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Recent progress in solution-processed flexible organic
photovoltaics
Lulu Sun1, Kenjiro Fukuda 1,2✉ and Takao Someya1,2,3✉

The certified power conversion efficiency (PCE) of organic photovoltaics (OPV) fabricated in laboratories has improved dramatically
to over 19% owing to the rapid development of narrow-bandgap small-molecule acceptors and wide bandgap polymer donor
materials. The next pivotal question is how to translate small-area laboratory devices into large-scale commercial applications. This
requires the OPV to be solution-processed and flexible to satisfy the requirements of high-throughput and large-scale production
such as roll-to-roll printing. This review summarizes and analyzes recent progress in solution-processed flexible OPV. After a
detailed discussion from the perspective of the behavior of the narrow bandgap small-molecule acceptor and wide bandgap
polymer donor active layer in solution-processed flexible devices, the existing challenges and future directions are discussed.
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INTRODUCTION
As a potential sustainable energy technology, organic photo-
voltaics (OPV) have attracted significant attention from both
academia and industry1,2. OPV have been developed for over
three decades. Their power conversion efficiency (PCE) has
improved from less than 1% to approximately 19% at present3–7.
The key driving force for the increase in PCE is the development
of photoactive materials. In particular, in recent years, the rapid
development of narrow bandgap small-molecule acceptors, also
called non-fullerene acceptors, has substantially improved the
efficiency of OPV8–11. The complex chemical structure of small-
molecule acceptors compared with that of fullerene-based
acceptors causes the bulk heterojunction (BHJ) active layer to
display stronger absorption in the near-infrared and tunable
energy levels12–14. These cause OPV to have higher photocurrent
and open-circuit voltage. Narrow bandgap small-molecule
acceptors have strongly improved the properties of OPV because
of their high efficiency, stability, indoor performance, and
semitransparency toward commercial applications owing to
their effective molecular designs15–17. Therefore, OPV are being
used for wider applications.
The most attractive advantages of OPV are their solution-

processability and remarkable mechanical flexibility18–24. These
can be compatible with large-scale production such as roll-to-
roll printing and thereby, reduce production costs and realize
commercial applications25–27. Solution-processed and flexible
OPV based on fullerene have been widely reported28–38. By
screening materials and optimizing the device structure, certain
solution-processed devices can achieve efficiency comparable
to those of evaporated devices. This further promotes large-
scale printing34. However, the efficiency of solution-processed
flexible OPV is limited by fullerene system materials and remains
at a low level.
The development of narrow bandgap small-molecule acceptors

can overcome the bottleneck of solution-processed flexible OPV.
The introduction of high-efficiency active layers causes a
substantial increase in the efficiency of solution-processed flexible

OPV39. However, the reported conventional solution-processed
flexible device structure cannot effectively maintain the perfor-
mance of the high-performance active layer. The relatively
complex chemical structure of the active layers causes the
photoactive layer to be more sensitive to the solution-processed
interface layers and electrodes. The substitution of fluorine atoms
(F substitution) in narrow-bandgap small-molecule acceptors
results in low surface energy while improving the performance
of the active layer. Such low surface energy would cause wetting
issues and the diffusion of the interlayer materials into the top
active layers40,41. The experience in solution-processed OPV needs
to be reconsidered and studied42.
This paper reviews solution-processed flexible OPV. After a brief

introduction to active layer materials and solution-processing
techniques, we discuss in detail the requirements for obtaining
solution-processed flexible high-efficiency OPV. We focus on
processing strategies for solution-based electrodes and interfaces
to maintain the high efficiency of the active layer. Finally, certain
challenges and recommendations are presented based on our
comprehension of solution-processed flexible OPV.

PHOTOACTIVE LAYER
Material development
The active layer of OPV is generally composed of a blend of
donor and acceptor materials. In the past decades, blends with
polymers as donors and fullerenes as acceptors have been
studied extensively43.
P3HT and PCBM are classic materials in OPV (Fig. 1a)44. In the

early years, researchers focused on optimizing the crystallization
behavior of polymer P3HT through various approaches to achieve
optimal morphology and improve charge separation efficiency.
Miller et al. improved the performance by solvent annealing,
increasing the PCE from 0.8% to 3.0%45. Ma et al. effectively
modified the morphology of the active layer film by thermal
annealing of the P3HT:PCBM active layer film. The device
efficiency attained 5%46. Zhao et al. developed a new fullerene

1Thin-Film Device Laboratory, RIKEN, 2-1 Hirosawa, Wako, Saitama 351-0198, Japan. 2Center for Emergent Matter Science (CEMS), RIKEN, 2-1 Hirosawa, Wako, Saitama 351-0198,
Japan. 3Department of Electrical Engineering and Information Systems, School of Engineering, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656, Japan.
✉email: kenjiro.fukuda@riken.jp; takao.someya@riken.jp

www.nature.com/npjflexelectron

Published in partnership with Nanjing Tech University

1
2
3
4
5
6
7
8
9
0
()
:,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s41528-022-00222-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41528-022-00222-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41528-022-00222-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41528-022-00222-3&domain=pdf
http://orcid.org/0000-0001-8015-5819
http://orcid.org/0000-0001-8015-5819
http://orcid.org/0000-0001-8015-5819
http://orcid.org/0000-0001-8015-5819
http://orcid.org/0000-0001-8015-5819
https://doi.org/10.1038/s41528-022-00222-3
mailto:kenjiro.fukuda@riken.jp
mailto:takao.someya@riken.jp
www.nature.com/npjflexelectron


derivative material, ICBA, which is ~0.2 eV higher in lowest
unoccupied molecular orbital (LUMO) energy level than that of
PCBM. The open-circuit voltage of the OPV based on P3HT:ICBA
can reach 0.84 V (the open-circuit voltage of the device based on
P3HT:PCBM is usually ~0.6 V), and the PCE also reached 6.5%47.
Zhang et al. synthesized PDCBT by introducing thiophene units
into the main chain. The electron-absorbing functional group on
the thiophene unit reduces the highest occupied molecular orbital
(HOMO) energy level of the polymer and increases the open-
circuit voltage to 0.91 V. The PCE of the device reached 7.2%48.
Subsequently, He et al. prepared an OPV based on a PCE10:PCBM
active layer system with an efficiency of over 10%49. Although
fullerenes have strong electron affinity, their weak absorption in
the visible and infrared wavelength ranges has limited the
development of device performance.
Recently the reported OPV displays an attractive PCE of over 19%

owing to the development of narrow bandgap small-molecule
acceptor and wide bandgap polymer donor materials50. Compared
with fullerene-based active layer materials, the recent developed
active layer materials can achieve better light absorption, lower
energy loss, and a more stable device lifetime. This is because of
their conveniently tunable chemical structure and energy levels51.
The recent progress in achieving high-performance OPV originates
mainly from three aspects:

