
PM6:Y6 2 wt% PIDTC-T 0.847 25.50 77.6 16.8 134
PM6:Y6 1.5% CN 400 nm 0.81 26.3 68.1 14.4 135

the efficiency of OSCs. Meanwhile, interfacial engineering and
electrode modification also play important roles for effective
charge transport and extraction, and subsequently result in
high performance of OSCs with extensive characteristics such
as flexibility, semitransparent, etc. Excellent conductivity,
appropriate work function and surface energy are desirable
for interfacial layer materials to ensure better energy alignment
and interfacial contact. According to the different transporting
characteristics, the interfacial layer can be divided into a
hole transport layer (HTL) and electron transport layer (ETL),
corresponding to hole transport materials (HTMs) and electron
transport materials (ETMs), respectively.

Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) is one of the most widely used HTMs in OSCs due
to its high transparency in the visible region and solution
processability. However, some weaknesses such as modest
conductivity and strong acidity limit the efficiency of the
corresponding OSCs. A series of strategies have been investigated
to optimize the performance of PEDOT:PSS. In aqueous solution,
the hydrophilic and insulating PSS dominates the surface
region of coiled/core-shell PEDOT:PSS, while hydrophobic and
conductive PEDOT occupies the core region, leading to limited
conductivity to achieve an efficient charge transport process. There-
fore, Guo et al. dropped graphitic carbon nitride (g-CsN,) into
PEDOT:PSS to break the shield of PSS and release more PEDOT,
subsequently resulting in improved conductivity."*® The PM6:Y6-
based device with g-C;Ni:PEDOT:PSS as a HTL exhibited an
improved PCE of 16.4% with an enhanced FF and Jsc value, as a
result of improved charge transport and suppressed charge recom-
bination. Li et al modified PEDOT:PSS by dropping dopamine
hydrochloride (DA-HCI), where the dopant reacted with PSS and
yielded PSS-DA, leading to the enhanced intermolecular stacking of
HTM (PEDOT:PSS:DA)."*” Therefore, the PEDOT:PSS:DA exhibited
enhanced work function and conductivity, contributing to a high
PCE of 16.6% for corresponding OSCs based on PM6:Y6. Recently,
Huang et al introduced a series of novel oxoammonium salts
(TEMPO'X ") to simultaneously optimize the work function and
conductivity."*®* When using TEMPO'Br ™ as a HTL, the device based
on PM6:Y6 exhibited an improved PCE of 16.1%.

Regulating the surface-free energy (SFE) of PEDOT:PSS in
conventional devices can effectively tune the vertical distribution

of the donor and acceptor in the active layer, where the
donor (acceptor) enriches near to the anode (cathode) regions.
Alharbi et al. introduced Nafion to achieve chain separation
between PEDOT and PSS, leading to the decreased SFE of
PEDOT:PSS, due to the favorable enrichment of the donor.'**
By accurately tuning the ratio of Nafion, the PM6:Y6-based
device with PEDOT:PSS-Nafion (4:1) as a HTL achieved a high
PCE of 16.3%. Besides this, the ‘“molecular lock” between HTMs
and active layer materials also brings about vertical distribution,
as well as mechanical contact. Sun et al. added chloroplatinic
acid (CPA) into PEDOT:PSS and constructed a “molecular lock”
with the polymer donor PM6, leading to a denser and more
orderly stacking of PM6 near the surface of CPA dropped
PEDOT:PSS.'* Therefore, the PCEs of PM6:Y6-based OSCs with
dropped PEDOT:PSS as a HTL attained 16.5%, with an enhanced
FF values of 77%, as a result of reduced trap-assisted recombina-
tion and prolonged charge carrier lifetime. Wang et al. presented
a bilayer structure HTL of copper(i) thiocyanate (CuSCN) and
poly[(9,9-dioctylfluorenyl-2,7-diyl}-alt-(4,4'-(N-(4-butylphenyl)))] (TFB),
where the TFB contributed towards tuning the work function
of CuSCN and enhancing the interfacial contact between
CuSCN and the active layer PM6:Y6.'"" As a result, a PCE of
15.1% was achieved for the corresponding device.

