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During past several years, the photovoltaic performances of organic solar cells (OSCs) have achieved rapid progress with power
conversion efficiencies (PCEs) over 18%, demonstrating a great practical application prospect. The development of material
science including conjugated polymer donors, oligomer-like organic molecule donors, fused and nonfused ring acceptors,
polymer acceptors, single-component organic solar cells and water/alcohol soluble interface materials are the key research topics
in OSC field. Herein, the recent progress of these aspects is systematically summarized. Meanwhile, the current problems and
future development are also discussed.
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1 Introduction

Solar cells that convert sunlight into electricity have obtained
increasing interest from the academia and market in recent
years, since they represent the most important way to use the
renewable energy to meet the development of society and
relieve the pressure of environmental pollution. In another
aspect, flexible electronic devices have been recognized as
the basic element in future daily life due to their light-weight,
flexibility and portability. Therefore, organic solar cells
(OSCs) that combine with the utilization of solar energy,
electronics and flexibility have become a hot research field
and attracted many researchers with the background of
chemistry, physics, materials and even engineering. The
multidisciplinary collaboration also enables OSCs to gain
rapid development in recent years, providing the power
conversion efficiency (PCE) over 18% and meanwhile rea-
lizing high thermal/light-stress stability and flexibility in
large-area devices [1,2]. In this critical moment toward in-
dustry application for OSCs, we think that it is important to
provide a universal review about the research history of
OSCs so as to help this field enter a new stage.

Looking into the history of OSCs, although in 1960s there
were a few reports about using single conjugated molecule as
the photo-active layer in photovoltaic device, the small di-
electric constant with strong binding energy between hole
and electrons in the excitons prevents the photo-excited
electrons to convert into free charges. This resulted in PCEs
below 0.1% in OSCs at that time [3.4]. In 1977, it was found
that the doping of polyacetylene with I, could switch the
polymer from an insulator to an electron conductor [5]. In
1986, Tang C. W. for the first time reported a two-layer OSC
with the p-type organic semiconductor (p-OS) copper
phthalocyanine as the donor and the n-type organic semi-
conductor (n-OS) perylene diimide derivative as the acceptor
with PCE of ~1% [6]. In 1992, Sariciftci et al. [7] found the
fast photo-induced electron transfer from a conjugated
polymer to fullerene, which brought about the innovation of
bulk-heterojunction (BHJ) concept in 1995 [8]. Two soluble
organic semiconductors, a p-OS poly(phenylene vinylene)
derivative as a donor and an n-OS fullerene derivative as an
acceptor, were physically mixed to form interpenctrated
network. This pioneer work enabled OSCs to have the merits
of (1) the soluble processing ability that can be easily con-
verted into printing technique toward large-scale devices,
and (2) the fast charge transfer from a donor to an acceptor to

tackle the strong binding energies and short diffusion length
of excitons. Since then, the BHJ structure in OSCs was es-
tablished, enabling OSCs to obtain fast development in the
last two decades.

In general, a typical OSC contains a transparent conduct-
ing electrode (typically indium tin oxide (ITO)) and a metal
top electrode, cathode and anode interlayers and photo-active
layers with the donor/acceptor blend BHJ structure. The re-
search of OSCs can be divided into the following section: (1)
chemistry part, including the materials innovation of metal
electrodes, interlayers and donor and acceptor materials of
the photo-active layers that require the knowledge from in-
organic to organic chemistry, the microstructure study by
using many advanced analytical measurements, and the
surface investigation; (2) physical part to understand the
process of photo-conversion into free charges and resolve the
mechanical properties of OSCs; (3) engineering part that is
related to the fabrication process, such as doctor-blade
coating, roll-to-roll printing technique, and sealing method.
Beside these research fields, OSCs can also be related to the
computer science (such as machine learning and simulation)
[9,10] and biology (such as the assembly devices by using
OSC:s for supplying electricity, [11,12] and the application in
greenhouse for planting [13]). In most cases, all these sec-
tions will entangle with each other, and hence, it also requires
researchers to fully consider many aspects in order to realize
the industry application of OSCs.

This review provides an overview about OSCs. We will
start from introducing OSCs, including the device config-
uration, the working mechanism and the parameters. Be-
sides, a relatively long section was organized to summarize
the progress of organic semiconductors, including donor,
acceptor and single-component materials. Subsequently, the
research progress about device physics will be reviewed,
especially focusing on the energy loss and small driving
force for exciton separation. Then, the application of OSCs
will be summarized, from indoor application to greenhouse,
semitransparent windows and biological sensors. For better
matching with various readers, this review is divided into
two parts (material science and device engineering). This
part is related to material science, including conjugated
polymer donors, oligomer-like organic molecule donors,
fused ring electron acceptors, nonfused ring electron ac-
ceptors, all-polymer solar cells, single-component organic
solar cells and water/alcohol-soluble interface materials. We
hope that this comprehensive review will inspire more deep
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researches in this field and also promote the application of
OSCs in our daily life.

2 Conjugated polymer donors for organic solar
cells

MEH-PPV is the first polymer donor material with an optical
bandgap of 2.1 eV in BHJ OSCs, which produced a power
conversion efficiency (PCE) of 0.9% by blending with CN-
PPV acceptor under the light of 20 mW/cm’ [14]. However,
the MEH-PPV:CN-PPV film exhibited a narrow photo-
response region below ~600 nm, leading to a low solar
photon utilization efficiency in a given device. To enhance
solar photon utilization, a classic polymer donor of P3HT
with an optical bandgap of 1.9 eV was employed and a PCE
of 2.8% was achieved combining with PCs;BM as acceptor
[15]. Subsequently, the PCE of this device was improved to
4.4% by morphological control using thermal annealing
treatment [16]. When an electron acceptor (ICBA) with the
up-shifting lowest unoccupied molecular orbital (LUMO)
level was used, the PCE of the P3HT-based device was
further increased to 7.4% due to the improvement of open-
circuit voltage (Voc) [17]. However, the PCEs of P3HT:
fullerene analogue-based devices are still limited due to the
poor light harvesting capability. Since the low bandgap
nonfullerene acceptors (NFAs) were developed, P3HT ob-
tained a new lease of life for pursuing high-performance
OSCs due to the achievement of the broad absorption region
and matched molecular energy levels in the blend film by
NFA design. Up to now, P3HT-based device has achieved a
PCE of 9.5% [18].

For the molecular design of the polymer donors used in the
fullerene derivative-based OSCs, a key point is reducing
bandgap of the polymers, because the fullerene derivative
acceptors such as (6,6)-phenyl-Cg;-butyric acid methyl ester
(PCBM) are wide bandgap n-OS. To reduce the bandgap of
the polymer donor, an alternating conjugated donor-acceptor
(D-A) copolymer was designed by using a strong electron-
donating fluorene as a D-unit and a strong electron-accepting
benzothiadiazole (benzo[c][1,2,5]thiadiazole, BTZ) as an A-
unit. Lower bandgap D-A copolymers were successfully
applied in the PCBM-based BHJ OSCs [19]. For the polymer
donors used in the nonfullerene OSCs with narrow bandgap
small molecule acceptors, wide or medium bandgap is pur-
sued and the wide bandgap D-A copolymers can also be
realized by using weak -electron-accepting A-unit [20].
Owing to their outstanding advantages in chemical and
structural variety, molecular energy level and bandgap con-
trol, the D-A conjugated polymers have become the domi-
nant donor materials in OSCs.

Up to now, a large number of D-A conjugated polymers
were designed and synthesized, which made a highly im-
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portant contribution to boost the PCEs of OSCs. Currently,
there are many excellent reviews that summarize the polymer
donor design, and the relationship between chemical struc-
ture of polymer donor and photovoltaic efficiency [21-34].
In this section, we first highlighted the methods in tuning
molecular bandgap. Secondly, we summarized some fash-
ionable electron-accepting unit-based polymer donors for
achieving high-performance OSCs. Lastly, we discussed the
challenges in designing polymer donors for high-perfor-
mance OSCs.

2.1 Strategies for polymer bandgap control

For an ideal polymer donor, the primary principle of mole-
cular design is to construct complementary absorption
spectra against a given electron acceptor for maximizing
solar photons utilization, so as to maintain a high upper limit
of short-circuit current density (Jgc) in a photovoltaic device.
Previous prediction indicates that a PCE over 20% within the
onset absorption of 860+60 nm could be reached in a single-
junction OSC [35]. On the other hand, some special appli-
cations in OSCs have strict requirements for the optical
bandgap of the active layer. For example, a high-perfor-
mance tandem OSC requires that the front cell and rear cell
have the optical bandgaps of ~1.70 and 1.20 eV, respectively
[36]; an OSC for indoor application highly requires an active
layer that has an onset absorption wavelength below 700 nm
[37]; the ideal semitransparent OSC requires an active layer
that has high visible transmission values up to 50% (370-
740 nm), while selectively harvesting light with the wave-
length shorter than 435 nm and longer than 670 nm [38].
Overall, the bandgap control for polymer donors is highly
important to meet applications of OSCs on different occa-
sions.

There are two main contributions to tuning the bandgap of
polymer donor: hybridization of frontier orbitals and delo-
calization of electrons along the conjugated backbone. First,
the hybridization of frontier orbitals is frequently used to
modulate the energy gap as shown in Figure 1. Once D and A
units are combined by chemical bonding, their highest oc-
cupied molecular orbitals (HOMOs) and LUMOs will start
to interact with each other. Then a new set of HOMO and
LUMO levels with a smaller bandgap in D-A compound is
formed due to the redistribution of electrons. The LUMO and
HOMO levels of a D-A polymer are determined by the
HOMO of the D moiety and the LUMO of the A moiety,
respectively. They are directly related to the V¢ and charge-
separation. That is why the control of energy levels of
polymers is of crucial importance in improving photovoltaic
efficiencies in OSCs. The rules of thumb in polymer donor
design have been established based on this method. For ex-
ample, the HOMO and LUMO levels of the polymer donor
are downshifted simultaneously while keeping the same
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Figure 1 Orbital hybridization of the D and A units in a D-A conjugated
polymer (color online).

optical bandgap; the HOMO level of the polymer donor is
downshifted while maintaining the LUMO levels higher than
that of the acceptor materials [39]. Second, delocalization of
electrons along the conjugated backbone is an important tool
in developing low bandgap polymers. Delocalization of the
electrons along the conjugated backbone allows chemical
bonds to convert between double bonds and single bonds,
leading to the resonance structures between aromatic form
and quinoid form [24]. The decrease of bandgap is propor-
tional to the increase of quinoid structure in conjugated
materials due to the destruction of its aromaticity and re-
duction of its stabilization energy. To better understand the
influence of resonance structures of conjugated polymers on
their bandgaps, herein, we only presented some homo-
coupling polymers to exclude the disturbance of hybrid
frontier orbitals between D and A units as shown in Figure 2.
Poly(para-phenylene) (PPP) has a large bandgap of ~3.0 eV
due to the weak quinoid character [40]. After condensed
pyrazine in the perpendicular direction, the quinoid character
of the benzene ring was enhanced in polyquinoxaline (PQX),
thus yielding a lower bandgap of ~2.5 eV [41]. When the &t
conjugation of benzene was extended in the parallel direc-
tion, like isoindigo unit, the quinoid character of the benzene
ring was further stabilized in polyisoindigo (PIID), and the
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corresponding bandgap was reduced to ~1.7 eV [42]. Thio-
phene is a very important unit to construct high-performance
polymer donors in OSCs, the polythiophene (PT) has a
bandgap of ~2.0 eV [43]. One benzene and two thiophenes
were fused to form the benzo[1,2-b:4,5-b’]dithiophene
(BDT) unit. Its homocoupling polymer (PBDT) or still-
coupling with thiophene units exhibits bandgap of ~2.1 eV
[44,45]. When the imide group was grafted onto thiophene or
bithiophene to produce thieno[3,4-c]pyrrole-4,6(SH)-dione
(TPD) and bithiophene imide (BTI) monomers, the electron-
withdrawing ability of both units was significantly enhanced
compared with thiophene unit. However, the imide group has
a weak ability to stabilize the quinoid structure of thiophene
in PTPD and s-BTI2-FT. That is why both polymers exhibit a
similar bandgap to PT [46,47]. When the thiophene has fused
another thiophene to form the thieno[3,4-b]thiophene (TT)
unit, the top thiophene has a strong aromatic form to stabilize
the quinoid structure of down thiophene in PTT. Thus this
polymer exhibits a very low bandgap of ~1.2 eV [48]. As the
top thiophene was changed into the stronger aromatic rings
of benzene and pyrazine, the corresponding polymers of poly
(isothianaphthene) (PITN) and poly(2,3-dihexylthieno[3,4-
b]pyrazine) (PDHTP) gave the lower bandgaps of ~1.0 and
0.95 eV, respectively [49,50]. It should be noted that
abovementioned two behaviors interact with each other in
tuning the bandgap of polymer donors.

2.2 Key electron-accepting unit-based polymer donors

Up to now, a large number of conjugated polymer donors
have been constructed by the combination of D and A units.
Among these polymers, some building blocks have presented
significant advantages in constructing high-performance
polymer donors. Such as BDT [51], benzo[d][1,2,3]triazole
(BTA) [20], BTZ [52], quinoxaline (QX) [53], TPD [54], TT
[55], benzo[1,2-c:4,5-c"]dithiophene-4,8-dione (BDD) [56].
Herein, we summarize the progress of some famous building
block-based polymer donors according to the electron-
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Figure 2 The conjugated homopolymers.
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Figure 3 The TC- and BTA-containing polymer donors.

accepting units for application in OSCs. The chemical
structures of the polymer donors are presented in Figure 3,
and corresponding photovoltaic data are recorded in Tables
1-3.

Thiophene-3-carboxylate (TC) has a deeper HOMO level
and stronger intermolecular interaction compared with 3-
alkylated thiophene due to the existence of the ester group
[57,58]. To overcome the low Vi in P3HT-based photo-
voltaic cells, researchers tried to introduce TC units to build
polymer donors with deeper HOMO levels. In 2011, Li et al.
[59] reported a polymer PT-C3 with one TC unit and two
thiophene units. PT-C3 showed a much deeper HOMO level
of =5.10 eV than P3HT (~4.8 ¢V). Compared with P3HT-
based OSCs, the PT-C3-based device exhibited a higher V.,
but a lower fill factor (FF). The low FF could be attributed to
the inferior charge carrier mobility due to the irregular
conjugated backbone of PT-C3. Hou ef al. [60] developed a
regular TC-based polymer PDCBT, which exhibited a deeper
HOMO level of =5.26 eV due to the increased proportion of
TC in the polymer main chain. The PDCBT exhibited a
smaller © stacking distance, which is beneficial for charge
transport. The network morphological character in the
PDCBT:PC,;BM film made this device achieve a PCE of
7.2% by improving Vo and FF, simultaneously. When the
low bandgap NFA of 3,9-bis(2-methylene-(3-(1,1-dicyano-
methylene)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-
dithieno[2,3-d:2",3'-d"]-s-indaceno[ 1,2-b:5,6-b]dithiophene
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(ITIC) was used to fabricate OSCs, the PDCBT-based device
showed a PCE of 10.16%, which was major attributed to the
remarkably improved Jgc due to the broadening of photo-
response region of blend film [61]. The PDCBT was further
optimized by extending the side chain from 2-butyloctyl to 2-
hexyldocyl, and introducing the CI atoms into the conjugated
backbone. After careful selection of electron acceptor, the
PCE of this polymer reached 12.38% [62,63]. In 2017, Choi
et al. [64] employed the BDT-TC-based polymer 3MT-Th to
fabricate OSCs with ITIC using toluene as solvent. The de-
vices gave a PCE of 9.73% with an excellent long-term
performance stability. Since 2017, Hou et al. [65-67] also
reported a series of TC-based polymer donors. They de-
signed two polymer donors, PB2T and PB3T, which ex-
hibited much different aggregation behaviors. The PB2T-
based device only gave a PCE of 0.01% due to the highly
twisted conjugated backbone. In contrast, the relatively
planar polymer PB3T-based device produced a much higher
PCE of 11.9% [65]. The aggregation ability and HOMO
level of PB3T were optimized to produce a polymer PDTB-
EF-T by introducing F atoms and employing the side chain
strategy. The PDTB-EF-T-based device showed a more ba-
lanced hole/electron transport, yielding a higher PCE of
14.2% [66]. Additionally, they also reported a polymer PTO2
with the short synthetic route. This polymer gave an out-
standing PCE of 14.7% by combining with the electron ac-
ceptor of IT-4F [67]. In 2018, Geng et al. [68] reported a
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polymer PBT with TC and vinylene linker in the conjugated
backbone, which exhibited a PCE of 6.25% by blending with
PC4;BM. Bo ef al. [69] used the BDT unit to replace the
bithiophene group to prepare a new polymer PBTVT. This
polymer possessed good solubility in halogen-free solvents
and a deep HOMO level of —5.35 eV. The OSCs were fab-
ricated with PBTVT as a donor and ITOIC-2F as an acceptor
by o-xylene processing to produce a PCE of 11.04%. Re-
cently, Hou et al. [70] reported a more easily prepared
polymer PTVT-T with low cost using one thiophene to re-
place bithiophene in PBT. PTVT-T exhibited strong ag-
gregation behavior, which makes it form nanoscale
aggregations and face-on orientation. After blending with the
electron acceptor of BTP-eC9, this polymer-based device
showed the highest PCE of 16.2% among TC-based OSCs.

BTA is a weak electron-withdrawing unit for constructing
wide or medium bandgap polymer donors [71,72]. You et al.
[73] designed and synthesized two BTA-based polymer do-
nors with or without fluorine atoms. Compared with fluorine
atom-free BTA-based polymer donor, the fluorinated BTA
(FBTA)-based polymer donor (FTAZ) exhibited similar op-
tical and aggregation properties, but the deeper HOMO level
and twenty times higher hole mobility. In PC¢BM-based
OSCs, FTAZ showed an improved Vye, Jsc, and FF, si-
multaneously, thus yielding a higher PCE (7.1%) than BTA-
based counterpart (4.3%). Li ef al. [74] employed FBTA-
based polymer donor (J52) to fabricate NF OSCs by com-
bining with low bandgap acceptor of ITIC and obtained a
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PCE of 5.51%. Subsequently, the same group used trialk-
ylsilylthiohene to replace alkylthiophene as a conjugated
side chain to make a 2D-conjugated polymer donor (J71).
This polymer possessed a deep HOMO level of —5.40 eV,
and formed a favorable BHJ morphology to reduce charge
recombination in the J71:ITIC-based device. This device
gave a much higher PCE of 11.41% with the enhancement of
Voc, Jsc and FF compared with the J52-based device [75].
Lately, Zhan et al. [76] used the FTAZ to match a low
bandgap acceptor of IDIC to fabricate OSCs. This device
achieved a PCE up to 12.5% with an outstanding Jgc of
20.8 mA/cm’ at that time. To develop deeper HOMO level
BTA units, Huang ef al. [77] designed and synthesized a
novel acceptor unit of cyclic-imide substituted BTA, 4,8-di
(thien-2-y1)-6-octyl-2-octyl-5H-pyrrolo[3,4-f]benzotriazole-
5,7(6H)-dione (TZBI). The polymer based on TZBI and
BDT unit showed a deep HOMO level of —5.34 V. It was
further optimized by tuning conjugated side chains and
flexible alkyl chains to obtain a better polymer of P2F-EHp,
which firstly achieved over 16% efficiency for single-junc-
tion OSCs [78]. The photovoltaic parameters of the TC- and
BTA-containing polymer-based devices are summarized in
Table 1.

