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Large-area flexible organic solar cells
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Two major challenges need to be overcome to bridge the efficiency gap between small-area rigid organic solar cells (OSCs) and
large-area flexible devices: the first challenge lies in preparing high-quality flexible transparent electrodes with low resistance, high
transparency, smooth surface, and superior mechanical properties. Second, the scalable fabrication of thickness-insensitive
photoactive layers with low-cost materials is also an essential task. In this review, recent progress and challenges of flexible large-
area OSCs are summarized and analyzed. Based on our analysis, strategies and opportunities are proposed to promote the

development of stable and efficient flexible large-area OSCs.
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INTRODUCTION

Organic solar cells (OSCs) have attracted significant attention for
photovoltaic (PV) applications due to their special merits of
intrinsic flexibility, light weight, high throughput large-area
printing, low cost, and non-toxic raw materials'. Facing the
increasingly mature crystal silicon-based PV market with even
higher PCEs and excellent life time (high stability), the OSCs
should pave another way to realize their practical application, such
as flexible and portable power source, building integrated PV.
Toward this goal, two key technologies should be paid enough
attentions: (1) the power generation technology of OSCs needs to
be cost-competitive with existing technologies, such as fossil fuels
and silicon-based solar cells and (2) the OSCs must be
manufactured into flexible devices in sustainable techniques.
Some cost model calculations of the levelized cost of energy
(LCOE) of OSCs with different device structures show that the
OSCs can keep up with inorganic PVs, if the requirements of the
PV magic triangle (high-efficiency, low-cost, and long-lifetime)
could be met®.

Since the last several decades, lots of researchers have been
working on material development to improve PCE of the OSCs.
However, most reported efficient OSCs have been fabricated using
the non-scalable spin-coating method’. The main merit of the
spin-coating technique is that it can easily deposit high-quality
organic thin films of well-defined thicknesses and different
compositions. However, this method wastes more than 90% of
the solution and generally shows a process limitation on substrate
size®. In the spin-coating process, the morphology and thickness
of organic photoactive layers are determined by the continuous
centrifugal force of the spin-coater, which cannot be realized in
scalable coating processes and is incompatible with sheet-to-
sheet (52S) and roll-to-roll (R2R) high throughput manufacturing.
Therefore, the successful commercialization of OSCs requires the
development of alternative manufacturing technologies that are
scalable and can be easily transferred to S2S or R2R manufactur-
ing, such as blade coating, slot die coating, gravure printing, inkjet
printing, and screen printing. However, current performances of
the small-area OSCs based on those scalable methods are lower
than that based on the spin-coating method, and substantial
losses in PCEs occur when transferring the lab cells to large-area

OSCs by scalable fabrication methods. Due to its minimal
equipment requirements and little ink consumption, doctor blade
coating is often employed as the first step to replace spin-coating
method toward a scalable deposition. However, it is hard to adapt
to the high throughput printing technology owing to the
discontinuous ink supplying. The more complicated coating
methods, like slot die coating, gravure printing, inkjet printing,
and screen printing, can be used in high throughput printing
technology but exhibiting higher equipment requirements. The
main shortcoming of those scalable methods is that it is difficult to
control uniformity, thickness, crystallization, and morphology.
After the scalable coating process, the solvent of ink must
evaporate in a controlled manner to leave a stabilized, homo-
geneous, and desired arranged film. Thus, it is essential to deeply
understand the mechanism of organic film formation based on
those coating methods to further obtain high-performance large-
area OSCs.

Besides, flexible OSCs fabricated on flexible substrates possess
the great advantages of the OSCs, which can be applied in
portable and wearable power sources. The flexibility is considered
to be the most superior feature of the OSCs compared to the
silicon-based solar cells. The difference between the flexible OSCs
and rigid OSCs is that the substrate of flexible OSCs is polyethylene
terephthalate (PET), polyimide, or polyethylene naphthalate (PEN)
and the rigid substrate is glass. A typical flexible OSC usually
consists of a flexible transparent conductive electrode (FTE), a
photoactive layer, two buffer layers, and a top electrode (sliver,
aluminum), as shown in Fig. 1a. Figure 1b and Table 1 exhibit the
efficiency progress of the flexible large-area (=1cm? OSCs
prepared by main stream coating techniques (spin-coating, slot
die coating, doctor blade coating, gravure printing)°=3%, The
highest PCE of large-area flexible OSCs is just 13.61% with an
active area of 1cm?, while the PCE was decreased rapidly to 2.1%
when the active area was increased to 120 cm? 2%2', However, the
certificated PCE of the large-area OSCs fabricated on rigid indium
tin oxide (ITO) glass is up to 11.7% with an active area of 204 cm?
through doctor blade-coating method®®. The performance of
flexible OSCs still lags behind that of rigid devices, which can be
due to the higher sheet resistance (Ry,,) of the FTEs comparing to
the rigid ITO glass electrode. Therefore, the development of high-
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Fig. 1
area (=1 cm?) OSCs prepared by different coating techniques.

performance large-area FTEs is crucial for accelerating the further
application of flexible OSCs.