(1) Narrow bandgap small-molecule acceptors. The most
typical and successful small-molecules are ITIC and Y611,52.
In 2015, Lin et al. reported high-performance OPV based
on the non-fullerene acceptor ITIC, achieving high efficiency
comparable to fullerene-based OPV devices52. ITIC has an
acceptor–donor–acceptor (A-D-A) chemical structure.
Indacenodithieno [3,2-b] thiophene (IDTT) and 1, 1-
dicyanomethylene-3-indano (IC) are used as the donor and
acceptor units, respectively. Such chemical structures
can produce strong electron intramolecular push–pull
effects and show a higher absorption capability. Several

high-performance OPV based on ITIC acceptors have been
reported previously. Gao et al.53 reported ITIC-based OPV,
which used J51 (benzodithiophene-altfluorobenzotriazole
copolymer) as a donor. They achieved a PCE of 9.07% with
VOC= 0.81 V, JSC= 16.33 mA cm−2, and FF= 0.68. Zhao et al.
reported a PCE of 10.68% based on a blend of (poly[(2,6-
(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-benzo[1,2-b:4,5-bʹ]
dithiophene))-alt-(5,5-(1ʹ,3ʹ-di-2-thienyl-5ʹ,7ʹ-bis(2-ethylhexyl)
benzo[1ʹ,2ʹ-c:4ʹ,5ʹ-cʹ]dithiophene-4,8-dione))]) PBDB-T:ITIC9.
ITIC is an important milestone in the development of OPV.
In 2019, Yuan et al.11 reported a new non-fullerene acceptor,
Y6, with an efficiency of up to 15.7%. The Y-series of small-
molecule acceptors (represented by Y6) further promotes
the development of OPV. The core unit of Y6 is different
from that of ITIC. The chemical structure of Y6 is also called
A-DA′D-A type structure acceptor. This is because the center
is an electron-deficient benzothiadiazole fragment. This
design imparts a higher degree of conformational rigidity
and uniformity to Y6, thereby reducing the energy losses in
the device54.

(2) Wide bandgap polymer donor for non-fullerene acceptors.
New requirements for polymer donor materials have also
been proposed owing to the development of non-fullerene
acceptors. The crystallinity and energy levels should be
controlled in the design of polymers for non-fullerene
acceptors. A few studies have reported that the driving
force for exciton dissociation in non-fullerene-based BHJ
differs from that in fullerene-based BHJ55. The driving force
is almost negligible in non-fullerene based OPV devices.
Furthermore, certain new copolymer donor materials based
on benzo-[1,2-c:4,5-c′]dithiophene-4,8-dione (BDD), 2,1,3-
benzothiadiazole (BT), and benzo[d][1,2,3]triazoles (BTz)
have been developed56–58. Among these, PBDB-T is one of
the most important and widely used polymers because it
has led to an impressive breakthrough in the development
of OPV. PBDB-T was synthesized by Hou et al. in 201259.
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Fig. 1 Materials of the active layer. a Chemical structure of typical donors and acceptors materials used in organic active layer. b Chemical
structures of commonly used solvents in the active layer.

L. Sun et al.

2

npj Flexible Electronics (2022)    89 Published in partnership with Nanjing Tech University

1
2
3
4
5
6
7
8
9
0
()
:,;



When it was combined with ITIC as a blend of OPV, it
delivered an ambitious PCE of 11.21% and excellent thermal
stability9.

(3) Side-chain engineering of polymer donors and small-
molecules acceptors materials. The side chain groups of
active layer materials affect the solubility, energy levels,
absorption, and charge transport properties. For example,
F substitution is generally applied in previous donor and
acceptor materials to reduce voltage loss, increase the
absorption coefficient, and achieve a more significant
molecule polarity60. Li et al.61 introduced fluorine atoms into
the terminal groups of ITIC to synthesize IT-4F. Intramolecular
electron push-pull effects are enhanced in IT-4F compared to
ITIC. At the same time, the PBDB-T was also modified via
fluorination of the thiophene side chain to obtain PBDB-T-SF
with a deeper HOMO level60. The two materials (PBDB-T-SF
and IT-4F) were blended to obtain an OPV with a fill factor as
high as 75%, achieving an efficiency of 13.3%. In addition, the
alkyl chain plays an important role in small-molecule
acceptors. Jiang et al.62 optimized the branched position of
the alkyl chain on the pyrrole motif in Y6 to synthesize the
N3 acceptors. Changes in the position of the alkyl side chain
branching have little effect on the optical and electrochemi-
cal properties but result in better packing, optimized
crystallinity, and thus improved charge transport properties.
The mobility of N3 was 3.94 × 10–4 cm2 V−1 s−1, which is
higher than that of Y6 (3.12 × 10–4 cm2 V−1 s−1). Finally,
compared with PM6:Y6 (15.04%), the PM6:N3-based OPV
device achieved a PCE of 15.79%.

Figure 1a also shows the chemical structure of the typical wide
bandgap polymers and narrow bandgap small molecules of the
active layers (PM6, D18, ITIC, and Y6).

Solvents of active layer solution
The solutions of the devices with the highest reported efficiency
were prepared from chlorobenzene (CB) or chloroform (CF). In
particular, recently reported high-efficiency materials such as Y6
need to be dissolved in chloroform owing to their solubility and
aggregation state63. However, continuous solution outflow is
generally required during the large-scale printing process.
This implies that solvents with low boiling points, such as CF,
may be unsuitable. The rapid evaporation of CF can increase
the concentration of the solution and block the ink outlet of
the coating head during the coating process. In addition, because
large-scale printing is generally carried out in an ambient air
environment, halogenic organic solvents cannot be used in the
production process because of adverse health and environmental
impacts64. Therefore, it is necessary to examine high-efficiency
organic active layers processed in non-halogenated solvents65.
Toluene, o-xylene (o-XY), and metetrahydrofuran (MTHF) are the
green solvents most commonly used in OPV. Figure 1b shows the
solvents generally used to process the organic active layers.
Recently, Wan et al.66 fabricated all-green solvent-processed OPV
with an efficiency of 16%. They used o-XY and THF as orthogonal
solvents to prepare PM6 and BO-4F double-layer junctions. This
structure exhibits a better morphology and more efficient charge
transport channels. There is generally a loss of performance when
organic active layers are processed with a green solvent. The
different solubilities of conjugated polymers and small molecules
in green solvents cause significant phase separation. Therefore,
green solvents should afford sufficient solubility for the organic
active layer and exhibit suitable boiling points and Hansen
solubility parameters64.
Chen et al. introduced the third component BTO into binary

systems (PM6:Y6). The small molecule BTO assisted the crystal-
lization of Y6 in the non-halogenated solvent paraxylene (PX)67.
The ternary active layer processed with the green solvent show a

certificated PCE of over 17%. In addition, because of the high
boiling point of the green solvent PX, the active layer solution can
be combined with a large-scale blade-coating method. A large-
area solar module (36 cm2) was obtained. It achieved an efficiency
of over 14%, which is the highest reported PCE for a solar module
with an active area exceeding 20 cm2.

