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donor layer and pure acceptor layer are stacked on top of
each other as a bilayer. Carrier generation and carrier
separation occurred at the donor–acceptor (D–A) interface
and required an energy offset as the driving force to split the
excitons.5–10 However, the typically short diffusion length of
excitons (10 nm) restricted the active layer thickness and
led to incomplete light absorption.11 This problem was
overcome with the bulk heterojunction (BHJ)8 concept
where the donor and acceptor materials are rather
homogenously mixed and percolated into an interpenetrated network.12,13 With the development of new kinds of
donor and acceptor materials, including push–pull semiconductors,14,15 low bandgap polymers and small molecules13,16–20 as well as nonfullerene acceptors (NFAs),21–29
recently developed OSCs have shown efﬁciencies over 17%21
and the 20% milestone is within reach.30 When we consider
the practical application of solar cells, other factors, i.e., the
large-scale processing feasibility and, most importantly,
stability, are of equal importance as efﬁciency.31,32 Highperformance BHJ OSCs beneﬁt from a precisely adjustable
compromise between sufﬁcient interfaces for exciton
dissociation and continuous pure domains for efﬁcient
charge transport. This requires exquisite nanostructure
control by tediously optimizing multiple experimental
variables, including the D:A ratio and concentration, choice
of solvents and additives, ﬁlm processing methods or posttreatment methods like thermal treatment and solvent
annealing.8,12 However, such carefully optimized nonequilibrium BHJ morphologies are frequently thermodynamically unstable, and unfavorable microstructure progression (phase segregation or intimate mixing) may occur
upon external stress, such as thermal stress or illumination,
resulting
in
microstructure-related
performance
losses.33–35
One elegant strategy to address such instability issues is
the development of single-component OSCs (SCOSCs)
employing chemically bonded donor and acceptor blocks
in one polymer or molecule by a spacer linker.18,36 This
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Abstract Organic semiconductors with chemically linked donor and
acceptor units can realize charge carrier generation, dissociation and
transport within one molecular architecture. These covalently bonded
chemical structures enable single-component organic solar cells
(SCOSCs) most recently to start showing speciﬁc advantages over
binary or multi-component bulk heterojunction concepts due to
simpliﬁed device fabrication and a dramatically improved microstructure stability. The organic semiconductors used in SCOSCs can be
divided into polymeric materials, that is, double-cable polymers, diblock copolymers as well as donor–acceptor small molecules. The
nature of donor and acceptor segments, the length and ﬂexibility of the
connecting linker and the resultant nanophase separation morphology
are the levers which allow optimizing the photovoltaic performance of
SCOSCs. While remaining at 1–2% for over a decade, efﬁciencies of
SCOSCs have recently witnessed signiﬁcant improvement to over 6% for
several materials systems and to a record efﬁciency of 8.4%. In this minireview, we summarize the recent progress in developing SCOSCs
towards high efﬁciency and stability, and analyze the potential
directions for pushing SCOSCs to the next efﬁciency milestone.
Key words double-cable polymers, di-block copolymers, donor–
acceptor small molecules, single-component organic solar cells,
photovoltaic performance, device stability

Introduction
Organic solar cells (OSCs) have received great attention
due to multiple advantages such as high ﬂexibility, feasible
processing by roll-to-roll printing, semi-transparency and
light weight applications.1–4 In the early years, planar
heterojunction (PHJ) concepts were favored where the pure
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linker merges the functions of light absorption, exciton
dissociation and charge transport, which are otherwise
performed by two different materials – donor and acceptor
– into one single material. The nomenclature for this class of
materials has not been fully established, and different
names such as single material OSC and SCOSC were
suggested for this speciﬁc call of organic semiconductors.
Herein, the term “SCOSC” is used in analogy to recent
reports.37–39 SCOSCs offer a simpliﬁed fabrication process
and promise stabilization of the active layer morphology as
well as suppression of phase separation, which is essential
for scale-up. Furthermore, the fact that light absorption and
charge separation would occur at the same molecule raises

organic

solar

the danger of enhanced recombination. This is why SCOSCs
have attracted less attention than BHJ OSCs during the last
years, as fast charge recombination and inefﬁcient charge
hopping and transport resulted in low efﬁciency values.40–43 In SCOSCs, due to the existence of a rigid or
ﬂexible linker between the donor and the acceptor,
formation of larger sized pure domains with ordered
stacking actually appears, at a ﬁrst superﬁcial view, as
good as impossible. Early-stage SCOSCs did not provide such
continuous ambipolar charge highways, and, as a consequence, efﬁciencies were difﬁcult to raise signiﬁcantly
beyond 1%.44,45 Readers are referred to review articles for a
more detailed description on the historic SCOSC
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development.11,36,46–48 Recently, SCOSCs have taken a step
addressing these microstructure limitations, which allowed
closing the performance gap to the BHJ pendants. Today, the
highest power conversion efﬁciency (PCE) value for SCOSC is
8.4%, and the 10% milestone appears to be within reach. The
aim of this mini-review is to update on the exciting progress
in this promising ﬁeld, manifesting that there is already
sufﬁcient experimental data evidencing superior lifetime of
SCOSC, and to discuss potential directions for future
improvements.