In this review, the recent progress in materials and scalable
technologies for solution-based preparation of large-area flexible
OSCs is analyzed. Based on our analysis, the two major challenges
in bridging the PCE gap between small-area OSCs and large-area
flexible devices are pointed out. The first challenge refers to how
to prepare high-quality FTEs on flexible substrates by scalable
methods with high reproducibility. The second one consists of
selecting and depositing organic photoactive layers by cost-
effective and eco-friendly scalable methods. Finally, the perspec-
tive for upscaling flexible OSCs is discussed.

FLEXIBLE TRANSPARENT ELECTRODES

An FTE plays a key role in device performance and mechanical
flexibility. Low transmittance and low conductivity of the FTEs can
lead to optical and electrical losses, thus affecting the perfor-
mance of the flexible large-area 0SCs*>*', and the main reasons
are as follows: (1) the FTE with low transmittance will reduce the
incident light reaching the active layer thus causing optical
losses®'. (2) With increasing the area of OSC, the FTE with high
sheet resistance will lead to a higher series resistance (R,) of the
large-area OSCs, which could dramatically decrease the fill factor
(FF) and current density (J;.)'2%4? Therefore, the cost-effective
FTEs with low sheet resistance and high transmittance are
fundamental components and highly needed for large-area
flexible OSCs.

ITO is commonly used as the transparent electrode at the rigid
glass substrate for efficient lab OSCs because of its low sheet
resistance (10~25Q sq~') and high transmittance (>90%).
However, the performance of OSCs based on ITO FTEs (sheet
resistance 10-50 Q sq~ ', transmittance <85%) is much lower than
that based on rigid ITO/glass, exhibiting PCEs of only 2.1% (active
area, 120 cm?), 4.34% (active area, 20 cm?), 5.25% (active area,
80 cm?), and 8.9% (active area, 15 cm?) for the flexible OSCs based
on P3HT-PC4,BM, PTB7:PC,,BM, SMD2:ITIC-Th, and PBDB-T:ITIC as
the active layer respectively®®**-*>, In addition, owing to the
polycrystalline nature of ITO, the mechanical bending and thermal
annealing process can shrinkage the flexible substrate, which will
cause severe cracking in the ITO film, resulting in a substantial
increase in film sheet resistance and diffuse reflection coefficient.
Furthermore, the price of ITO is high, and the R, of flexible OSCs
increases as the active area enlarged, limiting its application in
large-area flexible OSCs?°. Therefore, it is urgently needed to
develop alternative flexible transparent electrodes to improve the
mechanical stability and efficiency of the large-area flexible OSCs.
Until now, many researchers have tried to develop ITO alternatives
for realizing the application in large-area flexible OSCs, including
ultrathin metal, metal meshes, metal nanowire, carbon materials,
conducting polymers, etc.

npj Flexible Electronics (2021) 30

Top electrode

Photoactive layer

Transparent bottom electrode
Plastic substrate

—a— Spin coating
12+ —&— Slot die coating
—a— Blade coating
| —@— Gravure printing

PCE (%)

2005 2010 2015 2020
Year

The development of large-area organic solar cells. a Typical device structure of flexible OSCs. b Efficiency progress of flexible large-

Ultrathin metal films exhibit a relatively low sheet resistance
and excellent flexibility owing to their inherent metal properties.
However, increasing the conductivity of ultrathin metal films by
increasing the thickness of the metal films would negatively cause
their optical loss of transparency. Therefore, the transmittance
should be particularly considered when introducing ultrathin
metal films into FTEs due to the trade-off between conductivity
and transmittance in the large-area flexible OSCs. To solve this
issue, Chen et al. used the thickness-gradient ultrathin silver (Ag)
film for taking advantage of the high conductivity of the metal
film with less light trapping loss, resulting in a PCE of 7.15% with
an active area of 4cm? 7. They fabricated a thickness step-
structured ultrathin Ag layer (as shown in Fig. 2a) to roughly mimic
the efficacy of the thickness-gradient structure, resulting in the
optical loss closed to that with 20 nm homogeneous Ag FTE, but
the energy loss is much smaller. As a result, the PCE of large-area
flexible OSCs with an active area of 4 cm? can remain 80% of that
of the rigid OSC with 0.052 cm? small active area. In addition,
thermally evaporated/sputtered metal film suffers from a random
nucleation process that metal droplets migrate easily and
aggregate randomly on flexible substrate surfaces owing to
surface energy mismatch between those two materials*®. This will
lead to the growth of three-dimensional metal islands with
a morphology of discrete particles on the substrate, leading to a
thicker no-uniform metal electrode with optical loss. Introducing a
nucleation-inducing seed layer, such as metal oxide, metal seeds,
organic molecules, can provide dense nucleation centers and
suppress the growth of large metal islands*’~*°. Lee et al. tried to
investigate the role of polymeric nucleation-inducing seed layer in
the fabrication of high-quality large-area FTEs through modifying
surface energy of plastic substrates with different polymers
(polyethyleneimine, poly-N-vinylcarbazole, polyallylamine, polyvi-
nylpyrrolidone, polymethylmethacrylate, and polyethyleneoxide),
as shown in Fig. 2b®'. And they confirmed that the chemical
interaction between evaporated metals and functional amines
dominates the quality of ultrathin metal films. As a result, large-
area FETs (21x29.7cm?) with high uniformity and superior
performance (optical transmittance >95% and R, <10Q sq )
were obtained through polyethyleneimine modification on the
flexible substrate surface.