SOLUTION-PROCESSED TECHNIQUES
Conventional techniques
High-efficiency OPV devices reported recently have been fabri-
cated by spin-coating with a small area (<0.1 cm2) in a N2-
glovebox. Although spin-coating is a coating process that is
widely applied on a laboratory scale, it is not applicable to roll-to-
roll methods. Spin-coating is generally accompanied by rapid
evaporation of the solvent and substantial wastage of the solution
owing to the high rotational speed. Therefore, other large-scale
production techniques including slot-die coating, blade coating,
spray coating, and inkjet printing should be introduced into the
film formation process (Fig. 2a). These are compatible with the
roll-to-roll process.
Blade coating is generally used as a scale-testing printing

method in laboratories owing to its simple processability. The
solution is dropped directly onto the substrate in front of the
blade. Then, a thin wet film is formed after the blade moves
linearly across the substrate68. The thickness of the film is fixed by
the distance between the blade and substrate. The film quality can
be affected by the viscosity, concentration of the inks, surface
energy, and temperature of the substrates69. This technique can
yield a large-area film using marginal amounts of materials.
Slot-die coating also produces a large-area homogeneous film by

utilizing the meniscus between the slot-die head and the
substrates. In contrast with the blade coating method, ink is
injected continuously into the slot-die head through the pressure of
the pump. This is compatible with the roll-to-roll process owing to
the continuous film deposition. Slot-die printing has been
demonstrated to be effective for printing the electron transport
layer (ETL), hole transport layer (HTL), active layer, and anode33,70–72.
This technique has been combined with the roll-to-roll process to
prepare OPV by Lee et al.73.

Fig. 2 Solution-processed methods for OPV. a The schematic of
the morphology evolution has been prepared by slot-die coating
and spin-coating methods. Reproduced with permission97. Copy-
right 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
b Schematic of soft porous blade printing SPBP process. Adapted
with permission from ref. 84. Copyright 2020 American Chemical
Society. c Schematic of water transfer printing. Reproduced with
permission85. Copyright 2019 Elsevier.
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Spray coating is a droplet-based noncontact coating techni-
que. The ink is atomized by a pressurized gas and ejected from
the nozzle. It then reaches the substrate. The quality of the
prepared films can be affected by the pressure of the gas, size
of the nozzle, viscosity of the ink, substrate temperature, and
the distance between the substrate and nozzle73–75. Spray
coating is also effective for printing all the functional layers in
OPV devices76–79.
Inkjet printing is also a noncontact coating technique that

expels the ink from the nozzle80,81. However, unlike spray coating,
the quantity of droplets ejected from the nozzle with a
piezoelectric stage or a thermal unit is quantitative. The droplets
are then charged by the charging electrodes and accelerated
toward the substrates through deflection plates with an electric
field. Inkjet printing is effective for producing high-resolution
images without material loss. It is useful for on-demand
patterning because it uses digital data. Eggenhuisen et al.82.
prepared large-area OPV with different artistic shapes by full inkjet
printing. A 2 cm2 inkjet-printed device with an efficiency of 6%
was reported83. However, the shape could not be controlled after
the droplet was ejected from the nozzle. Therefore, the uniformity
of the obtained film was typically less than that obtained with the
other processes.

Novel techniques
However, conventional printing methods continue to display
certain problems. For example, the fluidic lines and grooves of the
slot-die head should be filled before continuous printing. This
amount of “dead volume” would significantly increase the cost of
academic research. In addition, a liquid meniscus should be
formed between the slot-die or doctor-blading head and the
substrates, and the coating speed would be reduced to retain
the liquid meniscus during the coating process. A few impressive
printing methods have been reported to compensate for the
disadvantages of conventional printing methods10,84,85.
Zhong et al. recently used filter paper to fabricate a soft porous

blade printing (SPBP) head (Fig. 2b)84. The ink fills off the paper
owing to the porous microstructure of the filter paper and remains
on the substrate when the paper overcomes the surface of the
substrates. The printed film thickness can be controlled con-
veniently by tuning the concentration of the ink and coating
speed. Higher lamellar packing and stronger face-on orientation of
the blend film were observed (by 2D GIWAXS) when this printing
method was used. Finally, the printed PM6:Y6 cells fabricated
using this method showed a remarkable PCE of 14.75%. Mao et al.
developed a Maobi-coating technique inspired by Chinese
calligraphy10. A particular micro squamae structure of the hair of
the Maobi would steadily hold and store the ink inside. Maobi can
perform complex pattern-printing (such as solar modules) owing
to its advantages in writing and painting. The authors realized a
fully Maobi-coated solar module containing eight subcells by
using this method. The module exhibited a high FF (close to 70%)
and Voc of over 6.30 V. These results indicate the reliability and
controllability of Maobi coating. Finally, a computer-controlled
automatic Maobi-coating setup was constructed. Furthermore, a
large-area (18 cm2) solar module with a PCE of 6.3% was
fabricated using this technique. Maobi coating has advantages
in patterned coating. However, it is challenging to achieve film
uniformity while coating a large-area film owing to the hairiness of
the Maobi structure. In addition, how to achieve continuous ink
storage and high throughput requires further consideration. Sun
et al. used a water transfer printing technique to prepare a
uniform active layer film (Fig. 2c)85. The organic active layer
solution was dropped onto the water surface. The active layer
solution can spread spontaneously on the aqueous surface
because of the difference in surface energy. The device fabricated
by water transfer printing displayed a performance similar to that

of the spin-coated reference. This method prevents the penetra-
tion of solvents into the underlying layer. However, the problems
of fragile blend film breakage during large-area transfer need to
be overcome. This is highly important for large-scale continuous
production yield.