Apart from PEDOT:PSS, transition metal oxides such as
V,0s5, WO3;, etc. are other widely used HTMs. However, the
key point of these HTMs is the high annealing temperature,
which leads to complex device manufacturing. To address these
issues, Anthopoulos et al. demonstrated liquid exfoliated 2D
WS, nanosheets as a HTM, changing the work function of the
indium tin oxide (ITO) without further treatment."*> Owing to
reduced bimolecular recombination, the OSCs comprising WS,
as a HTL exhibited an excellent PCE with improved FF and Jsc
values (PCE of 15.8%, FF of 73% for the PM6:Y6-based device
and a PCE of 17.0% and FF of 78% for the PM6:Y6:PC,BM-
based device). Cho et al. reported another approach to achieving
annealing-free processing for the HTL.'*® Different from
anhydrous system processing via high-temperature annealing,
a small amount of water contributes towards removing the
acetylacetonate ligand of MoO,(acac), easily through hydrolysis.
Hence, compared with MoO, prepared via an anhydrous sol-gel
method (7.7% without annealing), the PM6:Y6-based device with
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aqueous sol-gel-prepared MoO, yielded a significantly higher
PCE of 17.0% without any annealing process.

Guo et al. introduced bismuth oxychloride (BiOCI) NPs as a
HTM to produce a material with a high oxygen vacancy content,
favorable interfacial contact, high chemical stability, and excellent
optoelectronic properties, that does not require post treatment."**
Compared with traditional PEDOT:PSS, an increase of 3% was
achieved for PM6:Y6-based devices with BiOCl NPs serving as a
HTL. Besides this, OSCs based on BiOCI displayed better stability
attributed to the reduced chemical reactivity and hydrophobicity
of BiOCl, which enabled a kinetic barrier for H,O penetration.
Kim et al. applied fluorine-functionalized reduced graphene oxide
(FrGO) as a HTL via a spray coating method into a PM6:Y6-based
device and achieved an efficiency of 13.3%.'*> Subsequently,
Chen et al reported a novel conjugated polyelectrolyte
PCPDTK, 50H 50"TT as a HTL, which meets the requirements of
printing preparation.'*® The corresponding OSCs based on PM6:
Y6:PC,,BM achieved a PCE of 16.3%, with an area of 0.04 cm?.

Wide-bandgap metal oxides also have been widely used in
OSCs as ETLs, such as ZnO, V,0,, SnO,, etc., due to their high
selectivity in extracting electrons. However, the trap states and
localized electronic states caused by the oxygen vacancies of
these metal oxides limit the high performance of their corres-
ponding OSCs. In order to passivate the oxygen vacancies,
Lin et al introduced polar solvents such as alcohol-amines
with Lewis basicity, which bond with oxygen vacancies on the
ZnO surface, leading to a lower trap density and higher electron
mobility."” As reported, when triethanolamine (TEA)-
passivated ZnO was used as an ETL, the device based on
PM6:Y6 exhibited an enhanced PCE of 15.6%, with an
improved Jsc value. Interestingly, Xie et al. adopted perylene
bisimide with benzenesulfonic acid (PBI-SO;H) to optimize
ZnO. The PBI-SO;H not only enhanced the solubility of
molecules in water but also facilitated the formation of ionic
bonds between sulfonic acid and Zn atoms, contributing
towards increased hole blocking ability and highly efficient
electron collection and transportation in inverted OSCs."*® As a
result, an efficiency of up to 15.4% was achieved for a PM6:Y6-
based device. Yang et al. spin-coated a thin film of potassium
hydroxide (KOH) on a ZnO surface to obtain potassium ion (K")
modified ZnO, which interacted with the acceptor in the active
layer, resulting in a higher content of the acceptor near to the
ZnO surface."*® Benefiting from the optimized vertical morphology,
the corresponding device based on PM6:Y6 exhibited an improved
PCE of 15.7%.