The low transmittance of the ultrathin metal films is mainly due
to their inherent compactness. Metal nanowires and metal grids
can provide advantages for balancing the light trapping loss and
sheet resistance induced energy loss due to their combined merits
of superior optoelectrical properties and good mechanical
flexibility. PCEs of 13.61% for the devices based on PM6:Y6 and
12.16% for the devices based on PTB7-Th:COi8DFIC:PC,;BM were
obtained in the large-area flexible OSCs with an active area of
1 cm? based on Ag nanowires (AgNWs) and Ag grid as the FTE,
respectively?®3'. Despite their successful applications in large-area
flexible OSCs, there are still some critical challenges, such as
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Table 1. The performance progress of flexible large-area (=1 cm?) OSCs prepared by different coating techniques.

Year Coating method Area (cm?) PCE (%) FETs Active layer Ref.
2005 Spin coating 1.2 1 PEDOT:PSS oa-NPD 10
2006 Spin coating 4.2 0.22 PEDOT MEH-PPV:PCBM n
2008 Spin coating 53 2.52 ITO P3HT:PCBM 12
2011 Spin coating 4 1.93 Ag grid P3HT:PCBM 13
2012 Spin coating 1 1.6 Ag NPs P3HT:PCBM 4
2013 Spin coating 1 1.4 Ag film P3HT:PCBM 15
2014 Spin coating 1.21 5.85 Ag grid PTB7:PC;,BM 16
2015 Spin coating 4 7.09 Ag film PTB7:PC;,BM 7
2016 Spin coating 2.1 5.79 Ag grid/PH1000 TPD:PBD:Ir(mppy)s 27
2017 Spin coating 10.5 6.5 Ag film P3HT:ICBA, PTB7:PC,,BM 8
2019 Spin coating 1 12.26 Ag/Cu grid PBDB-TF:IT-4F 19
2020 Spin coating 1 13.6 AgNWs PM6:Y6 20
2009 Slot die coating 120 2.1 ITO P3HT:PCBM 2
2010 Slot die coating 355 2.75 ITO P3HT:PCBM 22
2011 Slot die coating 20.6 1.6 Cr/Al/Cr film P3HT:PCBM 23
2012 Slot die coating 6 1.84 Ag grid P3HT:PCBM 24
2013 Slot die coating 1 3.5 Ag grid PDTSTTz-4:PCBM 25
2014 Slot die coating 35 3.13 ITO/Ag/ITO P3HT:PCBM 26
2016 Slot die coating 35 42 ITO/Ag/ITO PBTZT-stat-BDTT-8:PCBM 28
2017 Slot die coating 1.25 8.28 Ag grid PTB7-Th: p-TS(FBTTH,),:PC;,BM 29
2019 Slot die coating 1.04 9.77 ITO PBDB-T:ITIC 30
2020 Slot die coating 1 12.16 Ag grid PTB7-Th: COi8DFIC:PC;,BM 31
2005 Blade coating 16.8 0.04 PEDOT:PSS MDMO-PPV:PCBM 32
2007 Blade coating 17.1 1.5 ITO P3HT:PCBM 33
2018 Blade coating 2.03 7.6 Ag/TiOx PTB7-Th:ITIC 35
2020 Blade coating 85 5.21 Nabil PTB7-Th:EH-IDTBR 36
2021 Blade coating 1.05 9.81 ITO PBDB-T:TIC 34
2011 Gravure printing 9.65 1.92 ITO P3HT:PCBM 37
2013 Gravure printing 45 1 ITO P3HT:PCBM 38
2015 Gravure printing 8 222 ITO P3HT:PCBM 86
2016 Gravure printing 45 2.1 ITO P3HT:PCBM o