transport, and the side-chain acceptor units need to
aggregate and stack in order to form electron channels.
The bipolar characteristics of charge transport through two
separate “cables” may effectively suppress bimolecular
recombination if these channels remain well separated.45,52–56 Recently reported SCOSCs with a record efﬁciency of 8.4% belong to the category of double-cable
polymers.57 The adjustment of nanophase separation and
adequate ambipolar transport channels is difﬁcult for
double-cable polymers, since both, the polymer backbone
as well as the acceptor side chain, possess strong
crystallinity and aggregation tendency. Therefore, the
length of linker between the donor and the acceptor is
key to control the interaction between these two parts.
A further category is conjugated di-block copolymers,
which contain both a donor block and an acceptor block
along the polymer backbone main chain.52 By planar selfassembly, ordered nanophase-separated structures with
face-on chain orientation are expected to form, providing
continuous charge transporting pathways. Similar to
traditional block polymers, di-block copolymers can form
self-assembled ordered ﬁlms.58 A domain size of about
10 nm is considered to be an ideal ﬁlm morphology for
photovoltaic applications. Since di-block copolymers are
relatively easy to synthesize and to modify, they have
attracted great attention as materials for SCOSCs. Polymer
fragments with reactive sites in the end group are the
prerequisite for obtaining di-block copolymers. As the
synthesis methods for such fragments are limited, the types
of materials and their photovoltaic performance are as well
limited.47,59 By developing donor blocks except for polythiophene derivatives and employing new acceptor segments, a high PCE of 6.43% has been achieved for a di-block
copolymer-based SCOSC, which showed excellent crystallinity and complementary absorption.60 Nevertheless,
systematic investigations on the rigidity of the backbone
framework, the nanophase separation morphology and the
photo-physics are still lacking. More details about di-block
copolymers could be found in recent reviews.46,47
The third category is D–A small molecules (e.g., dyads,
oligomers) which frequently comprise conjugated backbones based on oligo(phenylenevinylenes) or oligothiophenes with fullerene or perylene bisimide (PBI)-type
pendent groups.61 Compared with polymeric materials, D–A
small molecules offer reduced synthetic complexity and
possess a well-deﬁned chemical structure. The nature and
length of the molecular spacer bridging D and A, ﬂexible
non-conjugated or rod-like conjugated, polar or apolar, play
as well an important role for the fundamental photophysical processes, as they inﬂuence the aggregation
behavior of the molecules into supermolecular assemblies
with segregated donor and acceptor domains. Due to the
lack of a polymer backbone, such molecules need to form
both electron and hole transport channels by molecular

Category of SCOSCs
Actually, early-stage materials such as anthracene,
merocyanine and copper phthalocyanine also belong to
the active layer materials for SCOSCs.49–51 However, these
materials lack the driving force for exciton dissociation and
pathways for ambipolar charge transport and therefore
could not exploit their full potential in solar cells. The
currently developed active layer materials with covalently
linked donor and acceptor moieties are based on intramolecular heterojunction concepts, and can be categorized into
polymeric materials, that is, double-cable polymers and diblock copolymers as well as into D–A small molecules
(Figure 1).
The typical design of a double-cable polymer embodies a
polymeric donor as the backbone and molecular acceptor
segments as pendent side chains. The conjugated polymer
donor backbone serves naturally as a channel for hole

Figure 1 Schematic diagram of different material concepts for SCOSCs:
double-cable polymer, di-block copolymer, D–A small molecule.
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Table 1 (Continued)

Figure 2 (a) Efﬁciency evolution of SCOSCs. (b) PCE as a function of
EQEmax*FF.

aggregation. Recently, an efﬁciency of 4.21% has been
obtained by a fullerene-based D–A small molecule.62

Photovoltaic Performance Development
The efﬁciency evolution of SCOSCs in Figure 2a reveals
that SCOSCs hardly managed to pass the 3% milestone before
2017. Yet only after several years, efﬁciencies of 6.43% and
8.4% have been reported in 2020. As summarized in Table 1,
the continuously improved JSC and ﬁll factor (FF) contribute
mostly to the recent success of SCOSCs. JSC could be
represented by the maximum of external quantum efﬁciency (EQEmax) to some degree, indicating the capability of
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converting external photons into charges.107 As reported by
Koster et al., FF is dominated by the competition between
recombination and extraction of free charges, whereas high
FF values indicate better charge extraction and less
recombination losses.108 PCE shows a proportional relation
to EQEmax*FF value as shown in Figure 2b. This phenomenon
suggests that the recent efﬁciency enhancement is the
result of a balanced combination of increased absorption,
enhanced transport and extraction as well as suppressed
recombination. Accordingly, to reﬂect the progress in
efﬁciency, we categorized the SCOSC materials by their
EQEmax and FF parameters as follows: (1) low EQEmax (<0.4)
and low FF (<0.4), (2) moderate EQEmax (0.4–0.5) and
moderate FF (0.4–0.6), or EQEmax*FF (0.16–0.3), (3) high
EQEmax (>0.5) and high FF (>0.6), or EQEmax*FF >0.3. The
polymeric materials for SCOSCs are designated as P1–P19
and the D–A small molecules as M1–M12.

SCOSCs with Low EQEmax and FF
SCOSCs have stayed with low efﬁciencies as well as low
EQEmax (<0.4) and FF (<0.4) for quite a long time, and even
some recent materials fall in this category, showing the
chemical complexity of optimizing SCOSCs. More detailed
information about the early-stage SCOSCs can be found in
the review by Roncali et al.11,36
Herein, few examples are discussed and the chemical
structures of related materials are shown in Figure 3. In
2006, Krausch’s group reported a di-block copolymer P1
employing PBI as an acceptor unit, and they found that the
proper percolation of charges in solar cells is possible with
the self-assembled nanostructure. A photovoltaic device
with 0.2% efﬁciency, as well as an EQEmax of 0.31 and a FF of
0.25, was obtained.73 In 2017, Lee et al. synthesized two
types of novel poly(3-alkylthiophene)-free (D)n-b-(A)m
conjugated block copolymers P2, PTQI-block-PNDISs composed of quinoxaline-thiophene and naphthalene dicarboximide-selenophene blocks, in which the two blocks were
connected either by direct conjugation or a ﬂexible 6carbon alkyl spacer.74 The insertion of a ﬂexible spacer
limited charge recombination and induced an increase of
PCE from 0.36% to 1.54%. In 2017, Li’s group designed a
series of double-cable polymers P3 based on diketopyrrolopyrrole (DPP)-polymer backbone and PBI side chains with
3, 4 or 5 thiophene groups on the backbone, and observed
their effect on adjusting crystallinity of conjugated backbone and thus nanophase separation. The SCOSCs based on
the P3 with 5 thiophene groups exhibited a PCE of 2.12%
upon thermal annealing at 200 °C, originated from a decent
FF of 0.44 and a low EQEmax of only 0.2 but with a broad
photoresponse (300–900 nm).75 In 2019, Cabanetos et al.
designed a series of push–pull dyads M1 employing
triphenylamine as a donor and PC61BM as an acceptor