Benzo[c][2,1,3]thiadiazole (BT) is a strong electron-
accepting unit that has been used to construct medium or low
bandgap polymer donors for OSCs. As shown in Figure 4,
the BT-based polymer donors have been extensively studied
due to their broad solar photon absorption, high mobility and

Table 1 The photovoltaic parameters of the TC- and BTA-containing polymer-based devices

Donor Acceptor Voc (V) Jsc (mA/cmz) FF PCE (%) Ref.
P3HT PC¢ BM 0.61 10.6 0.67 4.37 [16]
PT-C3 PC;BM 0.78 9.68 0.51 3.87 [59]
PDCBT PC;BM 0.91 11.0 0.72 7.2 [60]
PDCBT ITIC 0.94 16.50 0.66 10.16 [61]
PDCBT-2F IT-4F 0.92 18.2 0.71 11.9 [63]
PDCBT-CI1 ITIC-Thl 0.94 18.50 0.71 12.38 [62]
3MT-Th ITIC 0.95 17.01 0.60 9.73 [64]
PB2T IT-M 0.56 0.08 0.26 0.01 [65]
PB3T IT-M 1.0 18.9 0.63 11.9 [65]
PDTB-EF-T IT-4F 0.90 20.60 0.70 13.0 [66]
PDTB-EF-T IT-4F 0.90 20.73 0.76 14.2 [66]
PTO2 IT-4F 091 21.5 0.75 14.7 [67]
PBT PC¢BM 0.83 11.21 0.67 6.25 [68]
PBTVT ITPIC-2F 0.91 20.41 0.60 11.04 [69]
PTVT-T BTP-eC9 0.79 26.22 0.78 16.20 [70]
FTAZ PC¢ BM 0.79 11.83 0.73 6.81 [73]
J52 ITIC 0.73 13.11 0.58 5.51 [74]
J71 ITIC 0.94 17.32 0.70 11.41 [75]
FTAZ IDIC 0.84 20.8 0.72 12.5 [76]
P2F-EHp Y6 0.81 26.68 0.74 16.02 [78]
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Figure 4 The BT- and Qx-containing polymer donors.

outstanding photovoltaic efficiency. In 2006, Brabec et al.
[79] synthesized a polymer (PCPDTTB) with a bandgap of
1.40 eV by polymerizing between cyclopenta[2,1-b;3,4-b’]
dithiophene (CPDT) and the BT units. This polymer-based
device showed a PCE of 3.2%. After the BHJ morphology
was treated with 1,8-diiodooctane as the processing additive,
the efficiency of this device was improved to 5.1% [80].
Replacement of the CPDT unit in PCPDTBT by a dithieno
[3,2-b:2",3"-d]silole (DTS) to produce PSBTBT, the longer
C—Si bond in PSBTBT could release some strain from the
planar five-membered rings and thereby enhance polymer
stacking. Therefore, the hole mobility of this polymer was
three times higher than that of PCPDTBT. As a result, the
PSBTBT-based device yielded a PCE of 5.1% without using
solvent additives [81]. To downshift the HOMO level and
enhance the interaction of BTZ-based polymer donor, Chen
et al. [82] reported a fluorinated BT-based polymer (FBT-
Th4(1,4)), which exhibited temperature-dependent aggrega-
tion property and deep HOMO level of —5.36 eV. This
polymer gave a field-effect hole mobility up to
1.92 cmz/(V s). In the PC;;BM-based device showed a PCE
of 7.64% with a 230 nm thick active layer. The side chains of
FBT-Th4(1,4) were optimized from 2-decyltetradecyl to 2-
nonyltridecyl, at the same time, the BHJ morphology was
controlled using 1,2,4-trimethylbenzene and 1-phe-
nylnaphthalene. A PCE of 11.7% was achieved [83]. Bo et
al. [84] developed a 5-alkyloxy-6-fluorobenzothiodiazole-
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based polymer (PPBDTBT) with a bandgap of 1.76 eV. In-
terestingly, the space charge limited current method mea-
sured that PPBDTBT:PC,;BM blend film exhibited a very
high hole mobility of 0.06 cmz/(V s) due to the formation of
bi-continuous interpenetrating networks morphology even
with an active layer thickness up to 500 nm. As a result, this
polymer-based device showed a PCE of 7.7% with an active
layer thickness of 250 nm. The ITIC was used to fabricate
ternary OSCs with PPBDTBT:PC;BM, and an over 10%
efficiency was achieved [85]. Naphtho[l,2-c:5,6-c']bis
[1,2,5]thiadiazole (NT) is a stronger acceptor and larger
conjugation compared with BT, which was composed of
doubly BT-fused heterocycle [86]. Huang et al. [87] used this
acceptor to prepare PBDT-DTNT. Compared with the BT-
based polymer, NT-based polymer had a lower bandgap and
higher hole mobility. Thus, the NT-based polymer yielded a
higher PCE of 6.0% than BT-based polymer (2.1%) by
blending with PC; BM. In 2012, Reynolds et al. [88] re-
ported a method to produce a DTBT unit by fusing two
thiophenes into the benzene ring of BTZ. Based on this unit,
Ding et al. [1] designed a wide bandgap polymer with BDT
and thiophene bridge. This polymer showed an outstanding
PCE of 18.22% by blending with an electron acceptor of Y6.

Quinoxaline (Qx) is another popular A unit in developing
high-performance polymer donors for OSCs. As shown in
Figure 4, many state-of-the-art Qx-based polymer donors
have been synthesized and applied in OSCs. Hou et al. [89]
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designed and synthesized three polymer donors, PBQ-0F,
PBQ-QF, and PBQ-4F, with different number of fluorine
atoms on the conjugated skeleton. The HOMO levels of
these polymers gradually downshifted with the increase of
the number of fluorine atoms. PBQ-4F exhibited the deepest
HOMO level of —5.05 eV compared with the other two
polymers. Benefiting from the improvement of V., PBQ-4F
showed a PCE up to 8.55% by blending with PC, BM.
Afterwards, the same group used these three polymers to mix
ITIC to fabricate photovoltaic devices. They found that al-
though the PBQ-4F and ITIC had a small offset of AEygpo of
0.04 eV and AE; gy of 0.24 eV, the device of PBQ-4F:ITIC
still produced a high PCE of 11.34% due to the efficient
charge separation and low bimolecular recombination [90]. It
is quite different with fullerene derivative-based OSCs,
which need driving force (AExomo and AE; o) over 0.3 eV
between donors and acceptors. The smaller driving force
indicates that NF-based OSCs have a great potential for
achieving higher photovoltaic efficiencies than fullerene-
based OSCs. Zou et al. [91] also reported a Qx-based
polymer donor (TTFQx-T1) with four fluorine atoms onto
the Qx segment. TTFQx-T1 achieved a PCE of 13.1% by
fabricating the device with Y5. To reduce the HOMO levels
of Qx-based polymers, Peng et al. [92] used both fused-ring
strategy and side chain engineering to prepare two NQx-
based polymers, PBDT-NQx and PBDTS-NQx, which pos-
sessed deeper HOMO levels than Qx-based polymers even
with the introduction of fluorine atoms. Thus, PBDTS-NQx:
ITIC-based device gave a PCE of 11.47% with a high V¢ of
0.92 V. A low-cost polymer donor (PTQ10) was developed,
which has a simple chemical structure with fluorinated Qx
and thiophene unit. PTQ10 exhibited a deep HOMO level
and complementary absorption spectrum with IDIC. The
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favorable BHJ morphology with strong n stacking and the
face-on arrangement were formed in the PTQ10:IDIC film.
Thus, this device showed a PCE of 12.7% [93]. The PTQ10
was further optimized to prepare PTQI11 by introducing
methyl group onto Qx for up-shifting HOMO level. Mean-
while, PTQI11 exhibited higher hole mobility and stronger
crystallization than PTQ10. As a result, PTQI1:TPT10-
based device achieved a PCE of up to 16.32%. The photo-
voltaic parameters of BT- and Qx-containing polymer-based
devices are summarized in Table 2.

TPD is a promising candidate unit for constructing high-
performance n-type polymers for electronics due to the ad-
vantages in its planarity, high electron affinity and strong n-n
stacking, as shown in Figure 5. In 2010, Leclerc ef al. [96]
reported a polymer (PBDTTPD), which has a large bandgap
of 1.81 ¢V and a deep HOMO level of —5.56 ¢V. After the
combination with PC;;BM, the PBDTTPD-based device
showed a PCE of 5.5% with a V- of 0.85¢eV, a Jgc of
9.81 mA/cmz, and an FF of 0.66. However, this blend film
has a narrow photoresponse region from 300 to 700 nm,
which limited their Jgcs. When a strong quinoid character of
TT unit as the bridge was introduced into BDT and TPD units
to make a new polymer donor (PBDTgy-TBTTyyp.;), which
has a bandgap of 1.56 eV, but an up-shifting HOMO level of
—4.78 eV (measured by ultraviolet photoelectron spectro-
scopy). After blending with PC;;BM, although the PBDTgy-
TBTTyp,-based device showed a low V. of 0.63 eV, a re-
markably high Jg. of 18.15 mA/cm” was obtained, thus
yielding a PCE of 7.5% [97]. Hwang, et al. [98] developed a
TPD-based polymer donor (PT-ttTPD) without BDT unit.
This polymer possessed a bandgap of 1.75 ¢V, and a deep
HOMO level of —5.65 eV. As a result, PT-ttTPD:PC,;,BM-
based device showed a much better PCE of 9.21%, with a

Table 2 The photovoltaic parameters of BT- and Qx-containing polymer-based devices

Donor Acceptor Voc (V) Jsc (mA/cmz) FF PCE (%) Ref.
PCPDTBT PC,, BM 0.65 11.0 0.44 32 [79]
PCPDTBT PC;BM 0.61 15.73 0.53 5.1 [80]
PSBTBT PC;BM 0.68 12.7 0.55 5.1 [81]
FBT-Th4(1,4) PC;BM 0.76 16.2 0.62 7.64 [82]
PPBDTBT PC,;BM 0.79 14.33 0.69 7.7 [84]
PBDT-DTNT PC;BM 0.80 11.71 0.61 6.00 [87]
D18 Y6 0.86 27.7 0.77 18.22 [1]
PBQ-0F ITIC 0.69 16.16 0.60 6.68 [94]
PBQ-QF ITIC 0.90 17.16 0.62 8.90 [94]
PBQ-4F ITIC 091 17.87 0.67 11.34 [94]
TTFQx-T1 Y5 0.89 21.2 0.70 13.1 [91]
PBDT-NQx ITIC 0.87 16.21 0.65 9.11 [92]
PBDTS-NQx ITIC 0.92 17.86 0.70 11.47 [92]
PTQI10 IDIC 0.97 19.65 0.74 12.7 [93]

PTQI11 TPT10 0.81 24.79 0.75 16.32 [95]
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Figure 5 The TPD-, TT- and BDD-containing polymer donors.

Voc of 0.86 eV, a Jgc of 15.30 mA/cmz, and an FF of 0.70.
Wu et al. [99] used a polymer donor PMOT40 and i-IEICO-
4F to make an active layer, which forms complementary
absorption spectra. This blend film exhibited a very low
nonradiative recombination loss, but still achieved efficient
charge separation and fast transport. As a result, this device
yielded a PCE of 13%, with a Jgc over 20 mA/cm’. Recently,
Huang et al. [100] designed a bithieno[3,4-c]pyrrole-4,6-
dione unit by bonding two TPD units and made a polymer
PBiTPD. Compared with one TPD-based polymer donor,
this polymer showed a lower bandgap of 1.75 eV, a deeper
HOMO level of —5.20 eV. Using Y6 as an electron acceptor,
the PBiTPD-based device showed an excellent PCE of
14.2% with a Jyc of 25.6 mA/cm’, which was much higher
than that of one TPD-based device (5.9%).

TT is a stable quinoid structure heterocycle, which was
widely used to construct low bandgap polymers. The firstly
alkylated TT was reported and constructed low bandgap
semiconducting polymer in 1997 [48]. Until 2008, Yu et al.
[55] prepared a PTBI polymer with a bandgap of 1.6 ¢V,
which exhibited a complementary absorption spectrum with
PC4,BM. The PTB1:PCy;BM-based device showed a high
Jsc of 12.5 mA/cm’ at that time, but a quite low Ve of
0.58 eV due to the high HOMO level of PTBI1. Afterwards,
this group developed a series of polymer donors based on
PBT1 to downshift polymer HOMO levels and optimize BHJ

X=Y=H, Z=Cl, PCI(3)BDB-T
X=Z=H,Y=Cl, PCI(4)BDB-T
Y =Z=H, X=Cl, PBDB-T-2CI

EH = 2-ethylhexyl
HD = 2-hexyldecyl

nm=4:1 P1

morphologies by introducing fluorine atom and tuning the
side chains [101]. Finally, one of the polymer, PTB7, was
developed to achieve a PCE of up to 7.4% [102]. Yang et al.
[103] used carbonyl to replace the ester group onto the TT
unit, which also achieved a lower polymer HOMO level.
Thus the PBDTTT-C-based device gave a PCE of 6.58%
with a higher V. than the PTB1-based device. Chen ef al.
[104] used BDT with conjugated thiophene as a side chain to
make famous PTB7-Th with TT unit. Simultaneously, the
inverted device was fabricated using fullerene derivative-
doped zinc oxide nanofilm as the cathode. This device gave
the best PCE 0f 9.35% at that time. In 2015, Hou et al. [105]
employed side chain engineering to prepare PBDT-TS1 and
carefully optimize BHJ morphology. Finally, over 10% ef-
ficiency of OSCs was certified by the National Institute
of Metrology, China, which is the highest value for OSCs at
that time. Currently, TT-based low bandgap polymer donors
have been widely used in tandem solar cells as the rear-cell
material and semitransparent organic solar cells [36,106].
The photovoltaic parameters of the TPD-, TT- and
BDD-containing polymer-based devices are summarized in
Table 3.

BDD is an exciting A unit in developing high-performance
polymer donors. The first BDD-based polymer donor
(PBDB-T) was synthesized by Hou et al. [115] in 2012. This
polymer showed a strong temperature-dependent aggrega-
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Table 3 The photovoltaic parameters of the TPD-, TT- and BDD-containing polymer-based devices

Donor Acceptor Voc (V) Jse (mA/cmz) FF PCE (%) Ref.
PBDTg-TBT Ty PC;BM 0.63 18.15 0.65 7.50 [97]
PT-ttTPD PC, BM 0.86 15.30 0.70 9.21 [98]
PMOT40 i-IEICO-4F 0.97 20.6 0.65 13.0% [99]
PBiTPD Y6 0.83 25.6 0.67 14.2 [100]
PTBI PC; BM 0.58 12.5 0.65 4.76 [55]
PTB7 PC¢; BM 0.74 14.5 0.69 7.40 [102]
PBDTTT-C PC,;BM 0.7 14.7 0.64 6.58 [103]
PTB7-Th PC;BM 0.80 15.73 0.74 9.35 [104]
PBDT-TS1 PC, BM 0.84 17.62 0.69 10.2 [105]
PBDB-T ITIC 0.90 16.81 0.74 11.21 [107]
PBDB-T-SF IT-4F 0.88 20.88 0.71 13.1 [108]
PBDB-TF IT-4F 0.87 20.38 0.77 13.7 [109]
PBDB-TF BTP-eC9 0.84 26.2 0.81 17.8 [110]
PCI(3)BDB-T IT-4F 0.88 0.88 0.24 0.2 [111]
PCI1(4)BDB-T IT-4F 0.84 20.60 0.71 12.3 [111]
PBDB-T-2Cl1 IT-4F 0.86 20.80 0.77 14.4 [112]
PM6 Y6 0.85 25.6 0.72 15.7 [113]
PM6-T220 Y6 0.86 27.3 0.75 17.6 [113]
P1 Y6 0.87 25.9 0.78 17.6 [114]

tion property and good interpenetrating network morphology
in neat film. In 2016, PBDB-T was combined with ITIC to
form an active layer with matched energy levels and com-
plementary absorption, which enhanced solar photon har-
vesting and reduced the energy loss at the same time, this
active layer also formed a favorable nanoscale phase-se-
paration morphology, thus producing an outstanding PCE of
11.21%. This is the first example to achieve over 10% effi-
ciency for nonfullerene OSCs [107]. To improve Jgc, at the
same time, and maintain V¢ in the resulting device, Hou
et al. [108] used fluorination strategy to develop a fluori-
nated polymer donor (PBDB-T-SF) and acceptor (IT-4F),
simultaneously. Compared with the PBDB-T:ITIC blend, the
PBDB-TSF:IT-4F blend showed similar energy offset be-
tween the HOMO of PBDB-T-SF and the LUMO of IT-4F,
but a significant redshift of the absorption spectrum
occurred. As a result, the PBDB-T-SF:IT-4F-based device
showed a higher efficiency of 13.1% with an improved Jgc of
20.5 mA/em’ and similar Voc of 0.88 V. The fluorinated
PBDB-T (PBDB-TF, also namely PM6) exhibited a better
phase-separation morphology with IT-4F to achieve higher
charge mobilities than that of PBDB-T-SF. Thus, PBDB-TF-
based device had a higher PCE of 13.7% due to the increase
of FF [109]. Recently, a PBDB-TF-based device achieved a
PCE of over 17% by employing the electron acceptor BTP-
eC9 [110], and over 18% by using two acceptors and another
donor of PBDB-T-2CI1 [112]. Currently, PBDB-T and PBDB-
TF have been widely used as donor materials to fabricate
OSCs with new electron acceptors. The chlorine atom is also

an electron withdrawing atom. Compared with fluorinated
polymers, chlorinated polymers have shorter synthetic route
and deeper HOMO levels due to the empty d-orbitals for -
electron delocalization. However, the large van der Waals
radius of the chlorine atom could also influence the mole-
cular planarity and charge mobility. Hou er al. [111,112]
reported three chlorinated polymers based on PBDB-T.
When the thiophene-bearing CI atom faces the BDD unit, the
polymer (PCI(3)BDB-T) did not show charge mobility due to
the strong twisted conjugated backbone, and thus this poly-
mer gave an extremely low PCE of 0.2% with the acceptor of
IT-4F. For PCI(4)BDB-T, the planarity of the conjugated
backbone was significantly improved, and the blend film of
PCI1(4)BDB-T:IT-4F produced balanced hole/electron mo-
bilities of 10°° cmz/(V s). Thus, the corresponding device
gave a PCE up to 12.3%. Furthermore, the chlorine atoms
were introduced into the conjugated side chains, which did
not impact the molecular planarity, so that this polymer-
based blend showed charge mobilities up to the order of
10 em’/(V s), and achieved an outstanding PCE of 14.4%.
To further improve the PCE of OSCs by optimizing BHJ
morphology, the PBDB-TF has been a key parent skeleton to
make ternary copolymers. Recently, there have been two
successful examples by using a 20% content of 5,5'-dithie-
nyl-2,2'-bithiazole or thiophene-thiazolothiazole into PBDB-
TF [113,114]. Compared with PBDB-TF:Y6-based device,
both new polymers (PM-Tz20 and P1)-based devices
showed increased Ve, Jsc, and FF, simultaneously, thus
giving higher PCE of 17.6%.
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2.3 The challenge in designing polymer donors for
high-performance OSCs

Conjugated polymer donors have been proven to be a type of
BHIJ materials in pursuing highly efficient single-junction
OSCs. Meanwhile, they also exhibited great potential ap-
plications in tandem, ternary, semitransparent and indoor
solar cells. However, they are still many challenges in further
boosting device efficiency. (1) Most high-performance
polymer donors have low hole mobilities (10737
107 cmz/(V s) measured by the SCLC method), which is not
beneficial for fabricating OSCs with thick active layer. The
devices with an active layer thickness of ~250 nm would be
an important way to achieve over 20% efficiency by im-
proving Jgc in single-junction OSCs. (2) The BHJ mor-
phology is highly dependent on interactions in the active
layer, but the basic mechanism of the interactions between
the polymer donor and NFA is still unclear. For example,
some build blocks such as 2,5-dihydropyrrolo[3,4-c]pyrrole-
1,4-dione (DPP) [117], isoindigo-based polymer donors
[118] exhibited high hole mobilities. However, their photo-
voltaic efficiencies are quite poor with NFAs. Therefore,
understanding the molecular interactions between the donor
and acceptor is essential for the further guidance of polymer
donor design. Once the challenges as above-mentioned were
addressed, it will greatly promote the development of OSCs.