uncontrolled network structure, high contact resistance, and high
surface roughness®2. Researchers have devoted great efforts to
solve the above issues, such as doping, adding a protective layer,
and post-treatment®>*4. Chen et al. successfully fabricated grid-
like structured AgNWs FTEs with an sheet resistance of 10Q sq™'
and a transmittance of around 92% through using poly(sodium 4-
styrenesulfonate) (PSSNa) as a polyelectrolyte in the AgNWs
disperation, as shown in Fig. 2c®. Li et al. reported 3-um-width
silver grid embedded in PET substrate, exhibiting very low
resistance of 0.5Q sq~' with optical transmittance of 85%°°. To
make it compatible with large-area flexible OSCs, they have tried
to prepare PET/Ag-grid/PH1000 to improve surface flatness and
wettability of the PET/Ag-grid. The PET/Ag-grid/PH1000 FTEs
exhibited a resistance of 1.2 Q sq~' with an optical transparency of
80%, leading to a PCE of 5.85% (1.21 cm? active area) for the
device based on PTB7:PC,;,BM as the photoactive layer, which was
the highest performance of the flexible OSCs in that period'®.
However, the parasitic absorption of PH1000 in the long-
wavelength region can seriously hinder sunlight utilization. To
overcome this issue, they doped 20 wt% AgNW:s into PH1000 for
obtaining an optical transparency of 86% with a sheet resistance
of 6Q sq~' 5. In addition, they also tried to remove PH1000 and
prepare a PET/embedded AgNWs substrate (Em-Ag) to address
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the mismatch problem between the transmittance/absorption
spectra of the FTEs as shown in Fig. 2d®”. Owing to the capillary
force effect and secondary growth of AZO from solution, the
AgNWs parasitic absorption from electrode compositions can be
effectively avoided. And the deposited AZO can weld the junction
site of the AgNWs. The exposed AgNWs in the underlying Ag-grid
further bind with the upper AgNWs layer in the AgNWs:AZO-SG,
thus enhancing the mechanical properties of the FTEs. The
resultant welding FTEs exhibit sheet resistance of 18 Q sq~' with
an optical transmittance of =95%. It needs to mention that the
above FETs are also called composite electrodes, which combine
metal nanomaterials and other conductive materials, leading to
high conductivity and transmittance, smooth surface, high
adhesion and coverage, and robust bending durability. This
strategy can complement the good properties of each material,
which opens more routes for the selection of the conductive
material and will be great helpful to promote the development of
flexible large-area OSCs.

Carbon nanotubes, graphene, and high conductivity polymers
(such as PH1000) have been widely investigated as ITO
alternatives on FETs. However, performances of large-area OSCs
are still poor due to the low transparency or high sheet resistance
of these materials that will not be discussed in this review>®,
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Fig. 2 The development of flexible transparent electrodes for the large-area organic solar cells. a Top view of the structures of the
thickness step-structured Ag layer'’. b Schematic illustration of the ultrathin Ag FTEs and SEM images without and with a polymer nucleation-
inducing seed layer on PEN substrates. Chemical structures of the polymer nucleation-inducing seed layers®'. ¢ Surface SEM images of the
AgNWs films prepared from the pristine AQNW suspension, AQNW suspension with PSSNa, scale bars, 4 pm. The inset figures are the cross-
section SEM images with scale bars of 200 nm>>°’. d Schematic illustration of a flexible OSC based on Em-Ag/AgNWs:AZO-SG FTE®’.

PHOTOACTIVE LAYER

The photoactive layer is the most critical component in large-area
flexible OSCs. Owing to the intrinsically low charge-carrier mobility
and strong exciton binding energy of organic materials, the
thickness of the active layer in the most efficient OSCs is ~100 nm.
PCEs of large-area flexible OSCs are much lower than that of the
small size OSCs, which could be due to the following reasons: (1)
the thin active layer is quite sensitive to the point defects on the
rough FTEs as lots of point defects exist in the large-area OSCs. (2)
The PCE will change significantly if there is a slight thickness
variation on the active layer with low thickness insensitivity. (3) It
is difficult to prepare a relatively thin organic film by the most
scalable coating techniques. The active layer materials, as the
most critical functional layer in OSCs, greatly affected these factors
and the PCEs of the devices. Herein, we will provide a brief
introduction to these state-of-the-art material systems and also
discuss the coating techniques for the active layers of the large-
area flexible OSCs.