Morphology control
During the spin-coating process, the rapid evaporation of the
solvent can yield a good morphology to improve the charge
extraction efficiency86. However, the morphology of active layer
film would be affected by certain different large-scale printing
techniques87. Controlling the morphology of the large-scale
solution-processed active layer film is a key requirement for
realizing high-performance OPV compared with the spin-coated
reference.87,88. The addition of the additive into the solution is an
effective strategy. In 2018, Lin et al.89. reported a PCE of 9.54%
using a blade-coated PTB7-Th:ITIC active layer. The PCE of the
blade-coated devices was higher than that of spin-coated
devices. Zhang et al.90. also prepared highly efficient OPV
(PBDB-T:ITIC) with different chemical additives (including chlor-
onaphthalene (CN), 1,8-diiodooctane (DIO), and 1,8-octanedithiol
(ODT)) via blade coating. They observed that the addition of ODT
improved the performance of the devices and enhanced the
device stability during the blading process. In addition, large-area
(90 mm2) devices based on ODT showed a high PCE of 8.59%.
Although the additive could control the morphology and
improve the performance of the devices, the introduction of
the additive decreased the stability of the OPV91. Wang et al.92.
reported the chemical interaction between DIO and PEDOT:PSS.
When PEDOT:PSS was deposited on top of the active layer, DIO
could straightforwardly produce hydrogen iodide (HI) and
chemically reduce the PEDOT:PSS owing to the acid of the
PEDOT:PSS solution. It could be inferred that the introduction of
additives resulted in many unstable factors.
Therefore, Vak et al. developed a hot slot-die coating method

with a thermal slot-die head and substrate to optimize device
performance without additives93,94. Unlike the conventional slot-
die coating method (which has only a temperature-controlled
substrate), they added a temperature-controlled module unit on
the slot head to tune the temperature of the active layer solution.
There are reports on controlling the morphology of the film by
tuning the temperature of the active layer solution95. This coating
method achieved BHJ films with optimum morphology and high-
performance devices by controlling substrate and solution
temperatures without chemical additives. The authors first
deposited active-layer films at room temperature (neither the
substrate nor the slot head was heated; denoted as RT/RT). The
devices yielded an S-shaped curve and exhibited low perfor-
mance. FF and Jsc improved significantly when the substrate was
heated to 120 °C. The PCE of the devices attained 9.36% after the
active layer solution was heated to 90 °C. This was better than that
of spin-coated devices without DIO. The storage stability of the
devices prepared by hot slot-die deposition was also improved
compared with that of the samples fabricated at room tempera-
ture. A smoother surface and finer phase separation of the hot-
blade-coated BHJ films were observed using atomic force
microscopy (AFM). This indicated enhanced stability. Then, hot
slot-die deposition was combined with the roll-to-roll process to
produce flexible OPV based on PBDB-T:ITIC with a PCE of 8.77%.
Another strategy to control the morphology of BHJ films is to

apply a shear impulse during the coating process96,97. Meng et al.
reported a general approach to print flexible OPV by tuning
the ratio of the inking speed to the striping speed of the slot-die
coating process (denoted as C)97. They first calculated the impulse
accumulation of spin coatings of different durations. The PCEs of
the OPV devices varied over the spin-coating time. The
performance parameters remained stable after 17 s. The optimized
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morphology of BHJ films was an important factor that caused the
performance variations that occurred after those caused by the
reduction in film thickness at the beginning of the process. AFM,
TEM, and GIWAXS measurements showed large differences
in the surface roughness and phase separation of the BHJ films
with various spin-coating times. Next, the concept of impulse
accumulation was introduced into the slot-die coating process to
explain the morphology evolution. They observed that an
optimized morphology was formed when the C value increased
to 1.30 ml m−1. GIWAXS measurements indicated that the BHJ
films fabricated by slot-die coating with 1.30 ml m−1 exhibited
face-on orientation. This was similar to the spin-coated films with a
spinning time of 11 s. The well-controlled morphology of the slot-
die coating produced large-area (15 cm2) flexible OPV based on
both fullerene (PTB7-Th:PC71BM) and non-fullerene (PBDB-T:ITIC)
systems with PCE of 7.25% and 8.64%, respectively.
We also summarized recent work on fabricating OPV devices

based on narrow bandgap small-molecule acceptors using
printing and coating methods. The performance and details of
this study are summarized in Table 1.

SOLUTION-PROCESSED FLEXIBLE DEVICE
Fundamental requirements

(1) The functional layers in the device should be solution-
processed. A typical device structure of an OPV is a
multilayer stacking structure. As shown in Fig. 3, the
electrodes and functional layers of small-area devices
prepared in the laboratory can be deposited by evapora-
tion or sputtering. However, for solution-processed
devices, the functional layer from the bottom electrode
to the top electrode should be solution-processed. The
more layers that can be solution-processed, the more
suitable it is for the full printing process. Although a few of
the works presently claim to be all-solution-processed
devices, these also use indium tin oxide (ITO) or vapor-
deposited metal98. Such electrodes require a significantly
high temperature and long-time conditions to obtain high
performance such as high conductivity and high transpar-
ency99. This renders the deposition process unsuitable for
fast and high-throughput industrial production and
increases the production cost100.

(2) Combine with large-scale printing technology. Printing
technology that can be combined with large-scale produc-
tion should be introduced into the fabrication process of
the device because most layers require solution processing
in a solution-processed flexible device. Techniques such as
blade coating, spray coating, screen printing, slot-die
coating, and inkjet printing have been applied successfully
to fabricate OPV101. These printing techniques have been
discussed and described earlier in a few reviews and would
not be discussed here69,100.

(3) Appropriate solvents of functional layers. In solution-
processed devices, the functional layer is obtained from a
solution. In addition, the solvents should be screened to
prevent dissolution and interpenetration between the
functional layers and ineffective film formation. First,
the solvents between the two functional layers should be
orthogonal. For example, high-efficiency organic active
layers are deposited by dissolving polymers or small
molecules in organic solvents such as chlorobenzene (CB),
chloroform (CF), and toluene. Therefore, the interface layer
materials should have good resistance to organic solvents.
This limits the suitable options of interface layer materi-
als102. Second, it is necessary to control the solvent
evaporation rate to obtain a large-area uniform film.

Excessive fast or slow evaporation rates can result in
ineffective morphology or a strong coffee ring effect during
the expanded production process103. For example, metha-
nol has a low boiling point of 64.7 °C. A few researchers
generally use dynamic spin-coating and a high-speed
process to reduce the contact time between methanol
and the poly3, 4-ethylenedioxythiophene:polystyrene sul-
fonic acid (PEDOT:PSS) underneath, and obtain a more
uniform film104. However, such a dynamic spinning process
is not appropriate for mass production.

(4) Good wetting capability. This requirement of orthogonal
solvent between functional layers generally introduces
another important problem, namely, wetting issues. A
solution needs to have good wettability on the surface of
the underlying layer to obtain a uniform and complete film
using a solution-processing method. For example, PED-
OT:PSS is a widely used solution-processed hole-transport
layer and an electrode in printable organic photovoltaics.
However, its water solubility makes it challenging to
deposit directly on the surface of the hydrophobic active
layer challenging. Adding a surfactant is an effective
strategy to reduce the ink surface tension and improving
the wettability of PEDOT:PSS solutions105.

(5) Stable interface. After constructing solution-processed
flexible devices, it is necessary to ensure a stable interface
between functional layers. Unfavorable physical and
chemical reactions between the interfaces should be
prevented. In particular, interfacial reactions occur after
introducing a high-efficiency active layer. This results in the
loss of device efficiency and stability.