3 Oligomer-like organic molecule donors

Conjugated polymers have been in the dominant place as
donor materials since the invention of BHJ device structure
because their solution processing properties demonstrate the
great potentials of OSC manufactured through large area
printing. In contrast, in the early stage of OSC, nearly all the
small molecule based OSCs were fabricated using the va-
cuum evaporation techniques, which demonstrated a higher
cost than solution processable method. That is because
common small molecule donors are hard to form good phase-
separated mixture with PCBM owing to their rigid structures
and generally bad film forming properties by solution pro-
cess, and thus lead to low PCEs. However, with the further
development of OSC, the disadvantages of polymers such as
the batch to batch variation of synthesis and thus perfor-
mance reproducibility and difficulty for purification cannot
be omitted like before. Thus, more attentions have drawn on
solution processed small molecules. Indeed, small molecules
demonstrate many intrinsic advantages, i.e., (1) no batch to
batch variations for OSC device performance due to the
defined molecular structure; (2) easily tuned absorptions and
energy levels via delicate chemical structure design. With
this, in recent years, many extensive studies have been
conducted and rapid progress has been made on small mo-
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lecule, especially oligomer-like molecules including donors
and acceptors. In the past decade, there already have been
some excellent and comprehensive reviews on this topic in
OSCs [119-122]. Therefore, in this section, we focus on
summarizing the most impactful progress of solution pro-
cessed oligomer-like molecule donors, which are roughly
categorized according to the representative building blocks
in the molecule backbone. A short outlook will also be given
for the future development of oligomer-like molecule do-
nors.

3.1 Oligothiophene based donors

In the early years, Rocanli [123] reported a series of star or
other branched oligothiophenes molecules for solution pro-
cessed OSCs. However, PCEs below 2% were obtained
owing to the limited absorption in visible and near-infrared
region and unfavorable film forming properties of those
molecules. Prompted by oligothiophene molecules for va-
cuum deposition devices [124], Chen et al. [125,126]
reported a series of oligothiophene based molecule donors
with acceptor-donor-acceptor (A-D-A) structures for solu-
tion processed OSCs (Figure 6). They have summarized the
A-D-A molecule design rationale as follows. Firstly, the
good film forming ability can be realized through introdu-
cing the alkyl side chains and oligomer like backbones.
Secondly, the light absorptions and energy levels can be
efficiently tuned by the end groups and central units since the
LUMOs and HOMOs of those molecules are mainly de-
termined by the end groups and central units, respectively.
Lastly, efficient packing modes and high mobilities are ex-
pected owing to the planar molecular backbones and con-
formations. Through molecule engineering design from
terminal electron withdrawing unit selection and conjugation
length modification, together with device optimization, these
A-D-A oligothiophene based small molecules achieved
PCEs from the original value of 2.45% to record over 10%. It
has demonstrated that the end groups play a great role in the
absorptions, energy levels, mobilities, active layer
morphologies for these A-D-A molecules. Molecule
DCAOT7T with alkyl cyanoacetate as end groups instead of
dicyanovinyl had better solubility and film forming quality
than DCN7T [127,128]. So, compared with DCN7T with a
PCE of 2.45%, an impressive PCE of 5.08% was achieved
for DCAOT7T based devices. Later on, in order to get broader
and stronger solar absorption and thus higher Jg¢, Chen et al.
[129] introduced a series of dye building blocks into the
septithiophene backbone and synthesized a series of A-D-A
donor molecules with oligothiophene backbone. Among
them, the rhodanine based molecule DRHD7T showed a
PCE of 6.10% with a high Jgc. With 2-(1,1-dicyanomethy-
lene)rhodanine as end groups, molecule DRCN7T based
device gave a record PCE of 9.30% with a V5 of 0.91V, a
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Figure 6 (a) Schematic diagram of general A-D-A molecules. (b) Chemical structures of some typical oligothiophene based molecule donors (color online).

Jgc of 14.87 mA/cm” and an FF of 0.687, which was mainly
ascribed to the optimized morphology with an inter-
penetrating network consisting of ~10 nm diameter highly
crystalline fibrils in their blending film [130]. The results
indicate that solution processed small molecule OSCs can
indeed attain comparable device performance with polymers
through careful molecule chemical structure design. Mole-
cules with other end groups such as indanedione and its
derivatives also showed reduced bandgaps and wide ab-
sorption range owing to the strong eclectron withdrawing
abilities of their end groups. However, relatively low PCEs
were obtained owing to the unfavorable morphologies with
large aggregation caused by the large and planar end groups.
With strong intermolecular interaction, molecule DINCN7T
using the 1,l1-dicyano methylene-3-indanone (INCN), the
famous end groups widely used in the later A-D-A acceptors,
has poor solubility in common solvents and could not form
decent films for device evaluation. Besides the 7T backbone
molecules, Chen et al. [131] also synthesized quinquethio-
phene derivatives with different end groups. Among them, a
breakthrough PCE with value over 10% was achieved for
DRCNST:PC,;,BM based devices. Meanwhile, molecules
with the same end group and different thiophene numbers
from 4 to 9 were synthesized and investigated comprehen-
sively. An odd-even effect in Jg- and thus PCE was observed
for DRCN4T-9T, which might be attributed to their different
spatial symmetry and thus different dipole moment and
packing modes.

Recently, promising device performances have also been
achieved for oligothiophene donor based devices with NFAs.
Using F-2Cl as an acceptor and DRCNST as a donor, Chen

et al. [132] reported an all oligomer-like small molecule
device with PCEs of 9.78%. Later on, Lu et al. [133,134]
reported all oligomer-like small molecule OSCs by design-
ing a series of oligothiophene based donors. Among them,
DST2F-P and 2CI7T showed high PCEs of 9.36% and
11.45% using IDIC-4F and Y6 as acceptors, respectively,
demonstrating the great potential of these oligothiophene
based donors.

3.2 BDT-based donors

In 2011, BDT was firstly introduced by Chen et al. [135] as
the central building block to synthesize oligomer-like donor
DCAO3T(BDT)3T based on the above A-D-A molecule
design strategy, as shown in Figure 7. Compared with its
oligothiophene analogue DCAO7T, DCAO3T(BDT)3T
showed higher hole mobility owing to its expanded coplanar
chemical structure after introducing BDT unit. Thus, a PCE
of 5.44% with a Ve of 0.93 V, a Jg of 9.77 mA/cm” and a
notable FF of 0.599 was achieved. Before that, it had been
regarded that low FF was a long term bottleneck for solution
processed small molecule OSC. The work demonstrated that
high FF could indeed be realized for solution processed small
molecule OSC just by molecule design. From then on, lots of
oligomer-like small molecules containing BDT unit have
been designed and synthesized, most of which have utilized
the above A-D-A strategy from the perspective of molecular
engineering of BDT unit, end groups and linkers between the
central BDT and end groups [136].

Following the work of DCAO3T(BDT)3T, Chen et al.
[137] reporting a series of oligomer-like molecule donors by



236 Liu et al.  Sci China Chem

cgHy00c N CaHi7 CeHi7 CN._cooCH,,
s [N s [\ _s_1V_s
\/ s \/ s \/J s \/
CgHyz CgHqz CoHiz CgHy7
DCAO7T
CgH4,00C CN CaHiz CgH,7 CgH,»

s

February (2022) Vol.65 No.2

DR3TBDT  R;= 5\0/\C/\ R, = ethyl

DR3TDOBDT R,= & ~_~_~_- R, =2-ethylhexyl

DR3TSBDT R, = &g R, = ethyl
DR3TBDTT R,= f\ﬁ/\rcdug R, = ethyl
CyHs
DR3TBDT-2T R, = ;%cs,,ﬂ R, = ethyl
s” )

CSH18

BTEC-1F

BTID-2F

Figure 7 Chemical structures of some typical BDT based oligomer-like molecule donors (color online).

carefully modifying the BDT unit. Meanwhile, alkyl rhoda-
nine was used as the end group to extend the absorption and
an easier synthesized building block dioctyltertthiophene
was introduced as linkers between the central BDT unit and
terminal rhodanine group. Compared with their analogues
with alkyl cyanoacetate as end group, these molecules
showed red shifted absorption over 20 nm, and thus higher
Jsc was expected. Importantly, their solid packing and active

layer morphologies can be modified by careful molecular
design together with the device optimizations. With PDMS
as an additive, DR3TBDT:PC, BM based devices gave a
high PCE of 7.38% with a Ve of 093V, a Jy of
12.21 mA/cm” and an FF of 0.65. The results indicated that
high performance solution processed oligomer-like OSCs
could be realized by combination of delicate molecule design
and device optimization. In the following work, molecule
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DR3TSBDT with alkylthio-substituted BDT as the central
building block was designed. It was demonstrated that
alkylthio-substituted aromatic molecules could form better
ordered packing in solid state. Using a two-step (thermal and
solvent annealing, TSA) approach, device based on molecule
DR3TSBDT:PC,,BM achieved a record PCE of 9.95% with
a Voe of 0.92V, a Jgc of 14.61 mA/cm” and an FF of 74%
[131]. Molecule DR3TDOBDT with lower electron-donat-
ing octyl chain on BDT unit was also designed and demon-
strated a PCE of 8.26% [138]. Meanwhile, in order to
increase the intermolecular interaction, a series of molecules
such as DR3TBDTT have been designed by introducing 2-
dimensional BDT as the central unit, which showed slightly
red shifted absorption and similar energy levels and band-
gaps compared with that of molecule DR3TBDT. Among
them, DR3TBDTT showed a PCE of 8.12% [139]. Fur-
therly, a high PCE of 9.58% was achieved for DR3TBDTT:
PC;,BM based device with solvent vapor treatment [140].
The above results opened an avenue for design of high ef-
ficiency BDT based oligomer-like molecule donors. After
that, many other excellent oligomer-like molecule donors
incorporating BDT units have been designed. In 2015, Jones
et al. [141] reported the molecule BTR, which has the same
backbone as DR3TBDTT except the position and length of
alkyl chains on the BDT, linker and end groups. BTR ex-
hibited the nematic liquid crystalline behavior and thus high
hole mobility, demonstrating the importance of side chain on
the molecule properties. A PCE of 9.3% was achieved for
BTR based device with PC,;BM as acceptor. In 2016, Wei et
al. [142] reported the molecule BTID-2F, which contained
p-bridges with gradient-decreased electron density and end
groups substituted with fluorine atoms. Devices based on
BTID-2F:PC,;,BM exhibited a high PCE of 11.08%, which
was mainly attributed to the optimal active layer morphology
with the fluorinated end groups.

With the excellent properties in PCBM based device, BDT
based oligomer-like molecule donors have drawn great at-
tention in nonfullerene acceptor (NFA) based device in re-
cent years. Some representative BDT based molecule donors
have been used to fabricate devices directly with NFAs.
Furtherly, new BDT based oligomer-like small molecule
donors have also been designed to pair with NFAs and much
progress has been made in recent years. Some typical ex-
amples are discussed as below.

In 2016, Chen et al. [143] reported an all oligomer-like
molecule device using DR3TSBDT as donor and DTBTF as
acceptor, which showed a low PCE of 3.84% but a high V
of 1.15V, demonstrating a great potential for all small mo-
lecule OSCs. Beaujuge et al. [144] reported a ternary device
using DR3TBDTT as donor, ICC6 and PC;;BM as acceptor.
A PCE of 10.08% with active layer thickness >200 nm was
achieved, which is attributed to the improved electron mo-
bility, long carrier lifetimes and the reduced geminate re-
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combination. Using DR3TSBDT as a donor, Y6 and
PC;,BM as acceptors, Zhang et al. [145] reported a ternary
device with a PCE of 10.53%, in which DR3TSBDT mo-
lecular aggregations could be tuned by incorporating PC,,
BM to form 3D texture structure. Zhu et al. [146] constructed
a high efficiency device using BTR as donor and NITI as
acceptor. Compared with the binary device of BTR:NITI
with PCE 6.82%, the ternary device of BTR:NITI:PCBM
demonstrated a PCE of 13.63% with an improved Jg- of
19.50 mA/cm” and an FF of 73.8% , and retained a high V¢
of 0.94 V. The significantly improved device performance
was attributed to forming a hierarchical morphology con-
sisting of a PCBM transporting highway and an intricate
nonfullerene phase-separated pathway network. Thus, an
optimized balance could be realized for carrier generation
and transport.

With the above promising results, new small molecule
donors have been designed to pair with NFAs in order to get
higher device performance. To create a well-matched donor-
acceptor pair with low band gap nonfullerene acceptor, Hou
et al. [147] reported a wide band gap donor molecule DRTB-
T, which incorporates a two-dimensional trialkylthienyl-
substituted benzodithiophene core building block. The de-
vice based on DRTB-T:IC-C6IDT-IC showed a PCE of
9.08% with a high V¢ of 0.98 V. By replacing the hexyl with
Cl atom in the thienyl side-chain of BTR, Lu et al. [148]
designed the molecule BTR-CI. The device based on BTR-
CL:Y6 showed a PCE of 13.61%. Furthermore, the ternary
device using PC;;BM as the third component achieved a high
efficiency of 15.34% (certified 14.7%) [149], which is at-
tributed to the miscibility-induced active layer morphology
optimization after introduction of PC;;BM. Later on, mole-
cule B1 incorporating phenyl-substituted benzodithiophene
(BDT) central unit was designed by He and Hou et al. [150].
B1 showed increased n- stacking and enhanced crystalline
property compared with BTR. The B1:BO-4Cl-based de-
vices achieved an outstanding PCE of 15.3% (certified
15.1%). The results demonstrated that the active layer mor-
phology optimization could be achieved through careful
design of A-D-A type donor material.

Meanwhile, owing to the weak electron withdraw ability
and good solubility compared with rhodanine, alkyl cya-
noacetate has been used as end groups to design wide or
medium band gap donor molecules to pair with low band gap
acceptors. Molecule H11, BT-2F, BTEC-1F and BTEC-2F
are the representative examples and have achieved promising
PCEs 10%-14% through molecular engineering of the cen-
tral BDT unit and alkyl chains on the bridge trithiophene
building blocks. Wei et al. [151] reported a BDT analog,
dithieno[2,3-d:2',3'-d"]benzo[1,2-b:4,5-b']dithiophene
(DTBDT) based donor ZR1. With the extended conjugation
length of DTBDT, the single-crystal structure of ZR1
showed the high planarity and compact molecular packing



238 Liu et al.  Sci China Chem

with a short n-x stacking. The ZR1:Y6 device reached a high
PCE of 14.34% with a low E, of 0.52 eV. It is noting that
there existed the hierarchical phase separation with the donor
or acceptor rich domains with size up to ca. 70 nm, and the
donor crystals of tens of nanometer.

3.3 Porphyrins based donors

With the large absorption coefficients and broad spectral
response range, porphyrin derivatives have been widely used
in the organic optoelectronic community. In the past decades,
lots of porphyrin based donors have been reported, most of
which have the A-D-A architecture with porphyrin unit as
the central building block. In recent years, Peng and co-
workers [152] have reported a series of porphyrin based
donors with an A-D-A structure (Figure 8), in which two
ethynylene bridges linked the porphyrin core to the two di-
ketopyrrolopyrrole units. With the large planar and con-
jugation molecular backbone and the efficient intramolecular
charge transfer (ICT) between porphyrin and DPP units,
these molecules showed broad absorptions in the range from
the ultraviolet (UV) to near-infrared (NIR) region with low
band gap below 1.4 eV. Blending with PCBM as acceptor,
DPPEZnP-TEH-based device showed a PCE of 8.08% with a
high Js- of 16.76 mA/cm® [152]. In their following work,
two analogue molecules with different alkyl chains attached
to the thiophene unit of the porphyrin core, DPPEZnP-TBO
and DPPEZnP-THD were designed and the correlation of
active layer morphology with device performances was
thoroughly investigated [153]. Using pyridine and 1,8-
diiooctane (DIO) as the additives, impressive PCEs 0of 9.06%
and 8.24% were achieved for DPPEZnP-TBO:PC4,BM and
DPPEZnP-THD:PC4BM based devices, respectively. The
high device performances were attributed to forming a multi-
length-scale morphology consisting of donor material crys-
talline domains and acceptor aggregate domains owing to the
synergistic effect of two additives of pyridine and DIO. To
pursue higher efficiency, ternary device using DPPEZnP-
TEH and PTB7-Th as donors and PC,;BM as acceptor was
fabricated and a high PCE of 11% was achieved with a high
Jsc of 17.99 mA/cm® and an FF of 77.19% [154].