Materials requirement

Controlling the morphology of the active layers can help to
facilitate the charge carriers’ generation and transportation in
the OSCs. The requirements for the PV materials are as follows: (1)
the active layer should be insensitive to the film thickness for the
production of efficient large-area flexible OSCs. (2) The organic
donors and acceptors need to have regular molecular packing
structures with face-on orientation during coating processing to
provide efficient charge transfer. (3) Low solubility and strong
aggregation tendency for the acceptor materials that can cause an
undesirable domain size and low crystallinity need to be avoided
during the coating process.
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The high mobility of polymer donor can benefit hole transport
in the active layer and decreases charge recombination, resulting
in high toleration of large thickness variations of the active layer.
P3HT is the main donor material for the large-area OSCs in the
early time, due to its high hole mobility (un,, 5% 1073 cm? V='s™1)
and prefer morphology, exhibiting the high insensitivity of film
thickness in 0SCs>°. However, its high-lying highest occupied
molecular orbital (HOMO) level results in low V.. and limited the
performance of the 0SCs®°. In addition, the commonly reported
conjugated D-A copolymers based on the fluorinated benzothia-
diazoles (BT) show limited hole mobility at a level of 10~*cm?
V~'s™1. Many researchers have focused their efforts on how to
improve the charge mobility and planarity of donors through
designing chemical structures®'=®3, Chen et al. reported a D-A
copolymer donor FBT-Thy(1,4) through using 5,6-difluoroben-
zothiadiazole as the A-unit and quarterthiophene with solubilizing
alkyl chains attached on the two terminal thiophene rings as the
D-unit. FBT-Th4(1,4) has a strong interchain aggregation and forms
pre-aggregation in a solution at room temperature, leading to
hole mobility up to 1.92cm? V- 's. As a result, FBT-Th,(1,4)
exhibited high toleration of thickness variations in the OSCs,
showing PCEs all over 6.5% with active layer thickness variations
from 100 to 440 nm and the highest PCE is 7.64% for the device
with 230-nm thick active layer®®, Li et al. developed a low-cost and
efficient polymer donor poly[(thiophene)-alt-(6,7-difluoro-2-(2-
hexyldecyloxy)quinoxaline)] (PTQ10), exhibiting good reproduci-
bility and high tolerance of the film thickness with a PCE over 10%
(PTQ10:DIC) even at an active layer thickness of 310 nm®>,
Through combining the post-treatment of thermal annealing
and solvent vapor annealing, the blend film exhibited preferred
face-on orientation, the closer m-m stacking, and the higher
crystalline characteristics, contributing to balanced charge mobi-
lity and less charge-carrier recombination. This could be the
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Fig. 3

reason for the insensitivity of PV performance of the OSCs on their
active layer thickness. We also want to emphasize that PTQ10 is
one of the few reported active layer materials with low cost and
high PCEs.

Compared with BT, naphthol1,2-c:5,6-c]bis[1,2,5]-thiadiazole
(NT)-based polymers, containing two fused BT units, have an
enlarged planar aromatic structure, resulting in enhanced inter-
chain packing and thus the improved carrier mobility. Huang et al.
developed two m-conjugated D-A copolymers, PNTT and PNTBDT,
containing NT A-units. Both polymers exhibit deep HOMO energy
levels and high hole mobilities. OSCs based on PNTT-H (PNTT with
high M,, value of 90.1 kDa) exhibited PCEs greater than 10% with
active layer thicknesses of 150-660 nm and a PCE of 9% with an
active area thickness of 1050 nm. The PCE insensitive to the active
layer thickness is due to the trade-off between light-harvesting
capability and charge-carrier transport in the BHJ films®®. Thieno
[3,4-c] pyrrole-4,6-dione (TPD), with strong electron-withdrawing
property and coplanar structure, is a very functional A-building
block for organic semiconductor materials. The 2,20-bithiophene-
3,30-dicarboximide unit can be considered as the derivative of the
TPD unit, possessing a more expanded conjugated structure,
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Donors in the photoactive layer. Chemical structures of polymer donors can be used in large-area flexible OSCs.

leading to an insensitive active layer thickness for the PV
performance of the OSCs®’.

Even though the non-fullerene acceptors exhibit favorable
photoelectric properties and high efficiency in the OSCs, they are
quite sensitive in the thick film due to the lower electronic
mobility and anisotropic charge transport®®°, The emergence of
Y6 with high charge-carrier mobilities triggered a breakthrough in
the design of non-fullerene receptors, due to their dimer
aggregation and three-dimensional charge transport channel”®7",
Yip et al. used a fluorinated polythiophene derivative (P4T2F-HD)
to couple with Y6-BO, showing suitable miscibility and can be
processed from different nonhalogenated solvents. PAT2F-HD has
relatively low miscibility with Y6-BO, which enables both the
donor and acceptor materials to form desired packing and
nanoscale phase separation morphology for efficient OSCs,
leading to small sensitivity to the thickness of the active layer’?,
Through controlling the morphology, Hou et al. successfully
achieved highly efficient thickness-insensitive non-fullerene OSCs
based on PBDB-T/IT-M as the active layer. Through thermal
annealing treatment to control molecular ordering and phase
separation, the electron mobility of IT-M becomes higher and the
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Fig. 4 Acceptors in the photoactive layer. Chemical structures of polymer donors can be used in large-area flexible OSCs.

blend films possess more ordered packing and a higher average
domain purity”3.

Therefore, through tuning the mobility, packing state, the
morphology of active layer, high-performance, and thickness-
insensitive PV properties can be successfully realized in large-area
0OSCs. The chemical structures of the polymer donors and
molecule acceptors that can be used in the large-area flexible
OSCs are summarized in Figs. 3 and 4.

Coating techniques

The solution processable OSCs are compatible with R2R produc-
tion, owing to the chemical nature of organic materials: organic
semiconductors are based on abundant and non-toxic raw
materials can be tailored for purpose, and the fabrication process
is solution processable. Therefore, OSCs have great potential in the
high throughput production for enabling competitive values of
LCOE. However, most of the state-of-the-art OSCs at laboratory
scale are fabricated by the spin-coating method. The superior
advantage of the spin-coating method is that it is easy to obtain a
high-performed organic active layer with well-defined thicknesses
and different compositions. However, the thickness and morphol-
ogy of the active layer are determined by the continuous
centrifugal force, which is unreliable for large-area coating. What
is worse, the spin-coating method cannot be applied to the high
throughput R2R production. Therefore, researchers need to focus
on the alternative methods for scalable coating the OSCs,
especially those methods that can be transferred into R2R
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manufacturing to meet the requirements of commercialization.
Blade coating, slot-die coating, gravure printing, and inkjet
printing are the most explored methods for preparing the large-
area active layers.