Figure 3 Chemical structures of P1–P3 and M1–M3 (low EQEmax and
FF).

with three different π-connectors to adjust the electrochemical and photovoltaic properties, in which the cyclopentadithiophene connector endowed the highest
efﬁciency of 1.1%.63 Recently, Wei et al. reported a SCOSC
employing a small-molecule material M2, which showed an
efﬁciency of 1.61% upon 90 °C thermal annealing treatment.64 Although the FF (0.62) was excellent, however, the
overall EQE remained too low (0.16). Interestingly, M2
worked well as an electron donor, and displayed a PCE
reaching 8.47% when blending with 50% [6,6]-phenyl C71
butyric acid methyl ester (PC71BM). The unique properties
of M2 could shed a light on the mechanism of charge
generation. In 2020, a star-shaped π-conjugated D–A
oligomer M3 was reported by Paraschuk et al., and a high
VOC of 1.19 V was observed. However, the low FF (0.27) and
EQEmax (0.24) resulted in a low PCE of 1.13%, which was
ascribed to the ﬁeld-assisted charge generation in the limit
of weak electric ﬁelds.65

SCOSCs with moderate EQEmax and FF
When it comes to SCOSCs with moderate EQEmax
(0.4–0.5) and FF (0.4–0.6), less materials emerge than the
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Figure 4 Chemical structures of M4–M11 (moderate EQEmax and FF).

ﬁrst category (low EQEmax and FF). Chemical structures of
some examples of the related materials are shown
in Figure 4 (M4–M11) and Figure 5 (P4–P10).
D–A small molecules have been extensively researched
and reported due to a relatively straightforward synthesis.
In 2009, Hashimoto and co-workers reported a novel oligo
(p-phenylenevinylene)-fullerene dyad M4 with strong
intermolecular π–π interactions between the highly crystalline donor groups. A PCE of up to 1.28% was achieved for
M4-based SCOSCs.66 In 2012, the same group introduced
PC71BM replacing the PC61BM acceptor into dyad M5; an
extension of the absorption and a thermal annealing process
at 110 °C for 5 min promoted PCE to 1.92%.67 Very recently
in 2017, Nguyen et al. synthesized a new type of conjugated
small molecule M6 with a p-type benzodithiophene (BDT)rhodanine center and two terminal PC61BM linked by 6carbon alkyl spacers.68 The broad absorption rendered a
high JSC > 7.0 mA cm2 and an EQEmax of 46%. The SCOSC
device showed a PCE of 2.44%. In 2016, Narayanaswamy
et al. designed a dyad M7 containing a dithiafulvalenefunctionalized DPP as a donor and C60 as an acceptor.69 The
introduction of DPP helped to form long-range ordering and
improved charge transport. The broad absorption from 500
to 800 nm and the balanced hole and electron mobility
jointly contributed to a PCE of 2.17% with a FF of 0.49. In
2011, Bu et al. synthesized a series of liquid crystalline

dyads M8 with substituted oligo(ﬂuorene-alt-bithiophene)
as a donor and PBI as acceptor segments. Different lengths of
donor segments were employed for forming different
periods of ordered alternating D–A lamellae, and the
highest efﬁciency of 1.75% was achieved after solvent vapor
annealing (SVA).70 Recently in 2019, Li and co-workers
introduced sulfur heteroatoms in a DPP–PBI-based dyad M9
to tune the crystalline and nanophase separation and form
well-ordered lamellar and ﬁbrous structures. Accordingly, a
high JSC of 8.03 mA cm2 and a PCE of 2.52% were
achieved.71
In 2019, Min and co-workers developed a dyad M10 with
BDT–rhodanine–PC71BM structure (Rh-PC71BM) linked by a
12-atom spacer. Upon thermal annealing at 100 °C, the
photoluminescence was quenched by 93.3%, indicating
effective exciton dissociation, and the molecular ordering
with pronounced intermolecular π–π interactions rendered
balanced hole and electron mobility, giving an efﬁciency of
3.22% for M10-based SCOSCs.37 Moreover, the energy loss
calculation revealed a low non-radiative recombination,
although not quite fully understood, still giving some
experience for future research. Most recently, Bäuerle’s
group reported a series of dyads M11 employing an
oligothiophene with covalently linked fullerene units with
a 2, 4, or 6 carbon chain spacer.62 For the M11c with 6C
spacer, mobility data indicated that before SVA, aggregated
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In 2019, Li’s group designed a double-cable conjugated
polymer P4 containing both a crystalline conjugated
backbone and PBI side units. By employing the high boiling
point solvent dichlorobenzene, well-ordered nanostructures were formed, contributing to a PCE of 1.77%, a FF of
0.36 and an EQEmax of 0.45.76 The same group also reported
another double-cable polymer P5 with a thienopyrroledione-based backbone and PBI as side units, which showed a
PCE of 2.01% without post-treatment. Nevertheless, EQEmax
and FF values were only 0.43 and 0.37, respectively.77
In 2017, Tajima et al. reported the synthesis of heteroblock copolymers P6 consisting of P3HT and fullereneattached poly(3-alkylselenophene) based on the idea of
creating a cascade of energy levels to limit charge
recombination.78 After thermal treatment at 250 °C, a clear
microphase-separated nanostructure of 30 nm appeared,
and the selenophene-based SCOSCs gave a PCE of 1.52% with
a FF of 0.59 and an EQEmax of 0.41.78 In 2017, Li and coworkers have developed three new double-cable polymers
P7 based on DPP-polymer backbone and PBI side chains. By
increasing the length of alkyl spacers from 6 to 12 carbons
between DPP and PBI units and by introducing alkylthiothiophene groups on the BDT unit, the polymers were
found to show improved crystallinity and better nanophase
separation, leading to an increase of PCE from 0.51% to
2.74%, and FF from 0.29 to 0.46 and EQEmax to 0.35. These
results conﬁrm that the optimization of the linker is a
crucial parameter that controls not only phase separation
but also indirectly the packing arrangement of the donor
and acceptor subcomponents.79 Back in 2013, Guo et al.
demonstrated that P3HT-block-poly((9,9-dioctylﬂuorene)2,7-diyl-alt-[4,7-bis(thiophen-5-yl)-2,1,3-benzothiadiazole]-2′,2′′-diyl) (P3HT-b-PFTBT) di-block copolymers P8
could self-assemble into in-plane lamellar morphologies
with alternating electron donor and acceptor domains and a
dominant face-on orientation with the crystalline P3HT
block.80 An efﬁciency of 3.1%, a remarkable VOC of 1.2 V, a FF
of 0.47 and a JSC above 5 mA cm2 with an EQEmax of 0.35
were achieved.80 In 2018, Lee and co-workers demonstrated
a fully di-block copolymer P9, containing a wide bandgap
BDT–thiophenecarboxylate-based copolymer and a narrow
bandgap naphthalenedicarboximide–selenophene-based
copolymer, leading to a broad complementary absorption.81
Optical characteristics indicated complete photoluminescence quenching because of efﬁcient photo-induced inter-/
intramolecular charge transfer states with a fast decaying
lifetime. A PCE of 3.87% with a VOC of 0.93 V, a FF of 0.50 and
a JSC of 8.26 mA cm2 with an EQEmax of 0.53 were
reported.81 To investigate crystalline balance (cooperativity) between donor and acceptor segments in double-cable
polymers, Li et al. have designed two double-cable polymers
with the same poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-ﬂuoro)
thiophen-2-yl)-benzo[1,2-b:4,5-b′]dithiophene))-alt-(5,5(1′,3′-di-2-thienyl-5′,7′-bis(2-ethylhexyl)benzo[1′,2′-