C2Hs
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With the NIR absorptions for many porphyrin based do-
nors, they are good candidates as rear cell materials for
constructing tandem OSCs. Meanwhile, BDT based oligo-
mer-like molecule donors generally show absorptions in the
short wavelength region. With these, Chen and Peng ef al.
[155] reported a tandem device using DR3TSBDT as the
front cell donor and DPPEZnP-TBO as the rear cell donor. A
record PCE of 12.7% was achieved after device optimiza-
tion, which is attributed to the complementary absorptions
and highly balanced currents of the two subcells.

Recently, exciting device performance has been obtained
for porphyrin donor based NFA devices. Using ZnP-TBO as
a donor and 6TIC as an acceptor, the device delivered a
remarkable efficiency of 12.08% with a Jgc over 20 mA/cm’
and an FF near 74% [156]. With another acceptor 4TIC as the
third component, a ternary device was fabricated with an
impressive PCE of 14.73%, in which the crystallinity of the
binary blend was improved with addition of 4TIC. Following
this improvement, with an alkylthio substituted analogue
ZnP-TSEH as a donor, an exciting and record result for all
small molecule OSCs with a PCE of 15.88% was achieved,
indicating the great potential of porphyrin based small mo-
lecule devices.

3.4 DTS based donors

Dithienosilole (DTS) is also a well-known building block
widely used in OSC materials design. Bazan and co-workers
[157] have reported a series of oligomer-like molecule do-
nors with DTS as the core for solution processed OSC and
comprehensively investigated photovoltaic properties of
those molecules. Molecule p-DTS(PTTh,), was their first
DTS based oligomer-like molecule donor reported in 2012,
as shown in Figure 9 [158]. The devices based on p-DTS
(PTTh,),:PC;;BM with 0.25% DIO additive yielded an
impressive PCE of 6.7%. The 0.25% DIO additive could
profoundly modify the active layer morphology with domain
size reduced from 20-30 nm to 15-20 nm. Following this
work, three isomorphic molecules were reported to examine
the correlations of the chemical structures to the packing
modes and photovoltaic performances [159]. Active layer
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Figure 8 Chemical structures of some typical porphyrin based small molecule donors.
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morphology study demonstrated that the difference of the
packing modes and thus device performances were attributed
to the influence of the acceptor component on the net dipole
moment of the molecule. Considering that the lone pairs of
electrons on the p-DTS(PTTh,), might be prone to partici-
pate in acid/base reactions and lead to V. loss in devices
with PSS:PEDOT, molecule p-DTS(FBTTh,), using 5-
fluorobenzo|c] [1,2,5]thiadiazole (FBT) as the acceptor unit
was designed [160]. Device with a structure of ITO/PEDOT:
PSS/p-DTS(FBTTh,),:PC,,BM/Ca/Al fabricated with DIO
additive and thermal annealing, yielded a PCE of 7.0% with
a Vo of 0.809 'V, a Jgc of 12.8 mA/cm” and an FF of 0.68.
When barium (Ba) replaced by calcium (Ca) as the cathode
interlayer between the aluminum and active layers, an im-
proved FF of 0.75 and a high PCE of 9.02% were achieved
[161].

Meanwhile, oligomer-like molecule donors with the A-D-
A architecture containing DTS have been designed and de-
monstrated promising photovoltaic performances. In 2011,
Chen et al. [162] reported molecule DCAO3TSi with DTS
unit as the central building block and alkyl cyanoacetate as
end groups. Device using DCAO3TSi and PCyBM blend
film yielded a PCE of 5.84%. Later on, DR3TDTS with
rhodanine as end group was designed and gave a PCE of
8.02% with PC; BM as acceptor after device optimization
with the thermal and solvent annealing.

Compared with BDT based oligomer-like molecule do-
nors, only a few studies on NFA devices have been con-
ducted using DTS-containing donors. The two devices using
p-DTS(FBTTh,), as a donor and a perylene diimide and
NIDCS-MO as acceptor only demonstrated PCEs of 3% and
5.44%, respectively [125,163]. Much effort is needed to be
devoted to NFA devices using DTS-incorporating oligomer-
like molecule donors.

3.5 Outlook in oligomer-like molecule donors

To date, lots of oligomer-like molecule donors with various

chemical structures have been designed and demonstrated
promising device performance. The efficiencies of all oli-
gomer-like molecule OSCs have achieved PCEs around
16%. In view of the advantages of oligomer-like small mo-
lecules including donors and acceptors, it is strongly be-
lieved that higher device performance can be obtained for
oligomer-like molecule donor based devices through careful
molecule design and device optimization. To this end, we
think that some suggestions and opinions as below might be
helpful for the future development of oligomer-like molecule
donors and corresponding devices.

Firstly, synergistic design of oligomer-like molecule do-
nors with NFAs. Currently, oligomer-like molecule donor
based NFA OSCs, especially all oligomer-like molecule
devices with A-D-A type donor and acceptor, have made
much progress with PCEs near 16%. Wide bandgap oligo-
mer-like molecule donors and low bandgap NFAs have
proved to be the effective combinations for pursuing high
efficiency OSCs. And oligomer-like molecule donors with
deep HOMO are preferred to obtain high Vyc. With the
comprehensive study in the past decade, the molecular level
properties of oligomer-like molecule donors and acceptors
such as absorption and HOMO/LUMO levels are relatively
well understood. But, the miscibility and interaction between
the donor and acceptor materials still need to be well in-
vestigated, which are directly correlated with the active layer
morphology and significantly impact the device perfor-
mance.

Secondly, understanding the correlation between mole-
cular structure and morphology. The control of active layer
morphology is one of the most important issues for OSCs.
Unlike polymers, oligomer-like molecule donors can hardly
form pre-aggregation state in the solution, which bring the
difficulty to produce nanoscale phase separation with ac-
ceptors, especially with oligomer-like molecule acceptors.
Generally, even a little change in the chemical structure on
oligomer-like molecule materials can give a large difference
in the morphology and device performance. It is important
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and urgent to investigate the intrinsic determining factors
that impact the packing modes and phase separation behavior
in the active layer. The understanding of the correlation be-
tween molecular structure and morphology can provide va-
luable hints for the design of new molecules to realize better
phase separation. In fact, oligomer-like molecule materials,
especially A-D-A type molecules including donors and ac-
ceptors have the advantage to conduct this investigation
owing to their defined chemical structures and superior
properties.

4 Fused ring electron acceptors

Electron acceptors are key component for the active layer of
organic solar cells. From the view of the development of
electron acceptor materials, the fused-ring electron acceptor
(FREA) materials, which mainly include fused aromatic
diimide derivatives (e.g., perylene diimides (PDIs) and
naphthalene diimides (NDIs)), fullerene acceptors, A-D-A
type fused-ring electron acceptors and A-DA'D-A type
fused-ring electron acceptors, have played a great role in
promoting the progress of the OSCs. In the early time of
OSCs, fullerene derivatives and fused aromatic diimide ac-
ceptors were widely used as the electron acceptors. However,
these two kinds of acceptors have inevitable drawbacks.
Fullerene acceptors possess weak absorption in the visible
and near-infrared region, unstable morphology, and diffi-
culties in molecular modification and purification [164];
fused aromatic diimide acceptors have relatively narrow
absorption range and difficulty in adjusting the energy levels
[165]. Therefore, these two kinds of acceptors limit the PCE
to a moderate level no more than 13%. Since the invention of
A-D-A type fused-ring electron acceptors in 2015 by Zhan et
al. [166] and A-DA'D-A type fused-ring electron acceptors
in 2017 by Zou et al. [167], the PCE of OSCs has been
rapidly boosted to ~19%. In this part, we will focus on A-D-
A type and A-DA'D-A type fused-ring electron acceptors
and figure out the relationship between molecular structure
and device performance.

4.1 A-D-A type fused-ring electron acceptors

In 2015, the emergence of the FREA ITIC, as shown in
Figure 10, with a typical A-D-A structure shed new light on
OSCs [166]. As the most promising acceptors at that time,
ITIC and its derivatives have the distinctive and important
molecular structure, which leads to a great superiority in
photoelectric and photovoltaic performance [167-170]. The
important features from the chemical structure point of view
are: (1) ITIC and its derivatives consist of two electron-
deficient end groups (A) and one electron-rich central core
(D, fused backbone). A strong push-pull electronic effect
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Figure 10 The structure of the representative A-D-A type acceptor ITIC
(color online).

resulting from these A and D units was generated, and the
photoelectric properties such as absorption and energy levels
could be easily regulated. Besides, the rigid and planar
backbone as well as strong inter/intramolecular interactions
was beneficial to the charge transfer. (2) The attached side
chains could modulate the molecular solubility and the
miscibility with the donors to form a favorable blend with a
desired nanometer-scale interpenetrated network. (3) The A-
D-A molecules possessed several reaction positions where
some functional atoms and groups could be introduced to
finely tune the molecular structure and thus the molecular
properties. Here, we will summarize the development of A-
D-A type acceptors centered on the star ITIC and focus on
the modification of fused-ring core, end groups and side
chains.

4.1.1 Fused-ring core engineering

The fused-ring core (D) of ITIC is comprised of a central
benzene and two flanking thieno[3,2-b]thiophene (TT’) that
are bridged by two cyclopentadiene units [166]. Modifica-
tion on the electron-rich fused-ring core mainly includes
replacing the benzene and thiophene units, expanding the
conjugated backbone length, isomerization, asymmetry and
introducing heteroatoms, as shown in Figure 11. Zhan et al.
[171] reported a typical benzene-centered FREA IDTIC with
pentacyclic indaceno[1,2-b:5,6-b'] dithiophene (IDT) as the
backbone. When blended with polymer donor PDBT-TI,
PDBT-T1:IDTIC based device could achieve a PCE of
7.39% with a high V¢ of 0.9 V. Then, IHIC1 with replacing
the central benzene in IDTIC with naphthalene showed more
co-planar backbone, larger m-conjugation, and thus higher
electron mobility (3.0x10™* and 1.5%10* em®/(V s) for
IHIC1 and IDTIC, respectively). Due to the higher LUMO
energy level of THICI, the device with FTAZ donor could
achieve a higher V.. Combined with the simultaneously
improved Jgc and FF, the FTAZ:IHIC1 based OSC realized a
higher PCE of 9.21% (FTAZ:IDTIC, 7.13%). To further
expand the m-conjugation of fused-ring core, pyrene was
used to replace the benzene in ITIC to synthesize FPIC with
fluorinated IC (2FIC) as the end group [172]. Blending with
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Figure 11 The structure of A-D-A type acceptors with fused-ring core engineering. (a) Replacing the central benzene of the fused-ring core; (b) expanding
the conjugated length of the fused-ring core; (c) introducing asymmetric backbone and heteroatoms to the fused-ring core (color online).

PTB7-Th, the FPIC based OSC obtained a moderate effi-
ciency of 8.45%. It is worth noting that the larger @ plane
(central benzene, naphthalene and pyrene) led to a blue-
shifted absorption. Therefore, FPIC showed a medium op-
tical bandgap of 1.63 eV, which had the potential in ternary
OSCs. BDT as an electron-rich and highly planar unit was
also widely introduced to FREAs to improve the light ab-
sorption and charge transfer properties. A substitution of
benzene in IDTIC by BDT unit gave a heptacyclic acceptor,
NFBDT [173], which is also an isomer of ITIC. NFBDT
showed a strong absorption at the range of 600—800 nm with
a narrow optical bandgap of 1.56 eV. Blending with a wide
bandgap polymer donor PBDB-T, a high efficiency of
10.42% was achieved. Meanwhile, OSCs with BDT-centered
FREAs usually obtained efficiency over 10%, demonstrating
the great potential of BDT units in electron acceptor mate-
rials. Besides the BDT, TT' and derivatives are also popular
electron-donating moieties. Introducing TT’ units in central
of FREAs could not only enhance the intramolecular D-A
effect, but also strengthen the intermolecular packing. From
this viewpoint, Jen et al. [174] synthesized a TT'-centered
FREA, 6TIC, by replacing the benzene in ITIC with TT'
units. 6TIC had a red absorption onset of 905 nm much more
than that of ITIC (730 nm). Blending with PTB7-Th, 6TIC
based device achieved a high efficiency of 11.07% with a
high Jgc over 20 mA/cm’. Expanding the conjugated back-
bone length was another efficient strategy to improve the
photoelectric properties of photoactive materials. Zhan ef al.
[175] adjusted the number of fused thiophene in ITIC and
employed the 2FIC end group to synthesize four acceptors
with symmetric thiophene, thieno[3,2-b]thiophene, dithieno
[3,2-b:2",3"-d]thiophene and thieno[2',3":4,5]thieno[3,2-b]
thieno[2,3-d]thiophene units, respectively (four acceptors:

F5IC, F7IC, FIIC, F11IC). As expected, with the increasing
fused rings, the four acceptors showed upshifted HOMO
(from —5.82 to —5.44¢V) and LUMO (from —4.05 to
—3.94 eV) energy levels, as well as a decreased Egopt (from
1.64 to 1.47 eV). Besides, the electron-donating ability of the
fused-ring core and intermolecular packing were enhanced,
and thus electron mobilities of pure films were also increased
from 8.1x10 * to 1.4x10* em’/(V s). Consequently, PCEs of
FTAZ:F5IC, FTAZ:F71C and FTAZ:F9IC based OSCs were
also increased from 5.6% to 11.7%. However, the 11 fused
rings-centered F111C showed no photovoltaic effect when
blended with FTAZ due to the poor solubility. When the
benzene in the center of FSIC, F7IC and FI9IC was replaced
by TT’, Zhan et al. [176] synthesized F6IC, F8IC and F10IC.
These three acceptors had similar performance tendency,
further confirming the importance of expanding the thio-
phene units at the flanks of the core. In addition, Zhan et al.
[177] expanded the central TT" moiety in the core of F6IC
and F8IC to thieno[2,3":4,5]thieno[3,2-b]thieno[2,3-d]thio-
phene to obtain F8IC1 and F10IC1, respectively. The energy
levels were upshifted, the E,™ was narrowed, and the PCE
was promoted using PTB7-Th as the donor. Isomerization
can also broaden the core variety. Chen ef al. [173] moved
the cyclopentadiene moiety in ITIC to the flanking direction
and synthesized NFBDT. The absorption was redshifted by
15 nm, the HOMO was upshifted and the efficiency was
advanced to 10.42% with simultaneously improved V¢, Jyc
and FF. Asymmetric backbone showed large dipole moments
and enhanced intermolecular interaction, which would ben-
efit the carrier mobility and blend morphology, thus pro-
moting the FF. Yang et al. [178,179] designed and
synthesized systematically asymmetric FREAs. When using
T, TT' and TTT as the flanking groups and methylated IC
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(IC-M) as the end groups, two asymmetric acceptors
IDT6CN-M and IDT8CN-M were reported. Using PBDB-T
as the donor, IDT6CN-M and IDT8CN-M based OSCs
achieved high FF of ~0.77 and 0.79, respectively. Besides,
other reported asymmetric cores-based FREAs by their
groups also showed high FFs over 0.7, revealing the great
importance of symmetric strategy in designing high perfor-
mance FREAs. Heteroatoms with strong electronegativity
and special electronic orbit arrangement (e.g., oxygen, ni-
trogen and selenium) were popular in FREAs. For example,
Zhan et al. [180] changed the flanking thiophene of F6IC to
pyrrole unit for P6IC. The E,™ was decreased from 1.37 to
1.3 eV and the HOMO and LUMO levels were both raised.
As a result, PTB7-Th:P6IC based OSC realized an out-
standing PCE of 12.2% with a high Jgc of 25 mA/cm’ and an
FF of 0.7 which was higher than that of PTB7-Th:F6IC based
analogs (a PCE of 5.57% with a Jg¢c of 18.2 mA/cm” and an
FF of 0.51). Moreover, Ding ef al. [181] inserted an oxygen
atom into the bridging group of cyclopentadiene and de-
signed series of carbon-oxygen-bridged (CO-bridged) A-D-
A type acceptors. Compared with F8IC, the corresponding
CO-bridged CO,8DFIC obtained redshifted absorption and
raised energy levels, thus the PCE, V¢, Jyc and FF were
simultaneously improved.

4.1.2 End group engineering

End groups (A) with strong electron-accepting ability play a
great role in enhancing the intra/intermolecular interactions
and packing effects, charge transfer, and thus the photo-
voltaic performance, as shown in Figure 12. IC and its de-
rivatives are the most commonly used end groups, because
their electron-accepting ability is strong enough and can be
delicately controlled by substituting the H atoms with halide
atoms or alkyl groups. Here, all the highlighted acceptors are
based on the fused-ring core of the typical ITIC. In order to

X F F-ITIC
. Cl  CHITIC
Br  Br-ITIC

I I-ITIC

X=CH;, Y=H MelC
X=CH,, Y=CH, ITCT-DM

{

Figure 12 The structure of A-D-A type acceptors with end groups engineering (color online).
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investigate the halogenation effect on the A-D-A type ac-
ceptors, Li ef al. [182] designed and synthesized four ITIC-
analogs, naming X-ITIC (F-ITIC, CI-ITIC, Br-ITIC, I-ITIC)
with single F, Cl, Br, I atom on the IC end groups, respec-
tively. Compared with ITIC, the halogenated X-ITICs pos-
sessed redshifted absorption, deeper energy levels and
enhanced crystallinity due to the heavy atom effect and
strong electronegativity. Using PTPDBDT as the donor, the
X-ITIC based OSCs showed higher efficiencies (~9%) than
that of ITIC counterpart (~6%). Hou ef al. introduced more F
and Cl atoms to ITIC to obtain IT-4F [108,109] and IT-4Cl
[169]. Compared with the di-halogen atoms-substituted IT-
2F and IT-2Cl, IT-4F and IT-4Cl exhibited redshifted ab-
sorption and deeper energy levels, leading to a decreased Vo
but improved Jgc and FF, when blending with PBPD-TF.
Both the IT-4F and IT-4CI based OSCs achieved over 13%
efficiency [168,169]. Apart from the electron-withdrawing
halogen atoms, electron-donating methyl and methoxy
groups were also attached to IC. Hou et al. [183] synthesized
a new methyl-substituted ITIC analog, IT-M. The absorption
was slightly blue-shifted and the energy levels were slightly
elevated. Blending with PBDB-T, the device efficiency was
boosted from 11.22% to 12.05% due to an increased V.
Yang et al. [184] introduced fluorine atom and methyl to IC
at the same time for a new CFDCI end group. Combined with
IDTT core, the new synthesized ITCF showed moderate
absorption and energy levels compared with IT-DM and IT-
4F, thus medium Jg and V. Nevertheless, an outstanding
FF (78.8%) of J71:ITCF was achieved, leading to a high PCE
of 13.2%. Hou et al. [185] also employed series of alkoxyl
with different length to IC and synthesized a series of ITIC-
based acceptors (IT-O1 to IT-O4 with methoxy, ethoxy,
propoxy and butoxy groups, respectively). With the in-
creasing alkyl length, both molecular solubility and electron
mobility were improved. However, a larger domain size was

X=Y:

X=H, Y=0OCH; IT-01

X=Y=F I'T-4F

X=Y=Cl IT-4C1
X=F, Y=CH; ITCF
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found in the blend with bulkier alkoxyl, leading to worse
morphology and thus lower Jgc and FF. As a result, IT-O1
with the small methoxy group had the favorable blend
morphology and the highest PCE of 11.6%. When taking the
place of benzene in IC by thiophene, a new TC end group and
its derivatives were synthesized. Zou et al. [186] designed
and synthesized a TC end group. Connected with the IDTT
core, a new TC based acceptor of ITTC was synthesized.
Compared with ITIC, ITTC exhibited narrowed E,™ and
upshifted energy levels. The HFQx-T:ITTC performed a
high PCE of 10.4%. To the thiophene a-position of TC, Yang
et al. [187] and Zhan et al. [188] introduced one or two
methyl groups. MeIC and ITCT-DM were obtained with si-
milar absorption and lifted energy levels. As a result, J71:
MelC and PBDB-T:ITCT-DM performed 12.54% and
10.56% efficiencies, respectively. An isomerization of TC
was devoted to CC end group. Based on CC, Hou et al. [189]
synthesized a new ITCC acceptor. PBDB-T:ITCC device
obtained a high PCE of 11.4% with an outstanding V' over
1 V due to the upshifted LUMO.