The scalable coating process for preparing thin film from
solution usually contains three steps: solution wetting, spreading,
and film drying. A deep understanding of the three steps will be
greatly helpful for getting efficient OSCs. The solution wetting can
be divided into static wetting and dynamic wetting’®. The static
wetting describes the injected droplets on the substrate keeping
static, which is determined by the thermodynamic equilibrium of
gas, liquid, and solid phases’. This is related to the interfacial
tension of solid-vapor, solid-liquid, and liquid—vapor, which
means that the droplet is complete wetting when the horizontal
direction and vector of these surface tension components are the
same. The static wettability of the solution will directly affect the
subsequent film formation’®. Therefore, the film quality can be
regulated by choosing different kinds of solvent and material to
tune the wettability of the ink””. However, this affection is much
smaller than that of dynamic wetting in the upscalable printing
methods for the organic active layer due to the continuous liquid
flow’®. Dynamic wetting occurs at the dynamic contact line (the
contact line between the meniscus and the substrate), where the
air is replaced by the liquid flow”*. The advancing meniscus is
regulated by the surface tension and dynamic pressure. And the
receding meniscus directly contacts with the wet film, leading to
more influence on the quality of the final film than that of the
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Fig. 5 Mechanism for the scalable coating organic photoactive layers. a, b Schematics of evaporation and Landau-Levich regimes of film
deposition”®. ¢ Schematic depiction of the possible routes to the formation of the BHJ morphology during deposition, which depends on the
nature of the substrate and the evolution deposition conditions of the film82. d Schematic exhibition of the phase separation processes that
may occur during drying of a solution that contains two components. L-L, L-S, and S-S are liquid-liquid, liquid-solid, and solid-solid-phase

separations, respectively, and D-O is disorder-order transition®'.

advancing meniscus. Following the wetting process, the ink is
spread to form a thin film. The thickness of the thin film is mainly
determined by two regimes named “evaporation regime” and
“Landau-Levich regime” due to the competition of driving forces
of solvent evaporation and viscous forces, as shown in Fig. 5a, b”°.
The evaporation regime means that the solvent evaporation
speed is faster than the coating speed, showing a thicker film
derived from slow coating speed. This is the opposite with
Landau-Levich regime region where the solvent evaporation
speed is slower than the coating speed, showing thick film derived
from the high-speed coating process. The film drying process is
usually needed to remove the residual solvent to form the final
film. During this process, the post-treatment methods, like
antisolvent, annealing, gas quenching, vacuum quenching, can
affect the film formation®°. Different phase separation processes
could happen during the drying process that can be schematically
exhibited in Fig. 5¢, d for the BHJ film with the donor:accepter
system®'®2, In the following, we will give a detailed discussion of
the different scalable coating techniques for preparing the
photoactive layers.

Blade-coating method as shown in Fig. 6a is the most explored
method for preparing thin films. During the blade-coating process,
the film thickness is determined by the distance between the
applicator and substrate, the viscosity of the solvent, the volume
of the solvent, blading speed, the concentration of the solution,
surface tension, and substrate properties. With low material waste,
the efficiency of 16.35% on the small-area device has been
achieved through blade-coating method®3, which is still lower
than that of the spin-coating method. The main reason for this
lower performance is due to that there is no continuous
centrifugal force to fast evaporate the solvent to well control
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the film formation of the organic layer. Until now, most of the
blade-coated efficient OSCs are based on BHJ organic active layers
and LBL organic active layers. Hou et al. reported a PCE of 7.6% for
the ITO-free flexible larger area OSCs (active area, 2.03 cm?) based
on PTB7-Th and ITIC as the active layer’®. Through the
incorporation of 0.6 vol% DIO, the final drying time is prolonged
from 72 to 506 s thus strongly affecting the final morphology of
the active layer, resulting in favorable crystallinity, morphology,
and internal D/A structure. As a result, the DIO additive helps ITIC
molecules migrate from the bottom to the top to form an optimal
D/A interface distribution in the BHJ active layer, resulting in the
reduced exciton recombination and optimized electrical para-
meters. A similar result was achieved by Ma et al. by adding DIO as
the additive into PBDB-T:ITIC BHJ system to adjust film formation,
leading to a better performance than that of the spin-coated
devices®*. They claim that the phase separation of the BHJ blend
film is more sensitive to the amount of DIO for the blade coating
than the spin coating. In addition, the blade-coated OSCs derived
from the 0.25% DIO additive result in lower diffusion ability of
donor and acceptor molecule, demonstrating better stability than
the spin-coated device. Recently, Yuan et al. reported regulating
crystallization of this PBDB-TITIC BHJ film by adding high
crystalline FOIC (a fused octacyclic electron acceptor with A-D-A
structure) as the additive to form the ternary system>*. The PBDB-
T:ITIC:FOIC system cannot only increase the light-harvesting
efficiency with complementary absorption, but can also form
the acceptor alloy, leading to a highly balanced crystallinity
between the donor and acceptor. As a result, a PCE of 9.81% was
obtained on the flexible large-area blade-coated ternary OSCs
(1.05 cm?). However, it needs to mention that there are still some
limitations for the blade-coating method that are explained as
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Fig. 6 Common scalable solution deposition methods for large-area flexible OSCs that are compatible with roll-to-roll manufacturing.
a Blade coating. b Slot die coating. ¢ Gravure printing. d Inkjet printing. e Screen printing.