Figure 5 Chemical structures of P4–P10 (moderate EQEmax and FF).

fullerene domains already existed, while the oligothiophene
parts as well displayed decent aggregation due to the longer
linker. In contrast, M11a with the shortest linker (2C) could
hardly form ordered stacking, and only after SVA treatment,
a substantially improved molecular re-arrangement occurred, giving the highest efﬁciency of 4.21%, in agreement
with charge transport studies and morphology characterization. Combined with theoretical calculations, the results
consistently indicated a lamellar supramolecular order of
the dyads with D–A phase separation smaller than 2 nm.62
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SCOSCs with High EQEmax and FF

c:4′,5′-c′]dithiophene-4,8-dione)] (PBDBT) donor backbone
and PBI acceptor side chains, one (P10a) with PBI units
located asymmetrically and slantingly at one side along the
conjugated backbones, another one (P10b) with PBI units at
two sides of the backbone symmetrically and perpendicularly.38 After thermal annealing, both conjugated backbones
and PBI side units in P10b tended to form ordered nanostructures, while PBI side units in P10a dominated the
crystallization and hampered the crystallization of conjugated backbones. P10b showed good crystalline cooperativity
between conjugated backbones and PBI side units, resulting in
a decent PCE of up to 3.43 % with a decent FF of 0.46 and
EQEmax of 0.55 in SCOSCs, while P10a with poor crystalline
cooperativity exhibited PCE values below 2.42 %.38

The SCOSCs with high EQEmax (>0.5) and FF (>0.6)
normally have efﬁciencies higher than 4%. However, the
related materials are very limited and mainly based on
polymers. All these materials are shown in Figure 6. Only
one molecular material M12 emerged with substituted oligo
(ﬂuorene-alt-bithiophene) as a donor and PBI as acceptor
segments. By introducing a dithienyl benzothiadiazole group in
M12, a PCE of 2.7% with a JSC of 5.32 mA cm2 (EQEmax of 0.65), a
FF of 0.47 and a VOC of 1.04 V were achieved.72 All other
materials are double-cable polymers and di-block copolymers.
One attempt by Li’s group was by developing a doublecable polymer P11 containing a linear conjugated backbone

Figure 6 Chemical structures of M12 and P11–P18 (high EQEmax and FF).
© 2021. The Author(s). Organic Materials 2021, 3, 228–244

!

~
236

Organic Materials

Review

Y. He et al.

to tune the crystallinity of double-cable polymers.82 The
linear conjugated backbone acted as a scaffold for the
crystallization of the large π-conjugated PBI groups, to
provide a double-cable nanophase separation of donor and
acceptor phases. The optimized nanophase separation
enabled efﬁcient exciton dissociation as well as balanced
charge transport as evidenced by a high PCE of 4.18% with a
high FF of 0.6 and an EQEmax of 0.66 after thermal annealing
treatment for active layer at 150 °C.82 Another method
introduced by Li’s group to improve the electron transport
in double-cable polymers P12 was by introducing a parallel
and large benzo[ghi]perylenetriimide (BPTI) (P12a) into the
side chains, instead of the conventional PBI side units
(P12b), to create more chance for the contact between
adjacent BPTI units.83 The new electron-deﬁcient BPTI units
were found to lower the crystallinity of conjugated
backbone, resulting in a balanced charge transport. Therefore, P12a provided a PCE of 4.34% (FF, 0.5; EQEmax, 0.63) in
SCOSCs compared to the efﬁciency of 1.92% for P12b based
on the polymer with PBI side units.83 Except for the abovementioned NFA-based double-cable polymers, fullerenebased double-cable polymers could as well reach high FF
and EQEmax. As reported by Pierini and co-workers,
regioregular thiophenic copolymers P13 grafted by
PC61BM at the end of a decamethylenic plastifying side
chain have been successfully synthesized and showed a PCE
of 4.05% with a high FF of 0.65 and an EQEmax of 0.62.84
Moreover, the presence of the halogen group was exploited
for the photo-crosslinking of the active layer immediately
after thermal annealing, leading to excellent stability. In
2017, Pierini et al. reported efﬁcient SCOSCs based on
fullerene-grafted polythiophenes P14a fabricated by electrospinning. The well-packed and properly oriented polymer chains rendered an efﬁciency of 5.58%.85 Later on,
reported by the same group, based on the same structure
but with Br-end-capped groups for photo-crosslinking, a
similar double-cable polymer P14b (also resembling P13)
exhibited an efﬁciency of 5.68% (FF, 0.67; EQEmax, 0.68),
which is remarkably high for a P3HT-PCBM type system.86
SCOSCs based on P14 are the only ones showing efﬁciencies
higher than 5% employing fullerene as acceptors; the others
are all based on NFAs.
Most recently, Chio’s group exploited a highly crystalline
di-block copolymer (PBDT2T-b-N2200) (P15) with a broad
complementary absorption behavior owing to a wide-band
gap donor (PBDT2T) and a narrow-band gap acceptor
(N2200).60 The resulted SCOSCs showed an efﬁciency of
6.43% (FF, 0.62; EQEmax, 0.55), 2.4 times higher than the
corresponding BHJ solar cells, originated from a highly
improved surface and internal morphology, as well as a
more efﬁcient photo-induced electron transfer evidenced by
a fast photoluminescence decay. In addition, the PBDT2T-bN2200 ﬁlm showed high crystallinity through an effective
self-assembly of each block during thermal annealing and a