Solution-processed electrodes
Solution-processed electrodes are required urgently to fabricate
flexible OPV for large-scale production because of their high
throughput and low cost. The solution-processed electrodes
should satisfy the following requirements for different device
applications: (1) High electrical conductivity. Both top and bottom
electrodes in the device require high conductivity to reduce the
series resistance (Rs) of the device. In particular, in large-area
devices, high sheet resistance can significantly reduce the fill
factor of the device106. (2) High optical transmittance. To achieve
better absorption and improve the photocurrent, transparent
electrodes are required to have good transmittance in the visible
light range (400–1000 nm). This is because of the better light-
absorption properties of the active-layer system107. However,
there is a trade-off between the conductivity and optical
transmittance of transparent electrodes. Therefore, the figure of
merit (FoM) was introduced to evaluate the quality of the
transparent electrodes108. (3) Uniformity. For the bottom electro-
des, uniformity plays an important role in the achievement of a
high fabrication yield and good device performance. Owing to the
multilayer-stacked structure of OPV, the high roughness of the
bottom electrode directly affects the uniformity and morphology
of the upper layers and causes a severe short circuit109. (4) Good
solution processability. Electrodes can be deposited by various
printing and coating techniques. Conducting polymers, metal
nanowires, and metal grids are potential candidates for solution-
processed electrodes108.
For bottom transparent electrodes, Magnetron-sputtering

metal oxide electrodes such as indium tin oxide (ITO) are used
to prepare OPV in the laboratory. Although this type of
electrode has remarkable photoelectric properties (the square
resistance is approximately 10 Ω sq−1 when the light
transmittance is 88%), it has a high energy consumption and
low material utilization in the preparation process. Meanwhile,
the extensive use of rare metals such as indium further increases
the preparation cost110.

L. Sun et al.

5

Published in partnership with Nanjing Tech University npj Flexible Electronics (2022)    89 



Table 1. Summarized photovoltaic parameters for OPV-based large-scale coated narrow bandgap small-molecule acceptors active layer.

Active layer Fabrication process Substrate PCE (%) Area (cm2) Ref.

PBDB-T:ITIC Bar coating Glass/ITO 10.1 0.04 151

PBDB-T-2F:IT-4F:Coi8DFIC Bar coating Glass/ITO 13.2 0.04 152

PBDB-T:CNDTBT-IDTT-FINCN Bar coating Glass/ITO 7.50 55.45 153

PM6:Y6:20% BTO:PC71BM (PX) Blade coating Glass/ITO 14.26 36 67

PM6:BTP-eC9 Blade coating Glass/ITO 14.07 25.21 63

PTB7-Th:EH-IDTBR Blade coating Glass/ITO 8.18 85 154

PBDB-T:ITIC Blade coating Glass/ITO 9.03 58.5 154

PCE10:ICBA:Y8 Blade coating Glass/ITO 9.52 0.05 155

PBDB-T:ITIC Blade coating Glass/ITO 8.59 0.9 90

PBTZT-stat-BDTT-8:4TICO Blade coating Glass/ITO 3.9 1.1 156

T1:IT-4F Blade coating Glass/ITO 13.1 1 157

PBDB-TF:BTP-4Cl Blade coating Glass/ITO 10.1 4 148

PBDB-T:IT-M Blade coating Glass/ITO 9.34 0.09 158

PBDB-TF:BTP-eC9 Blade coating Glass/ITO 16.2 1 159

PBDB-TF:IT-4F Blade coating Glass/ITO 10.21 12.6 160

PM6:IT-4F Blade coating Glass/ITO 11.39 0.9 161

PBDB-T:IT-M Blade coating Glass/ITO 11.14 – 161

PBDB-T:m-ITIC-O-EH Blade coating Glass/ITO 9.68 0.0464 162

PBDB-TF:IT-4F Blade coating Glass/ITO 9.22 1.04 157

PBDB-T:ITIC:PC71BM Blade coating Glass/ITO 7.7 216 163

PM6:Y6:N2200 Blade coating Glass/ITO 15.1 1 164

PBTA-TF:IT-M Blade coating Glass/ITO 10.6 1.0 165

PBDB-T:PTB7-Th:FOIC Blade coating Glass/ITO 12.02 – 165

PBDB-T:ITIC Blade coating Glass/ITO 10.03 0.04 166

FTAZ:IT-M Blade coating Glass/ITO 9.8 0.56 167

P3HT:IDTBR Blade coating Glass/ITO 5 59.52 168

PTB7-Th:ITIC Blade coating PET/Ag 7.6 2.03 89

PTB7-Th:FOIC Electrospary printing Glass/ITO 9.45 0.048 169

P3HT:o-IDTBR Inkjet Printing Glass/ITO 6 2 83

PM6:Y6 Layer-by-layer blade-coating Glass/ITO 11.86 11.52 170

PTQ10:IDIC Layer-by-layer blade-coating Glass/ITO 10.42 1 170

PBDB-T:ITIC Maobi-coating Glass/ITO 6.3 18 10

PTB7-Th:N2200:FOIC Sequential blade coating Glass/ITO 12.27 0.04 171

PTB7-Th:IEIC Slot-die coating PET/PEDOT:PSS 1.79 1.05 140

P3HT:F(DPP)2B2 Slot-die coating PET/PEDOT:PSS 0.65 1 172

PBDTTT-C-T: DC-IDT2T Slot-die coating PET/PEDOT:PSS 1.019 1 172

PBDB-T:ITIC Slot-die coating PET/ITO 8.90 15 96

PBDB-T:ITIC Slot-die coating PET/Ag 3.18 0.054 173

PBDB-T:i-IEICO-4F Slot-die coating Glass/ITO 11.4 0.56 174

PBDB-T-SF:IT-4F Slot-die coating Glass/ITO 9.01 2.0 175

PBDB-T-SF:IT-4F Slot-die coating Glass/ITO 8.95 0.12 176

QX-3:tPDI2N-EH Slot-die coating Glass/ITO 7.3 – 177

PBDB-T:ITIC Slot-die coating Glass/ITO 8.77 0.1 94

PBDB-T:ITIC Slot-die coating PET/ITO 7.11 0.1 94

PBDB-T:ITIC Slot-die coating PET/PEDOT:PSS 8.90 15 96

PTB7-Th:PC71BM:COi8DFIC Slot-die coating Glass/ITO 8.6 30 73

SMD2:ITIC-Th Slot-die coating PET/ITO 5.25 80 146

PBDB-T:ITIC Slot-die coating PET/Ag 5.5 7.14 178

PM6:Y6 Soft porous blade coating Glass/ITO 14.75 0.2 84
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Conducting polymers are a type of transparent electrodes
prepared by the solution method. Among these, PEDOT:PSS is
the most widely used. It displays good solution processing and
mechanical flexibility111. Song et al. fabricated flexible ITO-free OPV
by all-solution processing at low temperatures98. Figure 4 shows the
device structure of a flexible OPV based on PEDOT:PSS electrodes.
Treatment with methanesulfonic acid at room temperature
prevented damage to the flexible plastic substrates. The devices
showed good flexibility and retained ~ 94% of their initial PCE after

1000 bending cycles. However, most post-treatment PEDOT:PSS
electrodes used in OPV devices display a low conductivity
(<3000 S cm−1) that differs significantly from that of commercial
ITO or metal electrodes111,112. This aspect is more critical for large-
area devices because it causes increased series resistance and
reduces the performance of the devices. In addition, the acidity and
hygroscopicity of PEDOT:PSS adversely affect the long-term stability
of OPV. Furthermore, strong absorption at long wavelengths can
also reduce the photocurrent of the devices.