4.1.3 Side chains engineering

Side chains engineering plays an important role in control-
ling the solubility and photo-electrochemical properties. The
positions at the fused-ring core where the side chains can be
attached could be classified into three categories: the cy-
clopentadiene, the central benzene and the B-site of the
flanking thiophene, as shown in Figure 13. Taking ITIC as an
example, attaching side chains onto the sp3-hybridized car-
bon of the bridged cyclopentadiene was the widest, easiest
and most efficient method. The two sp3-hybridized carbons
were centrosymmetric and located at the opposite of the
fused core, as a result, the four p-hexylphenyl chains pointed
to different directions in the space. Based on ITIC, Li et al.
[190] changed the position of hexyl at the p-hexylphenyl
chains to obtain m-ITIC. The isomeric m-ITIC showed an
increased film absorption coefficient, a stronger crystallinity
and a higher electron mobility. Consequently, J61:m-ITIC

H e ITIC
: m-ITIC
X = CeHys
o™ 1mic-Th
L “CgHqz C8-ITIC
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achieved a higher performance of 11.7% than the ITIC
counterpart. Meanwhile, Zhan et al. [191] replaced the
benzene at the p-hexylphenyl chains with thiophene to syn-
thesize ITIC-Th. Due to the c-inductive effect of thienyl side
chains, ITIC-Th showed a downshifted energy level than
ITIC. The intermolecular interaction was enhanced due to
the introduction of sulphur, resulting in an enhanced charge
transfer. Therefore, a high PCE of 9.6% was obtained in
PDBT-T1:ITIC-Th device. In addition to aryl side chains,
alkyl chains were also widely employed. Heeney et al. [192]
synthesized C8-ITIC by replacing the p-hexylphenyl in ITIC
with octyl. The E,”™ was reduced and the crystallinity was
enhanced. As a result, a high PCE of 13.2% was achieved
when blending C8-1TIC with polymer donor PFBDB-T. Side
chains onto the central benzene usually occurred in the BDT-
based FREAs. Zhan et al. [193] introduced thienyl to the
central benzene of NFBDT (ITIC1) to obtain ITIC2. The
side-chain conjugation provided ITIC2 with an absorption
redshift and a higher energy level. Using FTAZ as the donor,
ITIC2-based device showed a higher efficiency of 11% than
ITIC1 analogs (8.54%). Besides, Chen et al. employed octyl
and octyloxyl substituted BDT and fluorinated IC-F end
group to synthesize NCBDT [194] and NOBDT [195]. The
energy levels were finely controlled by the enhanced elec-
tron-donating ability of D units and the electron-withdrawing
ability of A units. The E,™s were reduced to 1.45 and
1.39 eV, respectively. And the PBDB-T:NCBDT and PTB7-
Th:NOBDT based OSCs obtained high efficiencies of
12.12% and 10.55%, respectively. Different from much at-
tention on the above two categories of side chains, only a few
side-chain investigations on the B-site of the flanking thio-
phene were reported. Tang et al. [196] reported an ITIC
derivative, ITC6-IC, by introducing hexyl to the terminal of
the fused-ring core. ITC6-IC showed a better solubility in
common solvents and an elevated LUMO energy level. And
the molecular conformation was stabilized by steric hin-
drance caused by the long alkyls. As a result, OSCs based on
PBDB-T:ITC6-IC had a PCE of 11.61% with a high V¢ of

H
X s CaHy
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NFBDT
NCBDT
NOBDT

H
Y £CgHy7
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Figure 13 The structure of A-D-A type acceptors with side chains engineering (color online).
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0.97 V.

4.2 A-DA'D-A type fused-ring electron acceptor

As mentioned above, as an epoch-making type of acceptor,
A-D-A type acceptors have attracted great attention in recent
years. Special fused-ring formation is endowed with strong
and broad absorption, tunable molecular structure inter-
relating physical and chemical properties. Based on the
dominant formation of A-D-A type acceptors and structural
diversity of polymer donors, Zou et al. [167] designed and
proposed an original fused-ring acceptor, BZIC, exhibiting
the conjugated backbones with A-DA'D-A structure, as
shown in Figure 14. Unique design characters of such mo-
lecules are: First, a deficient electron unit is introduced into
the fused-ring molecular skeleton to improve the lumines-
cent efficiency; Second, DA'D unit containing pyrrole rings
with electron-donating ability and chemical modification
site, which is conducive to adjust molecular crystallinity and
packing.

With further molecular structure modification and device
optimization, the PCE of OSCs based on A-DA'D-A type
acceptors is already close to 20%. The rapid progress of
A-DA'D-A type materials are focused on the fused-ring
molecular structure; central electron-deficient core (A'); end
groups and side chains on pyrrole rings, D and A’ units.

4.2.1 Fused-ring molecular skeleton engineering

In 2017, Zou et al. [167] designed and synthesized the first
A-DA'D-A type acceptor, BZIC, with a ladder-type electron-
deficient-core-based five-number fused-ring structure.
Compared with the classical A-D-A type acceptor ITIC,
BZIC showed a significant red-shift absorption of approxi-
mately 90 nm. Longer conjugation length and stronger ICT
are conducive to the broad absorption and the improved Jgc.
Therefore, Zou and Yang [197] replaced thiophene (T) units
with TT’ units and synthesized Y1, as shown in Figure 15.

Figure 14 The structure of the first A-DA’D-A type acceptor, BZIC
(color online).
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With molecular skeleton extended to heptacyclic, Y1 ex-
hibited a narrow bandgap of 1.44 eV. As a result, the PBDB-
T:Y1 solar cell achieved a high PCE of 13.40% with an
impressive Jgc of 22.44 mA/em’, a Voc of 0.88 V and an FF
of 69.1%. Instead of increasing the fused ring numbers, Jen
et al. [198] replaced sulfur with selenium on TT' units and
synthesized CH1007, the introduction of Se strengthened the
intra- and intermolecular interactions and expanded m-core to
broad photon absorption, thus significantly increasing the Jgc
to 27.48 mA/ecm’. The PM6:CH1007 based OSC afforded a
high PCE of 15.9%, and the ternary device achieved one of
the highest PCE of 17.08% using PC;BM as the third
component. However, when Se was introduced into the inner
thiophene units adjacent to pyrrole rings, the isomer of
CH1007, Y6-2Se was obtained. The OSC based on Y6-2Se
yielded a poor PCE of 14.61% with reduced Jsc and FF. The
differential photovoltaic properties may be ascribed to the
tighter intermolecular packing of CH1007, which was in-
duced by the non-covalent inter-actions between Se and O.
To further optimize molecular structure and nourish the
DA'D species, Zou et al. [199] reported the first asymmetric
A-DA'D-A type acceptor Y21 with hexacyclic structure. The
device based on PM6:Y21 showed an excellent PCE of
15.4 % with a high Jgc 0f24.9 mA/cm’, which ranks with the
heptacyclic fused-ring acceptors ever made. Asymmetric
molecule design strategy provides more potential to develop
high-performance A-DA'D-A type acceptors. Seven, eight
and nine-number fused-ring symmetric A-DA'D-A type ac-
ceptor, BDTP-4F, ABP4T-4F, BTDTP-4F and BP5T-4F have
also been reported [200,201]. The different numbers of fused
rings not only influences photon absorption and energy level,
but also changes molecular conformation. Even though oc-
tacyclic S-shaped BTDTP-4F exhibited broader absorption
and lower LUMO energy level than heptacyclic C-shaped
BDTP-4F, FF of BTDTP-4F was inferior to BDTP-4F, which
mostly results from the stronger crystallinity and self-as-
sembly trend. Besides, BTDTP-4F based device showed
faster and more balanced charge dissociation and transport,
owing to the more suitable pure phase separation length and
suppressed bimolecular recombination. Similarly, octacyclic
Z-shape BP5T-4F showed a higher dielectric constant with
reduced geminate/nongeminate recombination compared
with heptacyclic W-shape ABP4T-4F. Besides, owing to the
favorable face-on orientation and molecular stacking, OSCs
fabricated with PM6:BP4T-4F showed higher PCE (16.7%)
than PM6:ABP4T-4F. These studies illustrate the importance
of asymmetric molecule design strategy and molecular
conformation, which induces significant effect on the mo-
lecular dielectric constant, charge recombination and mor-
phology in OSCs, and thus the eventual device properties.

4.2.2  Central electron-deficient core engineering
The advent of A-DA'D-A type acceptors undoubtedly
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BPST-4F

Figure 15 The structure of A-DA'D-A type acceptors with fused-ring molecular skeleton engineering (color online).

opened the new door of high-performance OSCs. The al-
ternation of A’ unit can slightly adjust chemo-physical
properties of SMAs and affect the intermolecular interaction,
stacking and orientation. Based on the in-depth research of
photoelectric material, researchers developed more and more
suitable A’ unit to optimize the molecule and device per-
formance. Considering that BT moiety can strengthen the
intermolecular interactions, Zou et al. [91] substituted BT
unit for benzotriazole (BTz) unit, and synthesized Y5.
Compared with a fused BTz-containing NFA Y9, as shown in
Figure 16 [202], Y5 shows deeper HOMO energy level,
more balanced electron/hole transport and higher FF.
Moreover, OSCs based on Y5 achieve a high PCE over 10%
with several donors, which shows Y5 is universal acceptor to
fabricate efficient OSCs. Qx as an electron-deficient unit can
deliver quinoid-resonance effect and possess two modified
sites to flexibly adjust molecular structures and properties.
Zhu and Liu et al. [203] applied Qx as the A’ segment and
reported a novel electron acceptor AQx-2. The device based
on PM6:AQx-2 showed an outstanding PCE of 16.68%.
Such high performance benefited from the introduction of
Qx into AQx-2 which efficiently reduced charge re-
combination, and thus facilitated electron transport and in-
termolecular  packing. High Urbach energy of
semiconductors leads to nonradiative recombination, and
then causes big energy loss. Lin et al. [204] adopted sele-

nium substitution to reduce the Urbach energy of acceptors
and then synthesized Y 6-Se with a facile method using 2,1,3-
benzoselenadiazole (BSe) as the central core. Y6-Se showed
a relatively low Urbach energy of 20.4 meV, providing broad
absorption and higher electron mobility. As a result, OSCs
based Y6-Se presented an impressive PCE of 17.7%. The
useful way of changing central electron-deficient core (A’)
can inspire the development of acceptors for high-perfor-
mance OSCs.

4.2.3 End groups engineering

In the A-DA'D-A type molecules, electrophilic end group,
namely A unit plays important role in the intermolecular
stacking, absorption, energy levels and other chemo-physical
properties of materials. End group engineering is also an
easy and feasible design method to adjust molecular struc-
ture to achieve ideal results, as shown in Figure 17. In 2019,
Zou et al. [205] reported a star NFA Y6, which achieved a
remarkable PCE of 15.7% and made a great breakthrough in
the development of OSCs. Y6 was effectively modified by
fluorination of end groups based on BT core-based fused-
ring A-DA'D-A type NFA Y5. Y6 shows improved inter-
molecular interactions through noncovalent F-S and F—H
bonds between the end-groups, and thus more balanced and
faster electron/hole mobility. This work also illustrated that
halogenation of end groups on the A-DA'D-A type NFAs is
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Figure 16 The structure of A-DA'D-A type acceptors with central electron-deficient core engineering (color online).
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Figure 17 The structure of A-DA'D-A type acceptors with end group engineering (color online).

an efficient and rational approach to broadening absorption,
lowering energy level and increasing the intra- and inter-
molecular interactions. Subsequently, numerous studies
about end group engineering for A-DA'D-A type NFAs have
been reported, which have driven the research and devel-
opment of OSCs dramatically. A series of functional units
such as Cl, Br, —-CHj;, —CF; are introduced into the IC, TC
and TPC end groups. Compared with Y6, BTP-4Cl1 [206] and
BTIC-4Br [207] with IC-2CI and IC-2Br as end groups, re-
spectively, showed significant redshifts, related to the cor-
responding stronger intermolecular m-m packing. It was
found that the chlorination of molecules can also lower non-
radiative energy loss. Therefore, the OSCs based on PM6:
BTP-4Cl exhibited high Jgc and V- with a relatively low
non-radiative energy loss of 0.206 eV. Also, Hou et al. [208]
investigated the impact of number of F atoms attaching to the

IC units on intermolecular interactions. As the number of F
atoms increased, the resulting molecular surface electrostatic
potential (ESP) difference between donors and acceptors was
enhanced. This work revealed that large ESP difference by
changing the number of F atoms will increase the hy-
bridization of charge-transfer (CT) and local exciton (LE)
state, resulting in an increased non-radiative energy loss.
When —CF; group was introduced into IC units, an ultra-
narrow band-gap (1.3 eV) acceptor BTIC-CF;-y was syn-
thesized [209]. BTIC-CF;-y possessed multiple inter-
molecular interactions and close n-n packing; besides, the
single-crystal analysis of BTIC-CF;-y delivered a 3D inter-
penetrating network structure which helps charge transport
in multiple directions for improved electron mobility. Elec-
tron-donating functional groups like —CH; make opposite
effects on the electro-chemical properties of acceptors



Liu et al.  Sci China Chem

compared with electron-withdrawing ones. The SMA BTP-
M showed blue-shifted absorption and higher energy levels
[210]. Due to the mismatched energy level alignment with
PMB6, the obtained PCE of the device is only 4.26% even-
tually. Applying new TC units as the end groups, an A-DA’
D-A type NFA, Y10, reported by Zou ef al. [211] showed a
lifted LUMO energy level compared with Y6 end-capped by
IC-2F units. It indicated that TC units as end groups are
expected to increase the V- of OSCs. Similarly, the halo-
genation of TC was also applied to synthesize the corre-
sponding SMAs, such as BTIC-EH-2ThBr [212] and
BTTT2CI [213]. Especially, as a medium bandgap NFA,
BTIC-EH-2ThBr exactly served as the third component of
PM6:Y6 blend. Owing to the weaker crystallinity and mo-
lecular packing, BTIC-EH-2ThBr promoted the blend to
obtain a better phase separation structure. As a result, a high
PCE of 17.5% was achieved. Other modification of end
groups for A-DA'D-A type acceptors was also investigated.
The ketone groups in IC units were substituted by sulfonyl,
and the relevant acceptor BTP-IS showed red-shifted ab-
sorption and lower LUMO energy levels compared with Y5
[214]. The sulfonyl-based end group can be a potential
building block for high-efficient OSCs. And BTTPC-Br
using TPC-Br with extended conjugation as end group ex-
hibited closer “face-on” oriented n-n stacking [215]. Thus,
vertical charge transport was improved with inhibited charge
carrier recombination, which facilitated the performance of
OSCs. Moreover, the asymmetric A-DA'D-A type acceptors
flanked with two different ending groups offered a new idea
for the exploration of OSCs. The asymmetric acceptor BTP-
2F-ThCl and its symmetric counterpart Y6 maintained an
adjacent optic-electrochemistry, and crystallinity properties
[216]. Besides, BTP-2FThCI ensured sufficient charge se-
paration despite existing a small HOMO energy offset, and
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the final device obtained high Jg- and Ve simultaneously.
Other A-DA'D-A type SMAs with different end groups like
BTIC-yCI-2F [217] and SY1 [218] played their unique role
in the corresponding device, and showed excellent perfor-
mance. These works indicated a more sophisticated struc-
ture-property relationship that incorporating two different
end groups which can be finely modified to shape NFAs can
effectively control the molecular photo-electrochemical
properties, crystallinity and n-n stacking. Finally, the mor-
phology and charge transport can be controlled rationally.