predominant face-on chain orientation favorable to a verticaltype SCOSCs.60 Also developed by the same group, the diblock copolymer P(BDBT-co-NDI2T), P16, with BDBT units as
the donor and NDI2T units as the acceptor had a relatively
smoother surface and morphology as compared to the
corresponding blended ﬁlm. The decent uniformity of surface
charge and the strong absorption band from 500 to 650 nm
explained the high PCE of 6.22% (FF, 0.65; EQEmax, 0.6) at AM
1.5G condition and 12.7% at indoor light (500 lux).87
Li’s group recently reported a series of highly efﬁcient
double-cable polymers with efﬁciencies higher than
6%.39,57,88 Employing BDBT as donor units and PBI as
acceptor units, Li et al. explored a double-cable polymer
P17a and used thermal annealing at different temperatures
to tune the crystallinity.39 As shown in Figure 7, P17a
exhibited a signiﬁcantly enhanced crystalline structure
when increasing the annealing temperature. With a high
annealing temperature (230 °C), both the backbones and PBI
side units could self-organize into ordered nanostructures.
This enabled efﬁcient charge transport and low charge
recombination, resulting in a high efﬁciency of 6.32% (FF,
0.65; EQEmax, 0.67) in P17a-based SCOSCs.39 By simply
changing the sulfur atoms to selenium atoms in the
backbone, a new double-cable polymer P17b with a redshifted absorption spectrum was obtained,88 giving a higher
compared
to
photocurrent
of
12.68 mA
cm2,
2
10.83 mA cm for P17a. A high-lying frontier energy level
and good crystallinity were also achieved, while the planar
and crystalline conjugated backbones causing relatively
poor crystalline cooperativity between the conjugated
backbones and the electron acceptor side chains, leading
to a relatively low FF (0.58) in SCOSCs due to a possibly
strong charge recombination.88 Nevertheless, a PCE of 6.25%
(EQEmax, 0.65) was obtained after thermal annealing at 230 °
C, quite comparable to the one of P17a. Most recently, Li
et al. reported SCOSCs with a record efﬁciency of 8.40 %
from P18 with BDBT as the backbone donor and naphthalene diimides (NDIs) as side chain acceptors.57 Two
polymers P18a and P18b with extra chlorine (Cl) atoms
located at different positions on the conjugated backbones
were obtained. When Cl atoms were positioned at the main
chains (P18b), the polymer formed a more twisted
backbone, enabling better miscibility with the NDI side
units. This improved the interface contact between conjugated backbones and side units, resulting in efﬁcient
conversion of excitons into free charges. This insight
revealed a winning strategy to inﬂuence charge generation
in SCOSCs: controlling miscibility between conjugated
backbones and aromatic side units in double-cable conjugated polymers. Overall, a PCE of 8.4 % was obtained,
together with an EQE over 0.75 and a FF close to 0.70 as
shown in Figure 8.
To summarize, in most SCOSCs with high EQEmax and FF,
P3HT and PCBM units were replaced by units such as BDT,
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Figure 7 Characteristics of P17a thin ﬁlms thermally annealed at different temperatures for 10 min. (A–F) GIWAXS patterns. (G) Coherence length of
lamellar stacking at q  0.28 Å1 and π–π stacking calculated from (010) diffraction peaks related to annealed temperature.(H) Pole ﬁgure extracted
from (h00) diffraction peaks related to temperature. Reproduced with permission from Ref. 39. Copyright 2019 Elsevier.

between donor and acceptor and, to some surprise, the
ﬂexibility of the polymeric backbone, high temperature
post-treatments allowed the formation of stable and
efﬁcient nanophases. The observation that the highest
performance was frequently observed for high temperature
post-treated nanostructures cannot be emphasized enough.
A high temperature annealing step followed by slow cooling
inevitably generates nanostructures which are close to their
thermodynamic equilibrium. Such nanostructures are
expected to be stable as well under long-term thermal
stress – a hypothesis which will be discussed in more detail
in the next section. With the improved scientiﬁc understanding on how to design highly efﬁcient materials for
SCOSCs, one can expect that efﬁciency will quickly rise to
10%. At such high performance, the operating stability of
SCOSC has to come into focus.

Figure 8 Characteristics of P18-based SCOSCs. a) J–V characteristics in
dark (dashed line) and under white light illumination (solid line). b) EQE
of the optimized SCOSCs. Reproduced with permission from Ref. 57.
Copyright 2020 John Wiley and sons.