(solution-processed) Ag ink, AgNWs, PEDOT:PSS

(solution-processed) HTL: PEDOT:PSS 
(solution-processed) ETL: ZnO NPs

(solution-processed) Active layer

(solution-processed) ETL: ZnO NPs, SnO2, PEI 
(solution-processed) HTL: PEDOT:PSS

Ag (vacuum evaporated)

Active layer (spin-coated)

HTL: MoO3 (vacuum evaporated) 
ETL: PDINN, PFN-Br (spin-coated)

ETL: ZnO (spin-coated)
HTL: PEDOT:PSS (spin-coated)

ITO (supttered)

Glass (rigid) (flexible) PET, PI, PEN

(solution-processed) AgNWs, Ag grid

Vacuum-evaporated rigid Solution-processed flexible

Inverted or conventional structure

Substrate

Transparent electrode

Interface layer

Interface layer

Active layer

Top electrode

Fig. 3 Device structure of the OPV. Typical device structure and materials of the OPV prepared by vacuum-evaporated and solution-
processed methods.

Substrate

Transparent electrode

Interface layer

Interface layer

Active layer

Top electrode

Solution-processed flexible OPV
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� High electrical conductivity

� High optical transmittance

� Uniformity

� Good solution processability

� High reflectivity

PEDOT:PSS Ag nanowires Liquid metal Ag nanoparticles

Candidates

J. Mater. Chem.A., 
2019, 7, 1989

ACS Appl. Mater. Interfaces 
2022, 14, 14165

Adv.Mater., 2018, 30, 
1800075

Adv. Funct. Mater., 
2021, 31, 2010764

Fig. 4 Solution-processed electrodes for OPV. The requirements and candidates of the solution-processed electrodes in all-solution
processed flexible OPV. Reproduced from ref. 116. with permission from the Royal Society of Chemistry.
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Metal nanowires such as silver nanowires (AgNWs) are widely
used in solution-processed flexible OPV113. However, the large
surface roughness of AgNWs can cause severe short circuits in
devices because the networks of AgNWs can conveniently
penetrate the thin active layer114. The embedment of the
AgNW network into the substrate and flattening of the AgNW
surface by applying an additional layer are the two primary
methods for solving this problem115. For example, Dong
et al.116 reported a flexible bottom electrode obtained by
embedding AgNWs into polyimide (PI) substrates. The surface
roughness (root mean square (RMS)) of the AgNW electrodes
decreased to 1.5 nm. The random alignment of AgNWs hinders
the balancing of the transmission and square resistance during
preparation. Sun et al.117 used water-processed AgNWs to
prepare a highly ordered AgNW network structure owing to
ionic electrostatic charge repulsion. In water-processed AgNWs,
poly(sodium 4-styrenesulfonate) (PSSNa) was added to the
AgNW solution as a polyelectrolyte. The films prepared with
PSSNa exhibited a more regular arrangement than those
prepared without PSSNa. Using this electrode, the flexible
OPV achieved an efficiency of 16.5% with a tandem device
structure. Zeng et al.118 developed a controllable reduction and
chemical welding strategy to improve the conductivity of the
AgNW electrode. The fabricated AgNW electrode exhibited a
low sheet resistance of 12 Ω sq−1 and high transmittance of
95% at 550 nm. A flexible OPV with a PCE of 17.52% was
obtained using this strategy.
Metal grids such as Ag grids are also widely used in large-area

OPV owing to their low sheet resistances. Jiang et al. reported the
fabrication of printed transparent Ag mesh electrodes by reverse-
offset printing119. The printed flexible electrode can achieve both
high conductivity and remarkable mechanical durability through
effective control. The electrodes displayed 17 Ω sq−1 Rsh at a
transmittance of 93.2%, thereby surpassing the performance of
the sputtered ITO. Ultrathin OPV with a PCE of 8.3% were prepared
using the Ag mesh electrodes printed.
For top electrodes, These differ from bottom solution-processed

electrodes. Two important factors should be considered when the
top electrode is deposited by the solution method: First, the
prepared layers should not be damaged when the top electrode is
deposited. Unlike vacuum-evaporated metal electrodes, solution-
processed electrodes generally require harsh post-treatment
conditions such as high-temperature annealing and penetrating
other layers120. Second, high reflectivity. The thickness of the
organic photoactive layer is generally 100 nm because of the short
exciton diffusion length of the organic photoactive layer material.
This prevents sunlight from being absorbed completely when it
shines on the active layer. Commonly used vacuum-evaporated
electrodes such as silver have good reflectivity. This enables the
active layer to absorb secondary light and thereby, increases the
photocurrent. However, conventional solution-processed electro-
des such as AgNWs and PEDOT:PSS have high transmittance121.
Recently, He et al.122 used Ag nanoparticles as the top electrodes.
They introduced a hydrogen-intercalated molybdenum oxide
(HMO) layer to induce the formation of a smooth solution-
processed Ag film. Furthermore, there was no heating or other
harsh treatment. However, this process cannot be applied to
flexible devices.
Liquid metals such as eutectic gallium–indium (EGaIn) show

high conductivity and opacity123. More importantly, the liquid
state of EGaIn at room temperature allows for solution processing
by spray coating, etc124. Wang et al. dropped EGaIn directly on the
surface of active layer in an N2-glovebox125. Pure EGaIn can form a
clear and uniform interface without penetration or voids. The ETL
would no longer be required in this device because of the
matching energy level of pure EGaIn and non-fullerene acceptors.
The all-solution-processed devices achieved performance compar-
able to that of the evaporated reference.

Bihar et al. developed a metal-free device structure with
PEDOT:PSS electrodes to achieve all-solution processed flexible
OPV126. The PEDOT:PSS electrodes were used as both bottom
and top electrodes by inkjet printing. In this work, PEDOT:PSS
was treated using various methods to improve processability
and device performance. Finally, a fully inkjet-printed ultrathin
OPV with a PCE of 3.6% was fabricated successfully. It showed
high power-per-weight values and good stability in moist
environments.