Graphene has been reported to serve as a HTM due to its
unique characteristics such as high carrier mobility, transparency,
mechanical flexibility, and compatibility with solution
processability, etc. In addition, it also functions as an ETM.
Lv et al. dispersed graphene into (N,N-dimethyl-ammonium
N-oxide)propyl perylene diimide (PDINO) and developed a
novel n-doped ETM (PDINO-G), as verified by electron spin
resonance (ESR), Raman spectroscopy and X-ray electron
spectroscopy (XPS) measurements.””® PDINO-G exhibited
improved conductivity and charge extraction rate, and reduced
charge recombination. When the n-doped PDINO-G was
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introduced as an ETL, the PM6:Y6-based device displayed an
improved PCE of 16.5%. After that, this group reported 3D
surfactant (POSSFN and ADMAFN)-dispersed graphene,
wherein the amino groups in the surfactants interact with
graphene.’® Compared with 2D graphene, the 3D n-doped
graphene exhibited prominent processability, faster charge
carrier extraction, and reduced recombination. Hence, the
PM6:Y6-based OSCs yielded 15.9% and 16.1% with POSSFN-G
and ADMAFN-G as ETMs, respectively.

Hu et al. synthesized a type of n-doped conjugated poly-
electrolyte (CPEs, PFBP-Br and PFBP-I) via an Aldol condensation
protocol between bis-isatin and bis-oxindole monomers, which
exhibited enhanced charge delocalization, higher doping levels
and conductivity.'>® With PFBP-Br serving as an ETM, the device
based on PM6:Y6 achieved a PCE of over 16%. Besides this, the
devices showed insensitivity to PFBP-Br thickness, with PCEs of
over 14% and 11% for 30 and 60 nm PFBP-Br, respectively, which
are beneficial for the fabrication of large-area OSCs. In addition,
Tan et al. fabricated a PM6:Y6-based device with printable SnO,
as an ETL, yielding excellent efficiency.'”® When the thickness of
SnO, increased from 10 to 160 nm, the corresponding PCEs
showed a slight decrease from 16.1% to 13.1%. In addition,
large-area OSCs of 100 mm’® based on printed SnO, cathode
interlayers achieved an excellent PCE of 12.7%. Subsequently,
this group introduced aluminum(m) acetylacetonate (Al(acac);)
as an ETL and constructed a semi-transparent OSC (ST-OSC)
based on PM6:Y6, yielding a PCE of 12.4% with an average
visible transmittance (AVT) of 25.33%.">* Encouragingly, the
corresponding large-area 100 mm?” ST-OSC still achieved a high
PCE of 11.3%.

Furthermore, Zhang et al. synthesized a small-molecule
electrolyte (HDSID) and applied it in OSCs as an ETL, leading
to 15.6% efficiency for a PM6:Y6-based device."® Xia et al.
developed a novel reaction between metal-carbon triple bonds
and a carbon-carbon triple and afforded a metallic-aromatic
system with a d,—p, conjugated structure (Os=C), which was
found to be a good ETM with which to construct OSCs. The
device based on PM6:Y6 demonstrated a high PCE of 16.3%."°