4.2.4 Side chains engineering

Both in A-D-A and A-DA'D-A type acceptors, side chains
make a significant influence on the solubility, crystallinity,
inter-/intra-molecular interaction and other properties. As a
special molecular structure, A-DA'D-A type acceptors pos-
sess more positions for functional chain modification, as
shown in Figure 18. Compared with other chain on the D and
A’, the side chains on the pyrrole rings are more alternatively
adjusted, and the research of them is more now, as well. The
typical N3 selecting 3rd—position branched alkyl chains on the
pyrrole rings showed the optimal face-on/edge-on orienta-
tion compared with the Y6 and N4 with 2" and 4th-positi0n
branched on the pyrrole motif [219]. Usually, the increasing
length of alkyl chains can improve the solubility of mole-
cules and lower crystallinity. Accordingly, BTP-4CI-12 ex-
hibited better morphology than BTP-4Cl when blended with
PM6 [220]. Thus, charge recombination was effectively
suppressed in PM6:BTP-4ClI-12, which achieved a high PCE
of 17%. On the contrary, although modified by longer alkyl
chains, BTP-4F-12 presented stronger crystallinity than Y6
[221]. Owing to the better solubility and crystallinity of
BTP-4F-12, it exhibited tighter n-n stacking and lamellar
packing, favoring the charge transport. Interestingly, when
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Figure 18 The structure of A-DA'D-A type acceptors with side chains engineering (color online).
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two different alkyl chains, 2-ethylhexyl (EH) and 2-hex-
yldecyl (HD) were introduced in the pyrrole rings together,
high-efficient SMA EH-HD-4F was obtained, which got one
of the best PCE (18.38%) [222]. Such a high performance
was attributed to the more suitable face-on orientation and
well blend phase separation morphology. Some electron-
deficient units used as A’ core are also available for the
appropriate site of alky/arene chains modification. Jen ef al.
[223] cut the length of N-alkyl EH chain on the BTz core to
get a methyl-substituted BTz central unit-based acceptor,
mBzS-4F. The blend based on PM6:mBzS-4F delivered
more balanced and higher charge carrier mobilities, and give
an obviously increased FF of 76.35% than its counterpart,
EHBzS-4F’s FF (70.07%). mBzS-4F with shorter chains
indicated a smaller steric hindrance and more favorable
morphology, which manifested that shortening the length of
side chains on the A’ is a feasible method to gain closer
molecular stacking and higher FF of OSCs. Previously
mentioned work about AQx-1 also reflected such design
strategy, which provides a great potential to synthesize pretty
acceptor materials. In addition, it was discovered that opti-
mizing the alkyl chain on the edge of the A-DA'D-A type
acceptors can also greatly influence the molecular crystal-
linity and ordered stacking related to Urbach energy. Zou et
al. [224] proposed a rational molecular structure-properties
relationship of regulating the side chains attached on the TT'
units to reduce energy disorder and improve the FF. First, the
introduction of side chains into the TT' units of Y3 effec-
tively reduced the structure and energy disorder as well as
Urbach energy, which made a faster and more balanced
electron/hole transport. Then, tailoring the length of alky
chains on TT' units can also reduce the steric hindrance and
increase molecular stacking. Accordingly, the obtained Y18
acquired a higher FF than Y11. BTP-eC9 reported by Hou et
al. [110] also possessed good solubility and enhanced in-
termolecular ordering to get the best morphology features
compared with its counterpart, BTP-eC7 and BTP-eC11 with
poorer properties. Recently, a series of branched side chains
with different length have been introduced into the TT' units
of A-DA'D-A type acceptors. Three new acceptors L8-BO,
L8-HD, L8-OD with 2-butyloctyl (BO), HD and 2-octyldo-
decyl (OD) substitution at the beta position of thiophenes
were reported by Sun and Liu et al. [225] Molecular stacking
and phase separation morphology were regulated by the ra-
tional design of alternating branched chains with linear ones
and changing the alkyl chains length. This research showed
that those branched side chains modified molecules pack in
rotational symmetry, while Y6 in mirror symmetry, which
caused different molecular packing motif. Additionally, the
OSCs based on three new acceptors all exhibited small non-
radiative recombination energy loss (AE3), among which the
L8-BO and L8-OD presented reduced AE3 compared with
Y6-based OSCs. As a result, the OSC based on L8-BO
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achieved an unprecedented PCE of 18.32% due to the su-
perior molecular properties, structure order and morphology.
Surprisingly, the AE3 decreased as the branched alkyl chains
length increased, which showed a little difference from the
work about Y18 and Y11. Some other reported work about
side chains engineering on the TT’ unit such as BTP-C6Ph
and BTP-PhC6 designed by Zhan et al. [226] and Y6-10 and
Y6-20 reported by Yan and Liu et al. [227] all showed the
effects of side-chains at such position on their molecular and
photovoltaic properties. Also, it indicated that the extended
exploration of side chains on the beta position of thiophenes
is a plausible avenue to manipulate the molecular structure
and properties, and a great potential to improve the OSC
performance as well.

It can be concluded that fused-ring electron acceptors have
injected new energy to the development of photovoltaic
materials, and also made a great contribution to the rapid
progress of OSCs. With the continuous growing of device
fabrication technologies, the further investigation and opti-
mization of photovoltaic materials is also needed in the fu-
ture.

5 Nonfused ring electron acceptors

Relative to acceptor-donor-acceptor (A-D-A) type fused-ring
electron acceptors (FREAs), nonfused ring electron accep-
tors (NFREAS) are molecules with nonfused backbone in the
electron-donating part, which were widely developed and
studied in Chen’s group, Bo’s group and so on [228]. For the
intentions of designing nonfused acceptors, there mainly
existed the following considerations: (1) simplifying the
synthetic routes for lower material costs, (2) enriching the
structure tunability for unique features, and (3) releasing
surface tension for better device stability. For NFREAs, to
realize high efficiencies, noncovalent interactions, like
F---H, O---H, and S---N are usually essential to lock the
molecular backbones for planar geometries more or less. Till
now, numerous NFREAs have been developed and reported
by modifying molecular structures. Among them, small
fused ring building blocks such as indacenodithiophene
(IDT) and cyclopentadithiophene (CPDT) are the most
widely used in the construction of nonfused ring electron
acceptors (NFREAs). Further, fully nonfused ring electron
acceptors are also developed by researcher in recent several
years. In this section, NFREAs will be discussed in two
parts: (1) Core engineering, (2) Terminal engineering.

5.1 Core engineering

IDT units with pentacyclic fused core structures exhibit low
degree energetic disorder, high charge carrier mobility, etc,
which can be utilized to fabricate A-n-D-n-A type NREAs as
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the donor units, as shown in Figure 19 [229]. The sp3 hy-
bridization side chain in IDT core units could suppress the
molecular aggregation and ensure the solubility of molecules
in common organic solvent. The aromatic m bridge units
could adjust the photophysical property. The electron-with-
drawing end groups can form strong intramolecular charge
transfer effect on the central electron-donating groups, and
thus broaden the absorption of the molecules. Moreover,
some researches indicate that the intermolecular electrostatic
interactions between end groups and central units play a vital
role in the formation of charge transport channels.

In 2017, two NFREAs (IDT-BOC6 and IDT-BC6) are
purposefully designed and synthesized with 2,5-dihex-
ylphenylene and 2,5-bis(hexyloxy)phenylene as the n-bridge
units [230]. According to theoretical calculation, the in-
tramolecular noncovalent interaction in IDT-BOC6 can force
the molecule to form planar conformation, whereas the
counterpart IDT-BC6 displays a twisted molecular backbone.
Thus, IDT-BOC6 exhibits red-shifted optical absorption,
enhanced transport mobility and reduced nonradiative en-
ergy loss. A PCE of 9.6% is achieved based on IDT-BOCS6,
which is much higher than that of IDT-BC6 (2.3%). Subse-
quently, a series of A-n-D-n-A type NREAs with IDT as the
core unit are designed and synthesized according to the
concept of intramolecular noncovalent interactions. The si-
milar acceptor ITOIC with 2,5-bis(hexyloxy)phenylene re-
placed by 4,4-bis(hexyloxy)thiophene gives a PCE of 8.87%
[231]. Furthermore, the fluorinated counterparts ITOIC-F
and ITOIC-2F could achieve much higher PCE of 10.65%
and 12.17%, respectively, which can be mainly ascribed to
the enhanced intermolecular interactions and improved
charge transport mobilities. Similarly, IDT-EDOT with 3,4-
ethylenedioxythiophene as the n-bridge unit could generate a
high PCE of 11.32%, which is much higher than IDT-PDOT
with 3,4-propylenedioxythiophene as the bridge unit (2.18%)
[232]. However, IDT-PDOT-C6 with 3,4-propylenediox-
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Figure 19 Nonfused electron acceptors based on IDT units (color online).
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ythiophene bearing two hexyl side chains could enhance the
solubility of the small molecular acceptors and give a higher
PCE of 11.08%. Furthermore, the ternary devices display an
improved PCE of 13.04% with IDTT-OB introduced to the
binary blends (PBDB-T:IDT-PDOT-C6) [233]. Especially,
IEICO [234] exhibits small optical bandgap of 1.34 eV by
employing alkoxy substituted thiophene units, which is
smaller than that of IEIC (1.50 eV) [235]. Further, the optical
bandgap of IEICO-4F reduces to 1.24 eV with the in-
troduction of fluorinated end groups, which can be ascribed
to the enhanced ICT effect, optimal ternary OSCs based on
IEICO-4F give a high PCE of 10.9% with an impressive Jsc
of 25.3 mA/em’ [236]. The chlorinated counterpart IEICO-
4Cl is used to construct semitransparent OSCs, which could
give a PCE of 8.38% with an average visible transmittance
(AVT) of 25.7% [237]. Bo and Liu et al. [238] reported a
novel IDT derivative (IDTO) with the introduction of two
alkoxyl side chains, which can be used to fabricate A-n-D-7-
A type acceptors with different m bridge units. The photo-
voltaic devices based on the acceptor with thiophene as the
electron-donating n-spacer demonstrate a high PCE of over
12.5%, which is much higher than the ones with selenophene
and thieno[3,2-b]thiophene as the m bridge units [239]. Ba-
zan et al. [240] reported the substitution of bulky phe-
nylhexyl for linear octyl chains on the central IDT core and
replacing bisalkoxy for alkyl-alkoxyl combination on the 7-
bridge units, which could manipulate the optoelectronic
properties and intermolecular organization of the acceptors.
Among them, 0-101 could achieve a PCE of 13.1% with a
Jsc 0f 26.3 mA/cm’ and an energy loss of 0.54 eV. Besides,
varied IDT cores, n-bridge units and end groups are used to
construct A-n-D-n-A nonfullerene acceptors. The chemical
structures, fundamental properties and photovoltaic para-
meters of these acceptors are shown in Figure 19 and Table 4,
respectively.

CPDT is a commonly used electron-donating building
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block consisting of carbon bridged bithiophene, which can
be used to construct low bandgap polymers and small mo-
lecules, as shown in Figure 20. With the rapid development
of nonfullerene acceptors, researchers also tried to use this
building block to fabricate NFAs. Most of these acceptors
adopt acceptor-donor-core-donor-acceptor (A-D-C-D-A)
type structure, where C and D represent central linkers and
CPDT units, respectively. Chen et al. [241] studied the ef-
fects of introducing four noncovalent interactions between
the “C” and “D” parts, and found that more noncovalent
interactions (OF-PCIC and HFO-PCIC) might disturb the
ordered molecular packing and result in severe face-to-face
arrangement, finally leading to unfavorable morphology. Bo
et al. [242] replaced F---H noncovalent interaction with
O---S noncovalent interaction and obtained DOC2C6-2F.
Due to the enhanced ICT effect, the absorption was red-
shifted to around 900 nm. Although energy levels were lif-
ted, it was still enough for pairing with PBDB-T. The opti-
mized OSCs based on PBDB-T:DOC2C6-2F showed an
optimal PCE of 13.24% with a high photocurrent of
21.35 mA/em’. By altering the positions of alkoxy sub-
stituents from para-position to ortho-position (0-DOC6-2F)
on the phenylene core, molecular shape would be converted
from C,, to C,, symmetry [243]. The benefits of such ar-
rangement were enlarging dipole moment, increasing solu-
bility and tuning molecular packing. However, the
absorption of C,, molecule would be blue-shifted. After
optimization, a PCE of 11.87% was achieved for 0-DOC6-
2F-based devices. Bo et al. [244] also reported NFREAs
(FOC2C6-2FIC) with fluorine and alkoxy on the phenylene
core, and found that n-n stacking was existing not only be-
tween two IC terminals but also between the IC terminal and
phenyl core. Besides using alkoxy substituents, applying
thiophene-based core was also effective in extending the
absorption to near-infrared ranges. Chen et al. [245] replaced
2,5-difluorobenzene with 2,3-difluorothiophene and synthe-
sized HF-TCIC. The absorption of HF-TCIC was extended
to around 900 nm and a PCE of 9.40% was presented for HF-
TCIC-based devices.

Although enhancing ICT effect was able to red-shift the
absorption, energy levels would inevitably be uplifted.
Maintaining a deep HOMO level could provide more space
for selecting donors to pair with. The solution was adopting
electron-withdrawing units with quinoid resonance effect as
the “C” part, since quinoid resonance effect could help ex-
tend the absorption and electron-withdrawing ability could
help deepen the HOMO level. For the above purpose, Chen
et al. [246] developed NFREAs (X-PCIC) with near-infrared
absorption up to 900 nm by using benzobis(thiazole) as the
“C” part. In this work, S---N noncovalent interaction was
proven existing in the molecule from the single crystal result.
In addition, efficient J-aggregation (or head-to-end ar-
rangement) was maintained in the solid state of X-PCIC.
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Finally, OSCs based on PBDB-T:X-PCIC blend exhibited a
PCE of 11.50% with a low energy loss of 0.53 eV. Since IC
terminal could also be in contact with the “C” part in non-
fused acceptors, using units with very strong electron-with-
drawing ability as the core might help form an extra charge
transport channel between the IC terminal and “C” part.
Then, electron deficient cores (bezothiadiazole derivatives)
are used as the “C” part to fabricate acceptors. The alkoxy
substituted one can not only lock the molecule as a planar
geometry, but also large improve the solubility of the ac-
ceptors. As a result, Bo et al. [247] achieved a high PCE of
11.48% with BTOR-IC4F as the acceptor. By using a
chlorinated IC terminal, the obtained BCDT-4Cl could ex-
hibit better molecular packing with stronger J-aggregation,
and finally lead to a high PCE of 12.10% for BCDT-4ClI-
based OSCs. Similarly, Huang et al. [248] used alkoxy-
substituted benzotriazole as the “C” part and synthesized
BTzO-4F. There was an extra alkyl chain on the benzo-
triazole, which could help lock the molecular geometry as a
C,, symmetry more tightly. Indicated by the shape of ab-
sorption, a large proportion of J-aggregation between two IC
terminals was kept both in solution and thin film. Due to the
above benefits, the optimal OSCs based on PBDB-T:BTzO-
4F blend showed a high PCE of 13.80%. All in all, the
diversity of “C” part indeed provided infinite possibility and
unlimited imaginary space for NFREAs.

To further lower the material costs and simplify the mo-
lecular structures, researchers also developed fully nonfused
ring electron acceptors, as shown in Figure 20. Chen et al.
[249] reported a very simple NFREA (ICTP) composed of
alkoxy-substituted phenyl, thiophene and IC terminal. It
could be synthesized in three feasible steps. After blending
with PBDB-T, a PCE of 4.43% was achieved. To further
improve the efficiencies, ICTP was optimized on two as-
pects: IC terminal and thiophene unit. By introducing
fluorine atoms on the IC terminals, PTICH was obtained
[250]. Based on the molecule of PTICH, PTIC and PTICO
were further synthesized by introducing a 3-hexyl or 3-
hexyloxy substituent. Due to the deepening of energy levels,
PTIC-series molecules were able to pair with fluorinated
polymer donor, like PBDB-TF. The introduction of alkyl
chain could not only increase the solubility of NFREAs, but
also lock the orientation of IC terminals, thus enhancing the
molecular ordering in the solid state. However, inserting an
oxygen atom between thiophene and 3-hexyl played a ne-
gative role in the absorption and blend morphology. Finally,
PTIC-based OSCs exhibited the best PCE of 10.27%, which
was outstanding for such a simple NFREA. More im-
portantly, excellent light stability was demonstrated for
PTIC-based OSCs, significantly better than OSCs based on
FREAs. Later, Bo et al. [251] also reported fully non-fused
electron acceptors (0-4TBC-2F and m-4TBC-2F) by using
four thiophene units as the main backbone. Molecular geo-
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metry could be significantly tuned by regulating the location
of hexyloxy chains on the phenyl substituents. When the
hexyloxy chain was in ortho-position, the obtained molecule
of 0-4TBC-2F demonstrated a planar geometry. When hex-
yloxy chain was in meta position, the obtained molecule of
m-4TBC-2F showed a twisted geometry. What’s more, J-
aggregation of 0-4TBC-2F could be significantly enhanced
after thermal annealing, thus leading to obvious absorption
red-shifting. Finally, optimized OSCs based on PBDB-T:0-
4TBC-2F blend exhibited a high PCE of 10.26%, better than
m-4TBC-2F-based OSCs (2.63%), indicating the importance
of maintaining a planar geometry and strong J-aggregation.
Subsequently, a series of tetrathiophene-based fully non-
fused acceptors are designed by tailoring the lateral chains,
which can tune the molecular solubility and stacking in pure
and blend film. Among them, PCEs of 10.15% and 12.04%
for PBDB-T:4T-3 and D18:4T-3 are achieved, respectively,
which is the champion PCE for fully nonfused acceptors at
that time [252]. Recently, Hou ef al. [253] developed a series
of fully nonfused ring electron acceptors (A4T-16, A4T-21
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and A4T-23) via regulating side chains. Among them, A4T-
16 with 2,4,6-trimethylphenyl groups can enhance the con-
formational stability of the planar backbone and provide
large steric hindrance to induce favourable intermolecular
packing model. Thus, a champion PCE of 15.2% based on
fully nonfused ring electron acceptors is achieved; moreover,
the acceptors display good universality matched with various
polymer donors and the corresponding photovoltaic devices
display excellent long-term stabilities under continuously
simulated 1-sun-illumination. Above results present that
fully NFREAS could also show good efficiencies, and further
improved performances could be expected by modulating the
molecular backbones.

Very recently, triarylamine (TAA) units are used in the
design of nonfused ring electron acceptors [254,255]. The
natural three-dimensional molecular configuration and
electron-donating feature can restrain the molecular ag-
gregation and enhance the ICT effect to broaden the ab-
sorption. Moreover, the side chain substitution investigation
reveals that CH;—2F displays an obvious face-on molecular
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orientation, more ordered molecular stacking, and better
miscibility with polymer donor. Thus, CH;—2F based device
gives the highest PCE of 12.28% [255]. Further, 2BTh-2F
with extended nt-bridge units was also developed by Bo ef al.
[256]. The m-bridge variation from thiophene to thieno[3,2-
b]thiophene could extend the absorption spectrum, enlarge
the molar absorption coefficient, and enhance the order
molecular packing. More importantly, the molecular packing
model is converted from 2D to 3D, which is beneficial for the
isotropic charge transport. Due to these comprehensive
benefits, 2BTh-2F derivatives-based device can generate a
champion PCE of 15.44%. All in all, core units engineering
can much influence the properties of acceptors and is the
main research topic in the design of nonfused ring electron
acceptors.