Solution-processed interface layers
The first and most important requirement of a solution-
processed interface layer is the matched energy level (Fig. 5a).
Interface layers with suitable energy levels were introduced
between the electrodes and active layers to improve charge
extraction. The narrow bandgap small-molecule acceptor
materials generally have lower HOMO energy levels. These pose
new challenges to conventional interface layer materials.
Second, the solution-processed interface layers should be robust
to protect the active layers from penetration by the solution-
processed electrodes. Various interface layers including electron
and hole transport layers have been used widely in solution-
processed fullerene-based OPV127. However, unlike conventional
fullerene-based acceptors, high-efficiency narrow bandgap
small-molecules acceptors have more complex chemical struc-
tures, e.g., ITIC, IT-4F, and Y6128. These display different chemical
activities at the interface129.

Electron transport layer. Sol-gel ZnO and ZnO nanoparticle
solutions have been introduced successfully into solution-
processed fullerene-based OPV owing to their good solution
processability and matched energy levels130. However, in 2019,
Jiang et al.131. reported a photocatalytic reaction between ZnO
and a non-fullerene acceptor (IT-4F) under UV illumination. Mass
spectrometry (MS) and Fourier transform infrared (FT-IR) measure-
ments showed that the chemical structure of IT-4F was destroyed
owing to the photocatalytic activity of the ZnO film. The unstable
interface between ZnO and non-fullerene acceptors restricts the
performance and stability of these cells. The authors replaced ZnO
with SnO2, which has been reported to be an effective ETL in
perovskite solar cells. The wide bandgap of SnO2 causes the
device to display higher performance and photostability than
ZnO. They also fabricated 1 cm2 OPV device with a slot-die-coated
SnO2 layer. SnO2 also exhibited remarkable thickness tolerance.
Bai et al.132 fabricated OPV based on PM6:Y6 by increasing the
thickness of the SnO2 films from 10 nm to 160 nm. The PCEs of the
cells range from 16.10% to 13.07%. It is noteworthy that the
efficiency of the devices remained at 12% with a 530 nm thick
blade-coated SnO2 layer. Recently, Hoff et al. successfully
deposited SnO2 nanoparticles (NPs) on top of the active layers
in air by slot-die coating133. Ethanol was added to a commercial
SnO2 solution to improve the film quality. To evaluate the
suitability of SnO2 NPs as solution-processed ETL, the device based
FBT:PC61BM and PTQ10:IDIC active layers with a conventional
device structure ITO/PEDOT:PSS/FBT:PC61BM/SnO2 NPs/Ag were
fabricated. All the devices showed significantly higher perfor-
mance than the devices without ETL. Then, all the slot-die-coated
flexible OPV with PET/ITO substrates was fabricated. The interface
and active layers were coated sequentially onto the electrodes.
Polyethylenimine (PEI) is a successful polymer-containing amine

group for reducing the work functions of various electrodes134. In
a previous report, PEI was introduced successfully into fullerene-
based blends and assembled at the bottom of the blends135. Lee
et al. printed PEI and BHJ simultaneously by blade coating and
achieved vertical self-organization of the interface layer136. This
new printing method yielded simple tandem OPV devices with
four printed layers. However, the amine-containing PEI tends to
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react with high-efficiency acceptors137,138. Qin et al.19 developed a
novel interlayer of Zn2+-chelated polyethylenimine (PEI-Zn) to
prevent the reaction between PEI and high-efficiency active layers
(Fig. 5b). The chemical reaction activity of PEI was suppressed by
chelation of Zn2+ with the PEI. The interlayer exhibits a lower
work function and higher conductivity than those of conventional
ZnO. They fabricated ultraflexible OPV-based PEDOT:PSS and
AgNWs electrodes using PEI-Zn. In addition, PEI-Zn exhibits higher
mechanical flexibility than ZnO. It is evident that no cracks
appeared on the PEI-Zn film. However, a few cracks appeared
after the bending tests. These cracks increased the resistance of
the ZnO films. The PEI-Zn film exhibited a more robust bending
resistance when the bending radius was <5 mm. We fabricated
ultraflexible OPV with different electrodes and interlayers to
further evaluate the mechanical flexibility of the interlayers. PEI-
Zn-based devices also exhibit higher mechanical flexibility than
ZnO-based devices after the continuous deformation cycling test.
Compared with metal oxide interlayers, polymer-based interlayers
can satisfy the requirements of flexible devices.

Hole transport layer. To achieve solution-processed OPV, silver
ink and nanowires used as top electrodes would permeate the
layer underneath and reduce the performance. It is necessary to
construct a robust interlayer to prevent infiltration of the top
electrodes. For an inverted-structure OPV, the hole-transport
layers should perform such roles. PEDOT:PSS is a practical
material owing to its solution processability, good film-forming

capability, and high work function. There have been a series of
reports on using PEDOT:PSS as the HTL on top of devices to
achieve good performance in solution-processed OPV139–141.
However, certain problems that occur while depositing PED-
OT:PSS films remain to be solved.
The most important problem is the wettability of the aqueous

PEDOT:PSS solution deposited on the surface of the active layer.
Li et al.105. reported a nonionic surfactant (PEG-TmDD) that
enhanced the conductivity and wettability of PEDOT:PSS. The
vacuum-free cells based on P3HT:ICBA with the PEDOT:PSS
(PH1000 mixed with 4 wt% PEG-TmDD) electrode exhibited good
performance, with an FF of 0.6 and PCE of 4.1%. Maisch et al.142

introduced an effective strategy for preparing PEDOT:PSS films on
top of the active layer without additives. They improved the
wettability of the PEDOT:PSS solution by placing pinning centers
on the active-layer film via inkjet printing. This method produced
a homogeneous PEDOT:PSS layer on the active layer (P3HT:O-
IDTBR) in devices with the structure of ITO/SnO2/P3HT:O-IDTBR/
PEDOT:PSS/Ag. It showed performance comparable to those of
the reference ones. Recently, Jiang et al.143 synthesized an
alcohol-dispersed conducting polymer complex (PEDOT:F). The
perfluorinated sulfonic acid (PFSA) ionomers replaced the
poly(styrenesulfonic acid) (PSS) counterion during PEDOT poly-
merization. The produced PEDOT:F formulations can be dispersed
both in alcohols and water owing to the special soluble behavior
of PFSA. This enables good solution processability on the surface
of the organic active layer.