Apart from the interfacial layers, the electrodes play an
important role in OSCs. Meanwhile, the selection of the electrodes
is one of the key factors in fabricating ST-OSCs, which exhibit
special applications, such as in windows, buildings, green-
houses, etc. Ade et al. introduced novel bimodal silver nano-
wires (AgNW-BM) containing two different aspect ratios (short/
thick with a low aspect ratio and long/thin with a high aspect
ratio).’®” As reported, the AgNW-BM exhibited reduced sheet
resistance and high visible transmittance. Hence, the ST-OSCs
based on PM6:Y6 with AgQNW-BM as a top electrode (at the top
of the device, used to extract charge) exhibited a high efficiency
of 9.79%, with an AVT of 23%. Recently, Lu et al. employed
Ag/ITO as an electrode to prepare ST-OSCs. By changing the
thickness of Al and ITO, the transmittance of the devices was
improved, with a high efficiency of 10.2% with AVT of 28.6%
being realized for the PM6:Y6-based device.'>® An et al. replaced
the Al electrode in opaque OSCs with 1 nm Au combined with
different thicknesses of Ag to construct ST-OSCs.'*® The trade-off
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Table 4 Photovoltaic parameters of PM6:Y6-based OSCs with different interfacial layers/electrodes

Active layer Interfacial layer/electrode Voc (V) Jsc (mA cm™?) FF (%) PCE (%) Ref.
PM6:Y6 g-C3;N,:PEDOT:PSS 0.84 26.71 73 16.4 136
PM6:Y6 PEDOT:PSS:DA 0.840 25.52 77.1 16.6 137
PM6:Y6 PEDOT:PSS(TEMPOJ'Br*) 0.82 27.18 72.59 16.1 138
PM6:Y6 PEDOT:PSS-Nafion (4:1) 0.84 25.76 75.40 16.3 139
PM6:Y6 CPA/PEDOT:PSS 0.84 25.5 77.0 16.5 140
PM6:Y6 CuSCN/TFB 0.85 24.45 72.69 15.1 141
PM6:Y6 WS, 0.84 25.9 73 15.8 142
PM6:Y6:PC,;BM WS, 0.84 26.0 78 17.0 142
PM6:Y6 Aqueous MoO, 0.843 27.53 73.8 17.0 143
PM6:Y6 BiOCl NPs 0.83 27.07 71.70 16.1 144
PM6:Y6 S-FrGO 0.77 24.64 69.9 13.3 145
PM6:Y6:PC,,BM (0.04 cm?) PCPDTK, 50Ho 5o-TT 0.854 25.10 75.9 16.3 146
PM6:Y6:PC,,BM (1.0 cm?) PCPDTK, 50Ho 50-TT 0.872 17.33 67.5 10.2 146
PM6:Y6 TEA-capped ZnO 0.820 29.19 65.20 15.6 147
PM6:Y6 ZnO:PBI-SO;H 0.84 24.67 73.46 15.4 148
PM6:Y6 ZnO/KOH 0.85 27.1 68.1 15.7 149
PM6:Y6 PDINO-G 0.85 25.65 75.78 16.5 150
PM6:Y6 POSSFN-G 0.849 25.34 73.93 15.9 151
PM6:Y6 ADMAFN-G 0.845 25.45 74.91 16.1 151
PM6:Y6 PFBP-Br 0.83 26.12 73.49 16.2 152
PM6:Y6 SnO, (10 nm) 0.831 26.63 72.75 16.1 153
PM6:Y6 SnO, (160 nm) 0.819 25.28 63.14 13.1 153
PM6:Y6 Al(acac); 0.817 20.71 73.34 12.4 154
PM6:Y6 HDSID 0.84 25.84 71.84 15.6 155
PM6:Y6 0s=C (30) 0.87 25.21 74.19 16.3 156
PM6:Y6(st-05Cs) AgNW-BM 0.716 20.84 61.26 9.12 157
PM6:Y6:PC;1BMsr.0505) Ag/ITO 0.88 17.9 65.2 10.2 158
PM6:Y6(s1-050s) 1 nm Au/10 nm Ag 0.852 20.35 71.36 12.3 159
PM6:Y6st-0505) D-PEDOT:PSS 0.80 19.28 68.36 10.5 160
PM6:Y6(f1exible) Em-Ag/AGNWSs:AZO-SG 0.832 25.05 72.97 15.2 161

between efficiency and transmittance could be balanced by
adjusting the thickness of Ag. A PCE of 12.3% with an AVT of
18.6% was obtained for a PM6:Y6-based device using 10 nm Ag.