BDBT, N2200, which serve as well common high-efﬁciency
donor or acceptor units for BHJ systems. With an improved
understanding of the governing processes, especially the
linker connection pattern, the crystalline cooperation
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Stability of SCOSCs

change in the surface morphology, while the BHJ-based
OSCs displayed a fast decay in PCE to 80% of the initial
value within 10 min via facile aggregation of PCBMs.68
Recently in 2020, Min et al. reported the thermal
stability of a similar D–A small molecule M10 but with
PC71BM as the acceptor unit (chemical structure shown
in Figure 4), which showed a higher efﬁciency of 3.22%.37
The device employed PEDOT:PSS (poly(3,4-ethylenedioxythiophene):poly(styrene-sulfonate)) and PDINO (perylene
diimide functionalized with amino N-oxide) as interface
layers. As shown in Figure 9a, after thermal annealing in a
nitrogen atmosphere at 85 °C for 400 h, M10-based SCOSCs
only had degraded to 83% of their initial efﬁciency, while the
efﬁciency of corresponding BHJ-based solar cells dropped to
16% in the same period. After 24 h at 120 °C, M10-based
SCOSCs still displayed decent performance of about 84% of
their initial performance.37 Similar phenomena have also
been observed for P13-based SCOSCs (chemical structure
shown in Figure 6), which possessed superior thermal
stability compared with the BHJ-based OSCs.84 These
ﬁndings strongly underline that SCOSCs have superior
stability compared to their BHJ composites.

A strong motivation to develop SCOSCs is to obtain
higher stability compared to BHJ-based solar cells. Unfortunately, the reported stability data on SCOSCs are still very
limited. However, recently, with the rapid improvement of
SCOSCs’ efﬁciencies, the stability characterization is becoming more and more important regarding future
industrial application. Herein, the stability of SCOSCs is
introduced and discussed under three conditions, including
shelf lifetime, thermal stability and stability under
illumination.

Shelf Stability
The shelf stability of devices based on di-block copolymer P9 was evaluated for unencapsulated devices stored
under ambient conditions and by measuring the J–V
characteristics under AM 1.5G at room temperature for
over 1000 h, according to the ISOS-D-1 (shelf) protocol.109
P9-based devices (chemical structure shown in Figure 5)
retained 80% of its initial PCE for over 1000 h, while the
corresponding BHJ-based devices retained only 40% of
their initial PCE, due to a decrease in JSC associated with
aggregation within the active layer.81 Devices based on
another di-block copolymer P15 (chemical structure shown
in Figure 6) showed as well superior shelf stability
compared to the corresponding BHJ-based solar cells and
maintained 90.1% and 59.5% of their initial PCE values,
respectively.60 The different stability trends were accompanied by morphology investigations. AFM analysis showed
large-sized phase separation for the BHJ composite, while
SCOSCs retained a similar morphology after long-term
stability testing.60,81

Figure 9 Thermal stability measurements of (a) M10-based SCOSCs
and the corresponding BHJ solar cells at 85 °C. Reproduced with
permission from Ref. 37. Copyright 2019, John Wiley and sons. Thermal
stability measurements of (b) M11-based SCOSCs at 90 °C. The test was
performed in nitrogen atmosphere without light exposure.62

Thermal Stability
Several SCOSCs have been characterized under thermal
aging conditions. One of the tests was conducted by
Miyanishi et al. on a fullerene-attached all-semiconducting
di-block copolymer in 2010.101 Thermal stability of the
SCOSCs was measured at 130 °C. The devices showed a small
change in PCE from 1.59% to 1.50% after annealing at 130 °C
for 80 h, maintaining 94.3% of their initial performance. In
the same period, the efﬁciency of corresponding BHJ-based
solar cells dropped from 3% to 0.6%. The formation of
needle-like PCBM aggregations with a size of about 50 μm
was blamed for the rapid degradation.101 Later in 2017,
Nguyen and co-workers reported the thermal stability of a
D–A small molecule M6 with an efﬁciency of 2.4% (chemical
structure shown in Figure 4).68 M6-based SCOSCs showed
even no degradation of PCE at 80 °C for 100 h without any

However, this does not necessarily mean that all
SCOSCs are highly stable, even though large-scale D–A
phase segregation or accumulation is hindered. Deep
insight was gained by the work from the Bäuerle group
on the thermal stability of a series of D–A small molecules.
The molecules M11a–c had exactly the same donor and
acceptor units but differently long alkyl space linkers
(chemical structure shown in Figure 4).62 This is the ﬁrst
report regarding the stability comparison among a series of
SCOSCs and it is important to understand the freedom of
movement such a dyad can undergo as a function of spacer
length. Macroscopic diffusion of molecules can be excluded
as a relevant degradation mechanism, as thermal stress can
only twist, rotate or rearrange the relative orientation of
the single molecules to each other. The length of the spacer
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Figure 10 Stability test of double-cable polymer P7-based SCOSCs: (a) thermal stability at 90 °C in the dark, (b) illumination stability with AM 1.5G LED
light source at room temperature, (c) at 90 °C and AM 1.5G LED illumination condition. Reproduced with permission from Ref. 110. Copyright 2019 John
Wiley and sons.

provides the necessary ﬂexibility for such sub-nm rearrangements. Despite small, the relative orientation of the
molecules to each other governs the orbital overlap and the
corresponding charge transfer integral between the single
moieties, which are representative for charge generation,
charge transport and charge recombination. The thermal
stability of these three dyads was tested in the device
architecture ITO/ZnO/active layer/MoOx/Ag at 90 °C in the
dark in a nitrogen atmosphere for over 300 h. Interestingly,
the dyads showed a distinctly different behavior as shown
in Figure 9b.62 M11a (PCE ¼ 4.21%) with the shortest
linker exhibited the highest thermal stability with 90% of
the initial efﬁciency left, while M11c (PCE ¼ 3.34%)
with the longest linker showed the worst stability with
only 60% efﬁciency left. Although interface-related degradation cannot be completely ruled out, molecular rearrangement appears more obviously for dyads with longer
spacers. This highlights the need for further in-depth
studies on the dual importance of spacer length for
performance and stability. Given the enormously robust
nanostructure of SCOSC materials, one would expect to see
devices which do not show any degradation at all under
thermal stress.
The question on the limits of thermal stability was as
well triggered by the high temperatures found for posttreatment. Active layer post-treatments at temperatures of
around 200 °C do raise the question on the ultimate thermal
stability of SCOSCs.110 As reported in 2019, a double-cable
polymer (P7) using a DPP-based backbone and pendant PBI