Solution-processed flexible OPV

Matched energy level 

Solution processability 

Robust 

Chemical reaction

Interpenetration

Wetting issues

� Bilayer interface � Materials development � Materials selection

Strategies

Mater. Horiz., 2019, 6, 1438Nat. Commun., 2020, 11, 4508Adv. Mater., 2020, 32, 1907840

Substrate

Transparent electrode

Interface layer

Interface layer

Active layer

Top electrode

(a)

(b)

Fig. 5 Solution-processed interlayers for OPV. a The requirements and b solved strategies of the solution-processed interface layer in
solution-processed flexible OPV. Reproduced from ref. 131. with permission from the Royal Society of Chemistry.
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However, the chemical activity of PEDOT:PSS is also problematic.
We have mentioned earlier that Zhou and their co-workers
determined that the acid of PEDOT:PSS would cause a chemical
reaction between PEDOT:PSS and additives in the active layer such
as DIO92. This chemical reduction of the PEDOT:PSS resulted in low
performance of the devices. Wang et al.144 also reported vertical
phase separation in a non-fullerene BHJ system based on PBDB-
T:ITIC. After the aging test, the vertical stratification of the PBDB-
T:ITIC BHJ was investigated by X-ray photoelectron spectroscopy
(XPS) measurements. The results showed that PBDB-T was enriched
at the upper surface and that ITIC was enriched at the bottom
surface of the BHJ. The Raman spectra show an apparent shift in the
quinoidal PEDOT configuration on the PEDOT:PSS/ITIC surface
compared with the pristine PEDOT:PSS surface. This shift was
attributed to the chemical reaction between ITIC and PEDOT:PSS.
Another issue with the use of PEDOT: PSS as an HTL in OPV is

the mismatch in energy level. The high-efficiency acceptors such
as Y6 and IT-4F have deep HOMO of -5.62 and -5.71 eV,
respectively145. The polymer PM6 containing a F substitution
with a HOMO of -5.54 eV is generally selected as a donor to
match the energy level. However, the Fermi level of PEDOT:PSS
was significantly higher than that of PM6. This large gap in
energy level (~0.5 eV) between the donor and PEDOT:PSS causes
severe charge extraction. Han et al.146. reported a reduction in
the VOC of the OPV owing to the mismatch in energy level
between the HTL solar cell and the polymer donor. A bilayer HTL
structure (WO3/PEDOT:PSS) was introduced into a printed OPV
for VOC recovery to solve this issue. The work function of the
bilayer HTLs (-5.27 eV) is significantly closer to the HOMO of the
donor (SMD2; −5.44 eV) than that of the HTL solar (−5.05 eV).
Significant improvements in device performance can be
achieved using JSC, VOC, and FF. The bilayer HTL structure can
also enhance the photostability of the devices under UV light.
Flexible OPV modules containing 10 subcells were fabricated by
slot-die coating and screen printing owing to the high solution
processability of bilayer HTLs. The device exhibited a PCE of
5.25% with an active area of 80 cm2. Sun et al. observed a similar
phenomenon of reduction in Voc when they fabricated all-
solution-processed OPV using PEDOT:PSS PH1000 as the
printable electrode and PM6:Y6:IDIC as the active layer39. The
researchers attributed the decrease in performance to physical
and chemical compatibility issues between the active layer and
polymer electrodes. Therefore, solution-processed HxMoO3 was
employed to solve the issues of hole extraction and wetting
between the high-efficiency active layer and PEDOT:PSS.
Compared with PEDOT:PSS, the deeper Fermi level of HxMoO3

(-5.44 eV) enhanced charge extraction in the devices. The
solution-processed HxMoO3 had good wettability on the surface
of the active layer because of the ethanol solvent. Most
importantly, the hydrophilic surface of HxMoO3 facilitated the
deposition of PEDOT:PSS on top of it. The HxMoO3 composition
was controlled finely by tuning the reaction conditions to obtain
processing orthogonality between HxMoO3 and PEDOT:PSS. With
the introduction of the HxMoO3 layer, the flexible all-solution
processed OPV (all the layers from the bottom substrate to the
top electrode) were fabricated effectively with an efficiency of
11.9% for small-area devices (0.04 cm2) and 10.3% for 1 cm2

devices. The emerging high-performance non-fullerene accep-
tors (such as Y6) were adopted successfully in all-solution
processed OPV device.

SUMMARY AND OUTLOOK
This review summarizes the recent work on solution-processed
flexible OPV. Large-scale printing is a prerequisite for the
commercial application of OPV. The efficiency of OPV has been
a significant breakthrough in the laboratory with the rapid
development of narrow bandgap small-molecule acceptor and

wide bandgap polymer donor materials. Researchers need to
consider how to translate lab cells into commercial cells using the
printing process. In this review, we presented and evaluated
studies on solution-processed flexible OPV in terms of various
aspects, including the solution process requirements and different
solution-processed functional layers.
Although many researchers have reported remarkable work on

solution-processed flexible OPV, the following aspects need to be
examined further for commercial applications.

(1) Stability of the OPV. The efficiency of OPV is higher (>19%)
than the market viability that is generally assumed (15%).
Stability is the main limitation that needs to be examined in
commercial applications. Loo et al.147 recently published a
comment in the journal Nature Energy to induce researchers
to pay more attention to the material stability and device
longevity of OPV. The complex chemical structure of the
active layer materials can generate more unstable factors in
solution-processed OPV devices. The next step in the
development of OPV should focus on enhancing the
stability of the devices. Developing more stable materials
and robust device structures is an effective strategy.

(2) Thicker and less expensive active layers. The high-
efficiency OPV reported in the literature is mostly
fabricated in the laboratory by spin coating with a film
thickness of ~100 nm. Such a small film thickness causes
issues in printing large-area OPV. Thin films are susceptible
to defects on the substrates. However, it is difficult to
homogenously control such thin films during large-scale
fabrication. Thick active layers (> 300 nm) can be better
matched for roll-to-roll large-scale printing and enhance
photon harvesting. A few groups have reported OPV based
on the printed thick-high-efficiency active layer with
remarkable PCE148,149. However, the efficiency of these
devices with thick active layers differs significantly from the
highest reported efficiency. The low charge carrier mobility
and charge carrier recombination decrease the device
performance with improved thickness of the active layer.
This limits the number of materials suitable for thicker
layers. Therefore, the development of a high-efficiency
active layer with thickness tolerability is desirable. The cost
of high-efficiency active layer materials also needs to be
reduced further to satisfy the demand for the scale test of
printed OPV in the laboratory150.

(3) Simple device structure. The reported high-efficiency OPV
typically have a multilayer structure (more than five layers).
A larger number of layers implies a larger number of
interfaces. This multilayer structure has high requirements
for the interface layer. Interlayers need to be stable,
convenient to process, and sufficiently robust to prevent
penetration from the deposition of the upper layer. This
complex interface would hinder large-scale production
because a few of the interface layers have a size of only
several nanometers. Therefore, it is highly important to
develop a simple device structure while maintaining device
performance, for large-scale production.

To summarize, the development of high-efficiency active layer
materials has further promoted the large-scale production of OPV.
However, it also introduces new challenges. The preparation of
high-efficiency and stable solution-processed flexible OPV requires
more extensive research on the interface, printing methods, and
materials development. We consider that this review would inspire
readers to promote the commercialization of OPV.
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