5.2 Terminal engineering

For acceptors with electron-withdrawing groups (“A” part)
exposed at terminals, efficient charge transport channels are
mainly formed between the terminals. Therefore, modifying
the “A” part is an effective way to enhance the device per-
formances. Due to the multi-functions of halogen atoms,
including enhancing intermolecular interaction, adjusting
molecular polarity or modulating energy levels, halogenation
of “A” part has proven to be efficient. Hence, Chen et al.
synthesized HF-PCIC [241] and HC-PCIC [257] by in-
troducing four fluorine or chlorine atoms at the terminals.
With the deepening of LUMO and HOMO levels caused by
the electronegativity of fluorine and chlorine atoms, to
maintain a high V¢, fluorinated polymer donor PBDB-TF
(or PM6) was picked to pair with HF-PCIC and HC-PCIC. It
was found that significant enhancement in Jg- was observed,
thus leading to improved PCEs of 11.49% for HF-PCIC-
based OSCs and 11.75% for HC-PCIC-based OSCs, when
compared with DF-PCIC-based OSCs. If both electron-
withdrawing and electron-donating units were introduced at
the terminals, the properties of resulting molecule, FO-PCIC,
was similar to those of DF-PCIC, so as for the efficiencies.
Besides halogenation, extending conjugation of IC terminal
was another method for enhancing terminal packing. For
example, by extending one phenyl at the IC terminal, the
resulting NFREA (DF-PCNC) not only showed red-shifted
absorption, but also enhanced molecular packing, when
compared with DF-PCIC. As a result, OSCs based on PBDB-
T:DF-PCNC exhibited an enhanced PCE of 11.63% [258]. In
a word, above works presented that, by modifying the “A”
part of UAs, absorption, energy levels and molecular packing
could all be regulated, finally leading to efficiency im-
provements. Among different kinds of IC terminals, halo-
genated IC terminals were found to be the best choices. The
photovoltaic parameters of typical nonfused ring electron
acceptors are also summarized in Table 4.
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6 All-polymer solar cells

In 1995, Friend et al. [269] and Heeger et al. [14]. in-
dependently proposed the concept of all polymer solar cells
(all-PSCs), in which, an n-type polymer acceptor CN-PPV
(see Figure 21) was blended with a p-type polymer donor
MEH-PPV to form the bulk heterojunction layer. As com-
pared with its counterpart of PSCs with small molecular
acceptor (SMA), all-PSCs show pronounced advantages of
superior mechanical flexibility/stretchability and improved
device stability. In this section, with the brief introduction on
its history, recent research progress of all-PSCs was pro-
vided.

High-performance n-type polymer semiconductors are the
bottleneck for efficient all-PSCs. In the early stages, besides
cyano-substituted polyphenylenevinylene (such as CN-PPV
[14,269] in Figure 21 and DOCN-PPV [269-271]), ben-
zothiadiazole-based polyfluorenes [272,273] (such as
F8TBT in Figure 21) are also explored as polymer acceptors.
However, those two-type polymers suffer from considerably
lower electron mobilities (10 °~10"7 ecm®/(V s)) [272-274]
than fullerene acceptors and cause electron accumulation
inside the active layer. Thus the as-fabricated devices usually
have low FF and Jg.

From 2007, rylenediimide-based polymer acceptors,
bearing key building block of naphthalene diimide (NDI) or
perylenediimide (PDI) were explored as polymer acceptors
[274-278]. Those polymer acceptors have high electron
mobility (comparable to those of fullerenes) and broad ab-
sorptions from the visible to the NIR region. An important
breakthrough work is that Zhan et al. developed rylenedii-
mide-based polymer acceptors, poly(perylenediimide-alt-
dithienothiophene) (PDI-DTT [275], Figure 21), which is a
pioneering rylenediimide-based polymer acceptor for all-
PSCs with an initially reported PCE of 1.0% and increased to
3.45% by binary additives [279]. The success of fused rylene
diimides as acceptors in organic solar cells also triggered
their use as building blocks in polymer acceptors [280-282].

In 2008, with NDI as the key building block, Guo and co-
workers [283] synthesized a series of n-type copolymers
containing thienyl comonomers, including NDI-bithiophene
copolymer (P2a) with 2-decyltetradecyl side chain. In 2019,
Yan et al. [284] reported the application of NDI-bithiophene
copolymer (with 2-octyldodecyl chain, named as NDI2OD-
T2 or N2200, Figure 21) in organic field-effect transistor.
Inspired by its high electron mobility (0.85-6.4 cmz/(V s))
and good ambient stability, N2200 attracted substantial in-
terest as polymer acceptor in all-PSCs [285], which enable
N2200 as the most representative and widely used polymer
acceptor before 2017. Although the initial PCE is less than
0.20% in 2011 [286,287], the PCE of the N2200-based all-
PSCs steadily increased to over 5% before 2015, mostly
benefited from new polymer donors and the morphology
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Table 4 The photovoltaic parameters of typical nonfused ring electron acceptors

Acceptors Donors E, (eV) Voc (V) Jsc (mA/cmz) FF PCE (%) Ref.
IDT-BOC6 PBDB-T 1.63 1.01 17.52 0.54 9.60 [230]
IDT-BC6 PBDB-T 1.75 0.92 5.63 0.44 2.30
ITOIC PBDB-T 1.55 1.02 15.73 0.55 8.87 [231]
ITOIC-F PBDB-T 1.50 0.95 18.60 0.61 10.65
ITOIC-2F PBDB-T 1.45 0.90 21.04 0.65 12.17
IEICO 1.34 0.82 17.70 0.58 8.40 [234]
IEICO-4F 1.24 0.74 22.80 0.59 10.00 [236]
IEICO-4Cl 1.23 0.73 22.80 0.62 10.30 [237]
IDTOT2F PBDB-T 1.44 0.85 20.87 0.72 12.79 [238]
IDTO-T-4F 1.45 0.86 20.12 0.73 12.62 [239]
IDT-Tz 1.53 0.88 13.67 0.71 8.52 [259]
IDT-EDOT PBDB-T 1.63 0.86 21.34 0.62 11.32 [232]
IDT-PDOT PBDB-T 1.62 0.85 5.26 0.49 2.18
IDTO-Se-4F 1.40 0.83 18.55 0.69 10.67 [239]
IDTO-TT-4F 1.38 0.86 17.21 0.69 10.21
IDT-3MT 1.52 0.95 14.43 0.61 8.40 [260]
ORCN 1.64 0.87 11.50 0.62 6.40 [261]
DF-PCIC 1.59 0.91 15.66 0.72 10.14 [262]
DC6-1C PBDB-T 1.69 0.99 11.19 0.62 6.87 [242]
DOC6-1C PBDB-T 1.43 0.91 19.21 0.60 10.52
DOCS-IC PBDB-T 1.39 0.92 17.74 0.57 9.41
DOC2C6-IC PBDB-T 1.44 0.93 18.85 0.63 11.10
DOC2C6-2F PBDB-T 1.42 0.85 21.35 0.73 13.24
BCDT-4Cl PBDB-T 1.59 0.76 23.77 0.67 12.10 [263]
NOC6F-1 PBDB-T 1.58 0.95 17.08 0.66 10.62 [264]
NOCG6F-2 PBDB-T 1.68 0.96 13.21 0.53 6.74
FOC6-IC PBDB-T 1.51 0.93 17.64 0.66 10.80 [244]
FOC6-FIC PBDB-T 1.47 0.89 19.18 0.71 12.08
FOC2C6-FIC PBDB-T 1.43 0.87 19.66 0.72 12.36
BT-IC4F PBDB-T 1.37 0.69 21.40 0.66 9.83 [247]
BT2F-IC4F PBDB-T 1.38 0.67 19.43 0.65 8.45
BTOR-IC4F PBDB-T 1.37 0.80 20.57 0.70 11.48
BDTS-4Cl 1.46 0.83 9.80 0.46 3.73 [265]
BDTC-4Cl 1.42 0.86 18.56 0.60 9.54
OF-PCIC 1.59 0.91 13.76 0.73 9.09 [241]
HFO-PCIC 1.48 0.93 12.62 0.71 8.36
DF-PCNC 1.54 0.86 18.16 0.73 11.63
NoCA-5 J52 0.814 26.02 0.699 14.82 [266]
BN-OF J52 1.41 0.835 21.91 0.601 11.00 [267]
BN-2F J52 1.40 0.813 25.25 0.708 14.53
BN-4F J52 1.38 0.792 25.76 0.649 13.24
PTIC PBDB-TF 1.53 0.93 16.73 0.66 10.27 [250]
PTBA4CI PBDB-TF 1.58 0.93 19.01 0.722 12.76 [268]
0-4TBC-2F PBDB-T 1.37 0.76 20.48 0.657 10.26 [251]
m-4TBC-2F PBDB-T 1.66 0.84 7.90 0.400 2.63
4T-3 PBDB-T 1.52 0.81 17.27 0.725 10.15 [252]
D18 0.93 18.28 0.710 12.04
CH;-2F PBDB-T 1.42 0.77 22.76 0.6985 12.28 [255]
A4T-16 PBDB-TF 1.45 0.86 21.8 0.798 15.2 [253]

2BTh-2F D18 1.43 0.90 23.61 0.723 15.44 [256]
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optimization of active layer [288-290].

In 2016, Li et al. [291] promoted the efficiency of the
N2200-based all-PSCs from 5% to 8.27% by using medium
bandgap polymer J51 as donor that provided a com-
plementary absorption and suitable phase separation with
N2200 acceptor. In 2019, PCE of the N2200-based all-PSCs
reached over 11.5% [292,293] with the tailor-made medium
bandgap polymer PTzBI-Si [294] (with an imide group fused
BTA unit as A-unit) as donor. Despite the great success for
N2200 and other rylene diimides-based polymer acceptors,
the weak absorption coefficient of N2200 in the NIR region
limited its photo current.

In the exploration of alternative polymer acceptor to those
rylenediimide-based polymer, polymer acceptors with a
variety of electron-deficient units, including diketopyrrolo-
pyrrole [294,295], isoindigo [42], thieno[3,4-c]pyrrole-4,6-
dione [296], bithiophene imides, [297] B«—N bridged unit
[298-300] and cyanobenzothiadiazole (DCNBT) [301,302]
based n-CPs have also been explored. Among them, polymer
acceptors based on B«N bridged bipyridine [303] and
DCNBT [301] are more impressive with PCE over 10%.

Liu and coworkers [303] designed B«N bridged unit to
construct n-type polymer acceptor with a large Ve (>1 V)
and a high absorption coefficient in the visible-light range.
With structure optimization, their PCEs have improved
substantially from 0.12% to over 10.0%. The latter PCE was
obtained for the polymer PBN-12 (Figure 21), based on a
double B«—N bridged bipyridine, and benzothiadiazole unit
as the second electron deficient unit. By co-polymerizing
DCNBT with IDT, DCNBT-IDT (Figure 21) was obtained
with a deep LUMO (—3.75 eV), narrow band gap (1.42 eV),
and high absorption coefficient [301], and achieved a
respectable PCE of 8.32% in all-PSCs. To further narrow
the bandgap, DCNBT-TPIC was designed with carbon-
oxygen bridged units as highly electron-rich donor building
blocks [302], yielding a bandgap of 1.28 ¢V and a PCE of
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Figure 21 Representative polymer acceptors for all-PSCs (color online).
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10.22%.

In order to overcome the weak NIR absorbance problem of
N2200 and other rylenediimide-based polymer acceptors,
Zhang and Li et al. [304,305] proposed a new strategy of
polymerizing SMA (PSMA) with aromatic thiophene unit
(L1) to construct a polymer acceptor PZ1 in 2017 with those
SMA as the key building block (Figure 22). The PSMA
strategy maintains the virtues (see Figure 22) of SMAs
(narrow bandgap, strong absorption, and suitable electronic
energy levels) as well as the good film-forming property,
outstanding morphology stability and mechanical robustness
from the polymers. With PBDB-T as donor, the PZ1-based
all-PSCs achieved a high PCE 0f 9.19% with a V¢ 0f 0.83 V.
By replacing of PBDB-T with a lower E};oypo polymer donor
of PM6, the PZ1-based all-PSC demonstrated an increased
Voc of 0.96 V together with a further increased PCE of
11.2% [306]. One advantage for PMSA strategy is that the
physicochemical and photovoltaic properties of the PSMAs
can be easily tuned by using different SMA building blocks
(Figure 22b, c) as well as the copolymerized linkage units
(Figure 22d). Now, the PSMA n-type conjugated polymers
(n-CPs) have received increasing attentions, and many
SMAs-building blocks and different conjugated linkage units
were used for constructing the high performance PSMAs.

Figure 22 shows the building block of the PSMA that have
been reported in literatures. With IDIC (D1) or ITIC (D2 and
D3) based SMA building blocks, the resulting PSMA ap-
proach enabled PCEs of all-PSCs ranging from 9%—12%.
Generally, the extension of conjugation of the SMA unit
from tetracyclic core (D1) to pentacyclic core (D2 or D3)
results in PSMAs with slightly red-shifted absorption
[307,308]. With D1 (Figure 22) as the same building block,
the thiophene linkage (denoted as L1) in PZ1 was replaced
with bithiophene (BT, L4) [309], bridged BT (L7-L10) [310]
and flexible chain tethered thiophene (L3) [311] in synthe-
sizing the PSMAs, producing different photophycial prop-
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Figure 22 (a) Schematic illustration of the strategy for polymerized SMAs along with (b—d) the building blocks used to construct PSMAs (color online).

erties. Notably, benzodithiophene (BDT) derivative linkages
were used (L11-14), showing efficiency in the range of 9%—
10% depending on the conjugated side chains attached
[312,313].

Recently, inspired by the distinctive advantage of the Y6-
type SMAs [205], PSMAs with Y6-type SMA as the key
building block were designed by several groups [314-321].
For example, with a bulky 2-decyltetradecyl functionalized
Y6 derivative as building block, Jia et al. [314] reported PJ1
with a high PCE of 14.4% and a low voltage loss of 0.5 V.
Independently, Min et al. [315] reported PYT with the same
conjugated backbone as PJ1 but a slightly shorter side chain,
which afforded a PCE of 13.44% in all-PSCs. Specifically,
both of their studies highlighted the important role of proper
molecular weights of PSMA in achieving high-efficiency all-
PSCs. Notably, an approach based on random ternary co-
polymerization is also effective in synthesizing high per-
formance Y6-based PSMAs [316].

By replacing the commonly used linkage of thiophene (L1)
with electron-deficient bithiophene imide (L11, shown in
Figure 22d), L14 was obtained with improved n-type char-
acteristics and suitable low-lying frontier molecular orbital
levels [322]. A high efficiency of 14.3% with a Ve of
0.96 eV was achieved with PM6 as a donor. Fluorination of
end groups has been proved to be a great success in devel-
oping efficient SMA [323]. By developing a new dihaloge-
nated linkage (A6), PYF-T was designed with the same
polymer backbone as PY-T but with an additional F atom on
the linkage. This strategy enables PYF-T with stronger and
red-shifted absorption spectra, and higher electron mobility,
thus a higher efficiency 14.1% than that of PY-T (11.1%)

with PM6 as a donor.

Despite the remarkable progress, regioisomeric issue of
the polymer chain is a limitation for better device perfor-
mance [324]. This issue is brought by the SMA-based di-
bromide monomer (containing Br group at either 5- or 6-
position on the SMAs terminal unit as shown in Al, Figure
22¢), which is unfavorable for the crystallinity and the
electron mobility of the polymers [325]. Luo et al. [326]
successfully separated two isomeric end groups (A2 and A3
from A1), and constructed regioregular PSMA (Figure 23) of
PY-OT with A2 as a linkage and PY-IT with A3 as a linkage.
It shows that from PY-IOT, PY-OT (regiorandom analogue)
to PY-IT, and the absorption edge gradually redshifts and
electron mobility progressively increases. PM6:PY-IT sys-
tem achieved an excellent PCE of 15.05%, significantly
higher than those for PY-OT (10.04%) and PY-IOT
(12.12%). The success of this approach is also demonstrated
by Min and co-workers [327] in addressing the regioisomeric
issue in PYF-T as mentioned above by developing fluoro-
linkage groups (A9 and A10), and corresponding PSMAs of
PYF-T-o and PYF-T-m. PYF-T-o exhibits stronger and
bathochromic absorption and more ordered inter-chain. De-
vices based on PM6:PYF-T-o can yield a PCE of 15.2 %,
dramatically higher than that of PM6:PYF-T-m (1.4%).
Another high performance regular PSMA is reported by Fu
et al. by using A3 as the linkage and N-methyl-benzotriazole
(BTz)-core fused SMA [328], the less-electron deficient
BTA [329] as the core of the donor unit. This approach
renders PZT-y a red-shifted absorption, up-shifted energy
levels and thus a high PCE of 15.8% with a small E, of
0.51 eV and a high Jy of 24.7 mA/cm’.
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Figure 23 Representative PSMAs for all-PSCs (color online).

Besides developing new PSMAs, there are also a variety of
strategies suggested to be effective in improving the per-
formance of all-PSCs, such as molecular weight control of
donor [330], stepwise optimization strategy [331,332] and
ternary blend. Notably, the morphology control and ternary
blend strategies have resulted in the PCE of the all-PSCs
over 16% [321,333].

7 Single-component organic solar cells

Single component organic solar cells (SCOSCs) contain only
one material in their active layers and get high expectation
because of their potential high-stability. Although the BHJ-
OSCs with blended D and A materials have higher PCEs that
are more than twice of SCOSCs in a long period [1,334,335],
some groups around the world still put their efforts into the
SCOSCs, mainly focusing on three types of materials: D-A
molecular dyads, D-A block copolymers (BCPs) and D/A
double-cable conjugated polymers (DCPs). These works
enabled the PCEs of SCOSCs to gradually increase to over
8% in the past years. To realize efficiencies as high as BHJ-
OSCs, the single-component materials need to be multi-
functional with both electron donor parts and electron ac-
ceptor parts in one material and bipolar charge-transport
property, to simultaneously produce excitons with broad
absorption of sunlight, promote the exciton separation with
enough donor/acceptor interface and transfer the free charges
to the electrodes [336,337]. Therefore, the molecular dyads,
BCPs, and DCPs emerged with preeminent performance in
SCOSCs caused by different advantages.

For the molecular dyads, fullerenes-like Cg, C5,, or PCBM

were used as the acceptor part and oligomers such as phe-
nylenevinylene and thiophene segments acted as the donor
part in the early years. However, these dyads always showed
poor photovoltaic performance with PCEs below 2% be-
cause of the unbalanced content of D/A part with narrow
absorption spectrum and disadvantaged morphology [336].
Afterwards, electron-deficient units like diketopyrrolo-
pyrrole, benzothiadiazole and rhodanine and electron-do-
nating units such as benzodithiophene, dithiafulvalene and
fluorene were introduced into the molecular dyads to
broaden the photoabsorption region and to tune the energy
level and crystallinity of the donor part, and PCEs of the
SCOSC:s fabricated by these molecule dyads were optimized
to 4.26% [338,339]. PDI is an electron-deficient conjugated
unit with high crystallinity and commonly used to build
electron acceptors in organic solar cells, as well as the mo-
lecular dyads for SCOSCs. In 2009, Geng et al. [340] used
oligo(fluorene-alt-biothiophene)s with liquid crystal prop-
erties as donor segment, PDI units as the acceptor part and
synthesized a series of linear molecular dyads with different
molecular length, as shown in Figure 24. SCOSCs based on
these dyads had the highest PCE up to 1.5% and external
quantum efficiencies (EQE) up to 0.46 at 410-500 nm as
highly ordered films can be obtained with comprising al-
ternating D-A lamellar nanostructures in their active layers.
Through the transmission electron microscopy (TEM) mea-
surements, when dyad films were annealed at 210 °C for
2 min, all the three molecule films could get dark-bright
stripes (Figure 25d), while ordered structures can be found
only in F5T8-hP system. Interestingly, the order degree could
be enhanced by vapor annealing with CH,Cl,. As shown in
Figure 25d, the solvent-vapor annealed films showed much
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longer persistent lengths (100—400 nm) of the lamellae than
the thermally annealed films (50-150 nm), and bigger
crystalline sizes of the lamellae (5.6, 7.4, and 8.9 nm for
F3T4-hP, F4T6-hP and F5T8-hP respectively). As shown in
Figure 25e, f, the UV-vis absorption spectra of the molecular
dyads showed that the PDI units in the films are face-to-face
stacked (H-aggregation), and the authors concluded these
films had alternating D-A lamellar nanostructures with the
period varying from the molecular length. These results in-
dicated that the D-A type molecular dyads could be a good

choice to design high-performance materials for SCOSCs
[341,342].