In addition, Ge et al. optimized PEDOT:PSS by doping it with
xylitol first and then post treating it with methanesulfonic acid
to improve its optical, electrical, and morphological
properties.'®® When the modified PEDOT:PSS served as flexible
and transparent bottom electrodes, the corresponding device
based on PM6:Y6 demonstrated a high PCE of 10.5% with an
AVT of 21% and remarkable mechanical stability. Interestingly,
the flexible ST-OSCs were applied as a part in a simulated
greenhouse and had no adverse effect on the growth of plants.
Li et al. proposed a “welding” strategy and added Al-doped ZnO
(AZO) into an AgNW network via a capillary force effect, to
obtain a flexible and transparent electrode.'® However, the
substrate was also modified by embedding it with AgNW
(Em-Ag) to enhance the adhesion of the electrode. As a result,
the flexible OSCs achieved an outstanding PCE of 15.2% (Table 4).

4. Conclusions and outlooks

In the last two years, the development of electron-deficient-
core-based NFAs (Y6 and its derivatives) have made a break-
through in the field of OSCs. Due to effective exciton dissociation,
negligible geminate recombination, suppressive charge recom-
bination and excellent charge extraction of the OSCs containing
PM6 and Y6, outstanding PCEs of over 17% have been attained.
In order to further optimize the performance of PM6:Y6-based
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devices, several aspects can be considered. (1) From the aspect
of matching donor materials, terpolymerization via accurate
control of the content of the third monomer with certain
functional groups is an effective and simple method. This
strategy could help to properly adjust the energy levels and
aggregation of donors, contributing to well-matched donor-
acceptor pairs to construct high-performance devices. (2)
Proper crystallinity and miscibility of the third components in
constructed ternary OSCs are two other important factors in
addition to complementary absorption and matching of energy
levels. As reported, good miscibility between the guest donor
(or acceptor) and host donor (or acceptor) is beneficial for
optimizing the morphology of the active layer. Otherwise, third
components with poor miscibility can also modify the morphology
when the addition amount is small. (3) Reasonable processing to
control the kinetics and thermodynamics during the evolution
of the active layer film formation is desirable to forming a
favorable morphology with nanoscale phase separation. (4)
Developing the interface layer and electrode materials, which
on the one hand improves the charge extraction efficiency and
reduces charge recombination, and on the other hand is
conducive to the development of OSCs with flexible, semi-
transparent, and large-area characteristics. (5) High efficiency
OSCs should also show appropriate stability under various
environmental conditions. However, as various photovoltaic
materials have been developed and more stable performance
achieved, the required testing period has become longer, which
hinders the progress of research. Investigating the mechanism
of device attenuation and developing prediction methods are
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urgently required. For example, Ade et al. established the
relationships between chemical structure, intermolecular inter-
actions and diffusion, and revealed that high activation energy
and low diffusion coefficient of hypo-miscible systems are
beneficial for the long-term stability of 0SCs.'®*> (6) A large
number of photovoltaic materials have been developed, making
it complex to select matching donor-acceptor pairs via a trial-
and-error method. Driven by data science, machine learning
provides a powerful and cost-effective way of learning from past
data, building up structure-property relationships and then
helping to fast screen materials.'®*'®* In spite of the low
efficiency of machine learning due to the complex nature of
OSCs, it is still essential to speed up the development of OSCs.

Based on the large number of novel donor and acceptor
materials, these optimization strategies could be applied to
different high-efficiency and well-matched donor-acceptor
pairs to further improve the photovoltaic performance of OSCs.
It is expected that by integrating these optimization strategies,
higher-performance and commercially viable OSCs will soon be
accessible.
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