follows: (1) there will be a thickness variation for the large-area
over 10x10cm?, as the continuing consumption of solution
during the blade-coating progress, leading to the decreased
performance. (2) The blade-coating method cannot be used in
high throughput continuous production and is difficult to
integrate into R2R equipment.

However, the blade-coating method can serve as an analog to
the slot die-coating method owing to the similar working
mechanism. During the slot die-coating progress as shown in
Fig. 6b, the coating solution is continuously supplied through the
slot die head with a pump that rules like the applicator of the
doctor blade and capillary force and viscosity of the solution
between an applicator and a substrate affect additionally the
formation of meniscus. And the thickness of the film can be
precisely defined by adjusting the ink-feeding rate and the speed
of the slot die head or the substrate. Therefore, the slot die-
coating method is considered the most favorable method among
researchers for the production of large-area flexible OSCs.
However, this method is generally less suitable for applying in
the development of high-cost precursors as it usually requires a
large amount of the coating solution to fill in the slot to start
coating. Many researchers have focused on how to improve film
quality to increase the performance of the slot die-coated OSCs,
such as high-temperature coating®® and gas quenching assistant
drying®®. However, the mechanism of morphological evolution in
the photoactive layer is still not deeply understood. Chen et al.
demonstrated a general approach to upscale flexible OSCs to the
module scale with less performance loss°. They have tried to
apply the variable of shear impulse during the film formation
process to explain the morphological evolution of the fullerene
acceptor-based system (PTB7-Th:PC;;BM) and the non-fullerene
acceptor-based system (PBDB-T:TIC). At last, a transformation
factor of shear impulse between spin-coating and the slot-die
coating was carried out, which is applicable to various OSCs
systems. As a result, for the flexible devices based on PTB7-Th:
PC;1BM and PBDB-TITIC, PCEs reached 9.10% and 9.77%,
respectively, for the devices with device area of 1.04cm? and
7.58% and 8.90%, respectively, for the devices with device area of
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15 cm?. Through structuring the devices by ultrashort laser pulses
and combining slot die coating into the R2R equipment, Brabec
et al. successfully fabricated the large-area flexible module based
on the architecture of IMI/ZnO/PBTZT-stat-BDTT-8:PCBM/PEDOT:
PSS/Ag with a high geometric FF of 98.5%, demonstrating a PCEs
of 4.18% and 3.95% for the active area of 35 and 98cm?,
respectively?®.

Gravure printing is a promising method for scaled-up high
throughput manufacturing, as shown in Fig. 6¢c. During gravure
printing, the pattern consists of recessed cells below the surface of
the roller. These cells are filled with ink, and a doctor blade is used
to remove excess ink from the junction between the cells. Gravure
printing usually contains three steps: ink filling, wiping, and
transfer. The ink, which is applied to the engraved printing
cylinder, will be transferred to the substrate. During the printing
process, the printing cylinder is partially immersed in the ink
container to make the engravings filled with ink. The engraved
pattern of the cylinder determines the active area for the ink
transfer. A doctor blade is used to remove the excess ink from the
inactive area of the printing cylinder. The ink is then transferred
from the cylinder to the flexible substrate through applying
pressure with an embossing roller. Unlike blade coating or slot-die
coating, gravure printing can deposit and pattern a high-precision
and high-resolution film in a short time for one time, even for
complex patterns. Kopola et al. reported large-area flexible OSCs
fabricated with R2R compatible gravure printing method showing
PCE of 1.68% (active area, 15.45 cm?) based on P3HT:PCBM as the
active layer®’. Although many research groups have successfully
fabricated large-area OSCs based on the gravure printing method,
it is not an ideal method for the production of OSCs due to the
inherent characteristics of this method:33%7#8 (1) The gravure
printing method forms dots of the ink on the substrate, whose
pattern is the same as the engraved cells. Even the discrete dots
can be merged and the variation of wet film thickness can be
minimized, the formed thin organic film usually has lots of defects.
(2) The coating speed of R2R gravure printing is too high to
initially deposit a uniform wet film because the leveling process
requires time for the printed solution to spread out’. Reverse
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gravure coating is similar to gravure printing but it can produce a
uniform film without two-dimensional patterns. Two web guide
rolls are introduced along with a coating roll that can touch the
web with minimal pressure, leading to the smooth rolling of the
web. By applying reverse gravure coating into the R2R manu-
facturing, Vak et al. fabricated the large-area flexible OSCs
showing PCE of 2.1% (active area, 45 cm?) based on P3HT:PCBM
as the active layer®.