In high-performance BHJ-OSCs, polymers were com-
monly used as donors, and in the SCOSCs, BCPs and DCPs
were the two main types of polymers. As their self-assembly
characteristics, BCPs were widely studied to obtain multi-
function. In the early time, oligo phenylenevinylene and
oligothiophenes were commonly used as donor segment,
while PDI and benzothiadiazole-based blocks were chosen
as acceptor segment. However, the related SCOSCs always
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showed low PCEs [343]. In 2013, Verduzco et al. [344] re-
ported a new BCP (P3HT-b-PFTBT) with alternating P3HT
donor part and PFTBT acceptor part, which could self-as-
semble into in-plane lamellar morphologies. SCOSCs based
on P3HT-b-PFTBT showed a PCE of 3.1% with a high V¢
of 1.2 V. Besides, N2200 and its derivatives were widely
studied in organic field-effect transistors, photodetectors and
OSCs because of their near-infrared absorption, low-lying
energy levels, high crystallinity with good solubility in
common solvents [284,345-349]. Therefore, Nakabayashi et
al. [350] and Choi et al. [351-354] introduced N2200 or its
derivatives as acceptor segment to the BCPs, reported a lot of
work on SCOSCs and improved the PCE step by step since
2012. Especially, Choi et al. [353,354] have reported a new
polymerization method that can synthesize a new BCP by
performing the entire reaction in one-pot from start to
completion, which can reduce the synthesis time and lower
the cost. As shown in Figure 26, it is a new BCP (named
PBDT2T-b-N2200) with a record PCE in SCOSCs. They
started with the synthesis of the acceptor block of N2200 by
adding the monomers M1 and M2 into the reaction system
after a period of time, the monomers M3 and M4 were added
and reacted to form the donor part from the tail of N2200.
The entire synthesis process was done through the typical
Stille coupling reaction with a palladium catalyst and the
molecular weight of the polymer was controlled by the re-
action time. As a result, PBDT2T-b-N2200 possessed a
complementary absorption from 300 to 800 nm. When the
film was thermally treated for 10 min, the SCOSCs showed a
record PCE of 6.43% among the BCP-based SCOCSs [354].
Furthermore, the devices of the high-performance SCOSCs
showed excellent stability with the PCE decreasing less than
10% under ambient conditions for 1,020 h, which was much
better than the related BHJ devices. Such a work indicated
the advantage of the BCPs in the application of SCOSCs.
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Double-cable polymers are another type of polymers for
SCOSCs. The first DCP, a polythiophene with pendant Cg,
was reported by Benincori et al. [355] in 1996 and synthe-
sized via electrochemical polymerization. However, the poor
solubility in common solvents prevented it from being ap-
plied in solution-processed OSCs. In 2001, Janssen et al.
[356] and Zhang et al. [357] simultaneously reported solu-
tion-processed SCOSCs with poly(p-phenylenevinylene) or
polythiophene as the conjugated backbone as a donor and
fullerene derivatives as the pendant acceptor. After that, DCP
based on polythiophene with pendant fullerenes became the
main materials that were applied in SCOSCs, and most of
these DCPs were synthesized by a strategy of “polymeriza-
tion-post functionalization”. The PCE of these DCP-based
SCOSCs can also be up to 5% recently by tuning the content
ratio, linkages of the donor and acceptor part, or refining the
chemical structures.

Since 2017, Li et al. [334,337] have developed a synthetic
method of “functionalization-polymerization” and reported a
series of double-cable polymers with PDI or its derivatives as
pendant acceptor. By such an effective method, several high
performance donor polymers were successfully introduced to
the DCPs. As a result, the record PCE of SCOSCs was
broken repeatedly by fine regulation of the chemical struc-
tures (including the conjugated backbone, linkers, and ac-
ceptor units) and the nanophase separation of the donor and
acceptor pairs in the films. The design of linear backbone
facilitated a nanophase separation of about 5 nm between the
donor and acceptor parts, and in DCP SF-PBDTPBI (Figure
27a), it further promoted high EQE up to 0.65 [358]. When
the electron-deficient unit 5,7-bis(2-ethylhexyl)benzo[1,2-
c:4,5-c'ldithiophene-4,8-dione) was introduced into the
backbone, they obtained a new DCP PBDBPBI-CI with
broader absorption. Surprisingly, the film of PBDBPBI-CI
could self-organize to well-ordered D/A lamellar nanos-

s

Figure 26 (a) Synthesis procedure of PBDT2T-b-N2200, (b) device structures, (c—f) atomic force microscopy (AFM) of the films before aging and after

aging under ambient conditions in the dark [354] (color online).
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tructure after thermal annealing under a high temperature, as
shown in Figure 27¢, leading to a high-performance SCOSC
with PCE up to 6.32% [359]. Recently, they used naphtha-
lenediimide (NDI) to replace the PDI as an acceptor and fine-
tuned the backbone with Cl atoms on different positions of
the backbone. Their studies on the morphology and crystal-
linity of the films revealed that the miscibility of the donor
and acceptor parts were important to charge generation, and
consequently they obtained a record PCE of 8.4% with the
highest EQE over 0.75 in the SCOSCs based on JP02 where
the Cl atoms were on the main chain of the backbone, as
shown in Figure 27. This work expressed a new stage of
controlling the miscibility of the D/A parts in DCP to opti-
mize the performance of SCOSCs [360].

Above all, SCOSCs performed a great potential to get high
PCEs via chemical structure engineering, morphology con-
trolling, and tuning the nanophase separation. The proven
excellent stability [361] also demonstrated the SCOSCs’
capability of practical application.

8 Water/alcohol soluble conjugated polymers
for the interface engineering of organic solar cells

Typical BHJ OSCs usually use a multilayer device archi-
tecture (Figure 28a), including the active layer, the hole and
electron collecting electrodes and corresponding interlayers.
The interlayers between the active layer and electrodes aim
to facilitate hole and electron transport/collection, which are
crucial to achieve high-performance OSCs [362-364]. The
interlayers are capable of changing polarity of electrodes and
minimizing energy barrier to collect charge selectively. Be-
sides, the interlayers can also tune surface property, protect
organic layer and modulate the optical field, which sy-
nergistically promote the device performance [363,364]. In
the past two decades, a variety of anode interlayers (such as
PEDOT:PSS [365] and its derivatives [366,367], p-type

conjugated polymers [368,369], and inorganic oxide semi-
conductor [370]) and cathode interlayers (small molecules
and polymers [362-364,371,372], ZnO [373], etc.) were
reported and exhibited great promise to improve the photo-
voltaic performance.

The most widely studied interlayers for the cathode mod-
ification are water/alcohol soluble conjugated polymers
(WSCPs) due to their advantages of semi-conductivity and
excellent processability from environmentally-friendly sol-
vents. This kind of materials shares polar side chains such as
ionic groups, making them soluble and processable in water/
alcohol-like polar solvents. Combining with non/low-polar
solvents soluble active materials and WSCPs, the multi-layer
OSCs could be prepared via successive solution processing
from orthogonal solvents without interface mixing between
different layers. The insertion of such a thin-layer WSCP can
form dipole interactions with the metal electrode and en-
hance the electron collection efficiency of the high work
function metal electrode. For example, the polyfluorene-
based WSCPs, such as PFN and PFN-Br (Figure 28c) are
widely used as cathode interlayers to improve electron col-
lection of OSCs [374,375]. A thin layer of cathode interlayer
can reduce the work function of the metal electrode, block
holes to the cathode, optimize the active layer morphology,
etc [375-377]. Moreover, it was found that side chains in
PFN and PFN-Br are capable of doping PCBM in the in-
terface, resulting in improved electron collection in the
cathode [376].

In recent years, the rapid improvement in the PCE of OSCs
implies the great potential for commercial application.
Large-scale OSC modules employ a scalable roll-to-roll
processing protocol, which requires high-mobility active
layer/interlayer that works well in a wide thickness range.
Although non-conjugated molecules (such as PEIE and PEI
[371]) and polyfluorene-based WSCPs are widely used to
achieve high efficiency; however, they can only work well in
a small thickness range of 5—10 nm due to their low electron
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mobilities. Thus, designing new WSCP with higher con-
ductivities will be more compatible with the fabrication of
large-scale OSC modules.

To overcome this issue, rational doping on the conjugated
skeleton is proved to be an efficient strategy to enhance the
charge transporting properties [378-381]. Addition of n-type
dopants (such as water/alcohol soluble alkali salt) to the
WSCPs exhibits a simple and efficient protocol to improve
the charge transporting properties of polyfluorene-based
WSCPs [382]. Xu et al. [383] applied a Cs,CO; doping
strategy to a polyfluorene-based polymer PFONPSBr (Figure
28c) and realized a cathode interlayer with improved con-
ductivity. It was found that Cs,CO;-doped PF6NPSBr
showed enhanced electron transport ability and thickness-
insensitive (thickness up to 50 nm) characteristic in OSCs.
Tang et al. [384] revealed that multi-valent anions (including
0Ox", CO;~, and SO;”) could work as powerful electron
donors to realize n-doping in multiple conjugated polymers,
providing a general method to realize highly conductive
cathode interlayers for OSCs.

An alternative strategy is to develop self-doped WSCPs,
whose self-doping process occurs between the counterions
and n-type backbones. A representative example is the
naphthalene diimide-based WSCP PNDIT-F3N and its qua-
ternized derivative PNDIT-F3N-Br (Figure 28c) [380]. The
highly polar amino- or ammonium-functionalized side
chains make them well-soluble in polar solvents. Compared
with polyfluorene type WSCPs, the incorporation of n-type
conjugated backbone in PNDIT-F3N/PNDIT-F3N-Br endow
themselves with strong self-doping behaviors and high
conductivity. Notable is that PNDIT-F3N/PNDIT-F3N-Br

exhibits different doping behaviors because of their different
side chains. PNDIT-F3N shows a photoinduced con-
ductivity-enhancing property, while the PNDIT-F3N-Br can
be self-doped without light excitation. Resultingly, the
electron mobilities of these self-doped WSCPs are much
improved, enabling a large processing window for applica-
tion in OSCs as cathode interlayers. OSCs with a 5 nm
PNDIT-F3N-Br could achieve 10% PCE, and a 100 nm
PNDIT-F3N-Br can also enable OSCs with PCE over 8%
[380]. A special finding is that thick PNDIT-F3N could
contribute to the exciton dissociation in the device due to the
appropriate offset of energy levels between the donor and
PNDIT-F3N, resulting in extra photocurrent output and im-
proved electron collection at the cathode [385].

The high mobility of these n-type WSCPs enables the
fabrication of thickness-insensitive cathode interlayer for
both fullerene and nonfullerene solar cells [380,385].
Moreover, the thick n-type WSCPs could also slow down
and block the diffusion of metal atoms from the cathode, thus
improving the device stability [386]. In addition, these n-
type WSCPs showed great potential in the application of
tandem OSCs (Figure 28b) as one part of the interconnection
layer (ICL) [387,388]. Zhang et al. [388] employed PNDIT-
F3N as one component of ICL and construct a solution-
processed, robust and thick (up to 140 nm) interconnection
layer in combination with PEDOT:PSS. Besides the appli-
cation in OSCs, WSCPs could be applied as efficient elec-
tron-transporting materials for perovskite solar cells
(PVKSCs). Sun et al. [389] employed PFN-2TNDI (Figure
28c) as the electron transport materials to fabricate PVKSCs.
It was found that PFN-2TNDI can passivate the surface in-
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terface traps of the perovskite layer, resulting in reduced
interface recombination and enhanced device performance of
PVKSCs.

The doping behaviors of these n-type WSCPs could be
further regulated by changing the counterion type and che-
mical structure of conjugated backbones [390]. Chen ef al.
[390] reported a series of counterion-tunable n-type WSCPs
and found that the size, species and substituent groups of the
counterions in WSCPs greatly affect the OSC performance.
Counterions with strong electron-withdrawing substituent
groups in WSCPs would preclude the self-doping behaviors
from counterions to conjugated backbones, increase the work
function of metal electrodes, and impede electron transport.
The effect of counterions on the different doping behaviors
was also verified in perylene diimide-based polyelectrolytes.
Hu et al. [391] prepared a series of perylene diimide-based
polyelectrolytes (PPDI-X, Figure 28d) with different coun-
terions. It was found that F, OH , and CH;COO in WSCPs
act as strong n-type dopants, enabling stronger self-doping
behaviors, while WSCPs with Cl', Br , and I exhibit weak
self-doping properties [378]. The conjugated backbones of
WSCPs also greatly impact their self-doping behaviors. Hu
et al. [392] designed a series of tailor-made n-WSCPs with
different conjugated backbones and investigate the relevance
of the doping behaviors and structures of n-WSCPs. It was
found that n-type backbone with better planarity and a higher
affinity would promote the self-doping process and charge
transport properties, resulting in improved performance in
OSCs.

Self-doped molecular interlayers for OSCs were also ex-
tensively explored. For example, Yan ef al. [393] designed a
series of fullerene derivatives (FPPI, Bis-FPPI, Bis-FIMG
and Bis-FITG, Figure 28c) with anion-induced n-doping
behaviors between quaternary ammonium halides and ad-
jacent m-acidic fullerene, resulting in fullerene derivatives
with suitable conductivities, work-function tunability and
orthogonal solution-process abilities. Wang et al. [394]
synthesized a series of star-shaped small molecular cathode
interlayer (TFB, Figure 28c) with triphenylamine unit as a
core and amino-functionalized fluorene units as the arms,
which could effectively lower the work function of the Al
cathode, increase the built-in potential, and thus increase the
PCE of OSCs. Kang et al. [395] reported a naphthalene
diimide-based small molecular (NDI-N, Figure 28c) as a
printable cathode interlayer for OSCs. It was found that NDI-
N can efficiently extract electrons from both the nonfullerene
acceptor and the polymer donor. Besides, NDI-N can be used
for the fabrication of large-area devices due to the excellent
electron transport capability and good processability. Yao et
al. [396] synthesized aliphatic amine-functionalized per-
ylene-diimide (PDINN, Figure 28c) as cathode interlayer,
which could decrease the work function of the air-stable
cathodes (Ag, Cu, etc.) and maintain good interfacial contact
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with the active layer due to the hydrogen bond of the sec-
ondary amine in the side chains of PDINN. OSCs based on
PM6:Y6 achieved a high PCE of 17.23% with PDINN/Ag as
cathode interlayer/electrode. Cai et al. [397] applied naph-
thalocyanine derivatives (SiNcTI-N and SiNcTI-Br, Figure
28c) as an electron transport layer, and the strong self-doping
properties between quaternary ammonium salt and naph-
thalocyanines enabled SiNcTI-Br with high electron mobi-
lity, which boosted the PCE of PM6:Y6-based OSCs to
16.71%.

The above self-doped interface materials with high con-
ductivity usually possess stronger absorption in the visible
range. N-doped WSCPs with high conductivity and great
visible light transmittance is challenging but crucial to ap-
plication in OSC devices. Recently, Tang et al. [398] in-
troduce a diradical benzobisthiadiazo (BBT) unit into the
backbones of a wide-band-gap WSCP PFNBEr, resulting in
new WSCPs PFNBBT5%-Br and PFNBBT10%-Br (Figure
28c). It was found that the diradical resonance of BBT units
promotes the aromatic and anti-aromatic transition in the
conjugated chain, thus improving the self-doping level.
PFNBBT10%-Br exhibits high n-type conductivity with high
transmittance in the visible region. Benefited from high
visible transmittance and improved conductivity, OSC de-
vices with PFNBBT10%-Br achieved nearly 16% PCE even
when the thickness of PENBBT10%-Br was over 50 nm.

Anode interlayers were also developed to improve the hole
transport and collection in the anode of OSCs. Lu et al. [399]
synthesized a p-doped and pH-neutral WCSP PCP-2F-Li
(Figure 28d) as anode interlayer, which could effectively
increase the work function of ITO electrode. OSCs based on
PBDB-T-2F:IT-4F exhibited PCE of 12.7% using solution-
processed PCP-2F-Li as anode interlayer. Besides, PCP-2F-
Li could be used to fabricate large-area device of 1 cm’” with
PCE of 10.6%. Zhou et al. [400] synthesized a pH-neutral
WSCP CPE-K (Figure 28d) as the anode interlayer for
OSCs. Compared with OSCs with PEDOT:PSS as anode
interlayer, p-DTS(PTTh,),:PC; BM-based OSCs exhibit a
60% increase in PCE with CPE-K as anode interlayer due to
the elimination of interfacial protonation and energy barriers.
Besides, modification on PEDOT:PSS was proved to be an
efficient strategy to realize high-performance anode inter-
layers [367,401,402]. For example, Tang et al. [367] em-
ployed oxoammonium salts (TEMPO X, Figure 28d) with
different counterions as secondary dopants for PEDOT:PSS,
resulting in more efficient charge transfer between TEM-
PO'X " and PEDOT:PSS and thus enhanced carrier density
and carrier mobility. OSCs based on secondary doped
PEDOT:PSS as anode interlayer showed higher PCE than
that of the pristine PEDOT:PSS. Lin ef al. [335] reported a
molecular 2PACZ (Figure 28d), which can be used as a
powerful anode interlayer for OSCs. Devices with a thin
layer of 2PACZ showed decreased contact resistance be-
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tween anodes and active layers, reduced bimolecular re-
combination, and improved charge extraction in the anode.
Chen et al. [222,335] evaluated the photovoltaic perfor-
mance of OSCs based on different anode interlayers. No-
tably, devices based on 2PACz achieved higher PCE than
that of PEDOT:PSS-based devices. Further investigation
indicated that the remarkably enhanced PCE mainly origi-
nated from the improved Jy- due to higher average trans-
mittance of 2PACz in the ranges of 500-800 nm. However,
the PCE of 2PACz-based devices exhibited a sharply decline
with only 10% of their initial PCE maintained after 90 h
illumination, indicating that further exploration on trans-
parent anode interlayers for stable OSCs is required.

9 Conclusions and outlook

Herein, we systematically summarize recent progress and
development on materials science in organic solar cells field,
including conjugated polymer donors, oligomer-like small
molecular donors, fused ring and nonfused acceptors, poly-
mer acceptors, single-component organic solar cells, and
interface materials. We expected our review could provide
valuable insight in the development of OSCs materials and
promote the practical application of OSCs.
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