with a PCE of 2.74% required a post treatment of the active
layer at 200 °C for 10 min to gain full performance.110 As
depicted in Figure 10a, we found no signs of degradation for
P7-based SCOSCs at 90 °C in the dark during a 300 h test
period. In addition, surprisingly, when increasing the
temperature from 25 °C to 150 °C, the efﬁciency of P7based SCOSCs displayed a temperature coefﬁcient comparable to Si or GaAs solar cells. When further increasing the
temperature, the performance of SCP3-based SCOSCs
remained stable until at around 160 °C and then started
to slightly decrease at 200 °C because of the penetration of
the Ag electrode.110 Such exceptional thermal stability is not
unique in P7-based SCOSCs. Recently, we investigated
further SCOSCs with PCE above 6% and found excellent
thermal stability at 90 °C.111 It is important to stress that
these systems showed no changes for a period of over
1000 h and thus do meet the thermal stability criteria of the
IEC tests for photovoltaics. However, we want to emphasize
that such exceptional stability was actually expected given
the high annealing temperatures. Annealing temperatures
above 200 °C (i.e. above the glass transition temperatures of
the side chains and probably as well the polymeric
backbone) are plausible to create microstructure arrangements which are in thermodynamic equilibrium after
cooling down. Such high temperature annealing treatments
as a function of time might therefore be a smart method to
quickly reveal whether a material is capable of forming a
thermally stable morphology and should be regularly
performed for BHJ composites as well.
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Illumination Stability

for 1000 h at 1 equivalent sun testing. We found similar but
not identical trends for P17a (Figure 11d), which started
with an efﬁciency of over 6%. After 300 h under LED
illumination in a nitrogen atmosphere, 93% of initial PCE
was retained.39 As the degradation pattern for P17a is
atypical for burn-in degradation, interface or bulk photostability effects need to be investigated in more detail.
To further gain insight into the temperature and
illumination stability, we have performed a systematic
study on the stability of SCOSCs based on P7, as shown
in Figure 10.110 Stability tests were conducted in a nitrogen
atmosphere for 300 h under multiple conditions: 90 °C and
dark, room temperature and illumination, 90 °C and
illumination. It is surprising that none of these conditions
could initiate degradation of the photovoltaic performance
of P7-based SCOSCs. Encouragingly, under rugged operation
conditions (90 °C and illumination), P7-based SCOSCs still
exhibited excellent stability without efﬁciency decrease
during the 300 h aging test.110
SCOSCs are inherently attractive for industrial applications where one prefers simple and reproducible processing
without constantly worrying about ink formulation, batch
variations or phase segregation. However, SCOSCs are still at
their primary stage of development and a more advanced
investigation on their degradation processes is lacking.
Currently, the relation between stability behavior and the
material structure (polymer-based or small moleculebased) is unclear with respect to the contributions from
bulk effects versus interface effects during thermal and/or
illumination stress. The conclusion that all the SCOSCs are
absolutely stable could not be drawn. Nevertheless, single
SCOSCs have shown initial excellent stability behavior when
compared with other OSCs (PHJ and BHJ), beneﬁcial from
the suppressed macrophase separation by the space linker
connected D–A structure. If degradation behavior exists in
SCOSCs, it cannot be caused by the large-scale phase
separation or the aggregation effect of donor or acceptor,
since only localized molecular vibration and rotation are
allowed due to the restriction of linker and the spatial
hindrance. From the dependence of thermal stability on the
length of space linker in M11, it is clear that degradation
does exist for some SCOSCs. This phenomenon is probably
caused by their relatively low glass transition (Tg) temperature and melting point, and the resultant higher freedom of
molecular movement and rearrangement. In the case of
double-cable polymers with high Tg, their thermal stability
would be deﬁnitely excellent, similar to the discovery in BHJ
systems. Thermal stability is relatively easy to analyze,
which is mainly related to the freedom of chain movement
and the possibility of morphology rearrangement. On the
other hand, the illumination stability of some reported
SCOSCs is also impressively high, and some SCOSCs even
exhibit no degradation during the light soaking test. The
photo-induced formation of radicals in SCOSCs has not been

SCOSCs were highly spoken with respect to their
excellent thermal stability. Nevertheless, their illumination
stability has not been investigated until very recently. In
2020, Kwon et al. reported a di-block copolymer P16
(chemical structure shown in Figure 6) with an efﬁciency of
6.22% under 1 sun illumination.87 P16 was measured under
atmospheric indoor conditions without encapsulation
under LED lighting (@500 lux), and after 110 minutes of
light irradiation, as shown in Figure 11a and b, the PCE of the
P16-based SCOSCs showed almost negligible reduction
(1%), while that of the blend ﬁlm-based OSCs was reduced
to 85% of the initial PCE.87
Despite a slight burn-in degradation of D–A small
molecule M11a under thermal aging tests at 90 °C, we
tested the operational stability of M11a under 1 sun
equivalent and mild temperatures. M11a-based SCOSCs
showed exceptional illumination stability without burn-in
under LED light (400–800 nm) with 100 mW cm2 intensity
at room temperature, as shown in Figure 11c.62 We recently
showed that both light and temperature can cause similar
microstructure degradation patterns, whereas temperatures of 65 or 85 °C could cause signiﬁcantly faster (up
to an order or more) burn-in degradation than illumination
under 1 sun.112 Having seen that it takes 300 h and 90 °C to
cause a burn-in loss of 10%, it is actually not too surprising to
observe no degradation under 1 sun at room temperature
for 1000 h.62 Nevertheless, we want to highlight that only
few OSCs were reported to show a ﬂat performance trend

Figure 11 Illumination stability: (a) BHJ solar cells corresponding to
P16; (b) P16-based SCOSCs under an LED lamp (@500 lux). Reproduced
with permission from Ref. 87. Copyright 2020 Royal Society of Chemistry. Illumination stability under LED light (AM 1.5G condition) of (c)
M11a-based62 and (d) P17a-based SCOSCs. Reproduced with permission from Ref. 39. Copyright 2019 Elsevier.
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investigated yet, and, it would be interesting to study these
fundamental processes in such model systems as compared
to BHJ composites. For the most stable active materials
employed in SCOSCs, ultimate stability could be researched
under extreme and rugged conditions, such as ultra-high
temperature and/or concentrated light illumination. Besides, thanks to the absence of active-layer phase separation, these materials can be used as reference materials for
organic photovoltaics in general, as ultimate candidates to
differentiate between surface losses and bulk losses as well
as unique materials to identify interface-related degradation versus bulk degradation.

stacking of acceptor side chains is an important issue for
improving the performance of SCOSCs. (ii) Developing the
methods to characterize the nanophase-separated molecular motifs in SCOSCs. The micro-morphology of the active
material in SCOSCs includes crystalline regions, random
regions and contact interfaces. Compared with traditional
BHJ systems, the morphology research of SCOSC materials is
happening on a molecular scale with sub-nm dimensions
and will require the development of novel methods. In terms
of analysis, various characterization methods could be
envisaged to give improved insight into the nano-phase
separation kinetics between the donor and the acceptor,
such as temperature-dependent in-situ Raman and photoluminescence spectroscopy or even in-situ X-Ray and
neutron scattering experiments. (iii) Having learned that
molecular dyads or double-cable polymers will not undergo
large-scale microstructure rearrangements, multiscale simulation appears as a feasible method to ab-initio model and
even design suitable composites. With more systematic
studies and materials coming along, even artiﬁcial intelligence-supported material design comes within reach.
Gaussian process regression can work with rather small
datasets of 100 or 100s of samples. A number which we
easily may see in the next few years.
Third, studying the photo-physical process in SCOSCs to
obtain the general relation between structure and performance of SCOSCs. Compared with the BHJ systems, SCOSCs
have a smaller phase separation size for the donor and the
acceptor, which might lead to distinctly different photogeneration processes or carrier recombination processes.
The likely occurrence of more prominent non-geminate
recombination must be investigated in more detail. For
example, as one can exclude charge generation from the
backbone to the associated side chain within one molecule,
it is important to understand at which locations precisely
excitons are split. Another open question is the exciton
diffusion length in these excitingly novel materials. The
current knowledge about the photo-physics of SCOSCs is
limited and requires extensive research on different types of
materials related.
Fourth, investigating the degradation mechanism of
SCOSCs is of major interest. With the rapid efﬁciency
development of SCOSCs to 8.4%, this ﬁeld is getting closer to
as well gain industrial interest. Despite the conceptual
better morphological stability, SCOSCs present different
degradation patterns for the single material concepts. Once
this is better understood, SCOSCs can offer improved
understanding by acting as model systems for isolated
degradation mechanisms. For instance, once microstructure
modiﬁcations can be excluded as a possible source of
degradation, such materials are ideal candidates to selectively study interface degradation. Thermal stability,
illumination stability and shelf stability can be studied
with respect to bulk vs. interface failure. Even more

Conclusions and Outlook
This mini-review summarizes the research progress of
SCOSCs, focusing on their photovoltaic performance development and stability. Compared with BHJ solar cells, SCOSCs
are still in their infancy. The diversiﬁed structures of
materials applied in SCOSCs will stimulate more research. In
future research, the following aspects of SCOSCs need to be
understood in more scientiﬁc depth in order to acquire even
higher-efﬁciency SCOSCs.
First of all, the design of new materials for SCOSCs
requires improved understanding of how to align and
optimize the donor, acceptor and spacer units at the same
time. Suitable donor units could be identiﬁed by learning
from high-performance BHJ donor material concepts,
especially from the current generation of electron-donating–electron-withdrawing low-bandgap compounds. The
acceptor unit could be based on state-of-the-art highperformance NFA materials. One might as well identify
suitable compounds by learning from BHJ composites. BHJ
composites which are stable under elevated annealing
temperatures for long periods indicate that these two
compounds are capable of forming thermodynamically
stable structures. Following that philosophy, such composites might be converted into single-component semiconductors by identifying the right length of the linker.
Through such strategy, future materials for SCOSCs with
different absorption, energy levels, crystallinity and mobility could be obtained, which provide a basis for studying the
relationship between structure and performance.
Second, our understanding and control on the processes
governing nanophase separation in SCOSC materials needs
to be further improved. The nanophase morphology of
donor and acceptor parts is tightly related to the exciton
diffusion and charge transporting processes. The morphology research can be carried out under the following aspects:
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2019, 58, 14556.
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Liu, X.; Tang, Z.; Li, W. Angew. Chem. 2019, 131, 15678.
(39) Feng, G.; Li, J.; He, Y.; Zheng, W.; Wang, J.; Li, C.; Tang, Z.; Osvet,
A.; Li, N.; Brabec, C. J.; Yi, Y.; Yan, H.; Li, W. Joule 2019, 3, 1765.
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31.
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2527.
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(46) Mitchell, V. D.; Jones, D. J. Polym. Chem. 2018, 9, 795.
(47) Robb, M. J.; Ku, S.-Y.; Hawker, C. J. Adv. Mater. 2013, 25, 5686.

interesting will be the question of photo-oxidation. Isolated
radicals on electron acceptor sites are suspected as a source
for the formation of oxygen radicals. It will be important to
understand whether such isolated and long lived radicals do
exist in SCOSCs. In addition to all the beneﬁts of improved
stability, we foresee that outstandingly stable SCOSCs will
become model systems to investigate an isolated degradation process as for instance surface recombination of
interface-induced degradation.
SCOSCs are an excitingly thrilling topic, and with the
joint efforts from chemists, physicists and engineers,
SCOSCs will see a prospective renaissance in the near
future with efﬁciency values of over 10%, signiﬁcantly
enhanced reproducibility and reliable operational lifetime
behavior as required for industrial applications.
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