Inkjet printing is a digitally controlled contact-less patterning
technique that can also be equipped into R2R manufacturing as
shown in Fig. 6d. The ink is dispersed by nozzles with fine control
of the droplet size and trajectory, leading to a reproducible digital
pattern with high resolution and no material loss. The merit of
inkjet printing is that it can realize attractive complex or varying
patterns of the thin printed film. However, the slow printing speed
inhibits the application on printing large-area OSCs. And the
viscosity of ink needs to be low enough to form droplets that is
also a limitation for its application in OSCs®. The common
solvents used for the active layer ink, like chloroform, chloroben-
zene, and o-xylene, is typically not applicable for inkjet printing
method due to the low viscosities (less than 1 mPas). Lamont et al.
tried to add polystyrene to increase the viscosity ink to enhance
the printability with an expense of 20% of the performance®. In
addition, high boiling point solvent, such as 1,8 octanedithiol, 1-
chloronaphthalene, o-dichlorobenzene, can also be used as an
additive in the inkjet printing method®’.

Screen printing can also be induced into R2R manufacturing as
shown in Fig. 6e. During the screen printing process, the ink is
held and transferred into the substrate by a patterned mesh
screen. The thickness of the printed film is defined by the mask
thickness, leading to a usual undesired thicker film (1-10 pm). And
this method has significant limitations regarding the ink proper-
ties: (1) to avoid deviation from the pattern, the ink should have
high viscosity. (2) To avoid the thickness variation of the thin film
raised by the concentration gradients caused by evaporation, the
solvent should have low volatility. Until now, the active layer with
the composition of P3HT/PCBM has been successfully screen
printed for preparing OSCs on the rigid substrates®>3,

SUMMARY AND OUTLOOK

In this review, after a brief discussion of the merits of OSCs, the
perspective of challenges to be overcome for upscaling OSCs on a
flexible substrate is discussed. Efficiency progress of flexible large-
area (=1cm?) OSCs prepared by different coating techniques is
exhibited in Table 1, which indicates the urgency for the
development of efficient large-area flexible OSCs. Then the
progress and requirement for developing FTEs are discussed to
give a clue for preparing the FTEs with low sheet resistance and
high transmittance. As the photoactive layer is the most critical
component in OSCs, the material requirement for the thickness
insensitivity of PV performance is discussed. Then, the upscalable
coating methods that can be induced into R2R equipment are
discussed, including blade coating, slot die coating, gravure
printing, inkjet printing, and screen printing.

Although OSCs have already demonstrated promising potential
toward large-area flexible fabrication, many challenges remain.

(1) It still lacks the scalable coating methods for achieving
comparable FTEs with low sheet resistance, high optical
transmission, smooth surface, and robust bending durability.
Recent results indicate that the composite electrodes, which
combine metal nanomaterials and other conductive materi-
als, can take advantage of all the merits of those materials to
fulfill the requirements for the FTEs, such as ITO/Ag mesh/
ITO, AgNWs:AZO-SG, and Ag-grid/PH1000. In addition, the
most efficient results of large-area FTEs are still based on the
spin-coating method, which is limited to the substrate size
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and cannot be directly transferred to the scalable methods.
Therefore, it is greatly needed to explore the scalable
coating method for the fabrication of the FTEs to deeply
understand the coating mechanism of FTEs. In addition, the
top electrode is usually deposited by thermal evaporation,
which is time consuming and can increase the manufactur-
ing cost of the total OSCs. Development of the techniques
for printed top electrodes is a trend for R2R production of
large-area flexible OSCs, especially for future commercializa-
tion.

Decreasing the thickness sensitivity of the photoactive layer
is greatly needed to make the PCEs not change significantly
for the slight thickness variation and more compatible with
the scalable coating techniques. Tuning the packing state
and morphology of the active layer, designing the molecule
structure to control the suitable miscibility of the non-
fullerene acceptor, and incorporating high hole mobility of
donor materials to accelerate hole transportation are
effective strategies to achieve the thickness insensitivity of
the active layers. In addition, the interlayer materials,
especially for the electron transport layer (ETL), are also
key factor in the large-area flexible OSCs. The ETL needs to
be thin enough (5-20 nm) to provide good ohmic contact
for the charges transferring. And a thick ETL will significantly
increase the series resistance of large-area OSCs owing to its
low conductivity. Therefore, it is highly necessary to develop
materials and related coating techniques for the ETL with
thickness-insensitive ~ properties in  the large-area
flexible OSCs.

Scalable coating techniques are greatly needed for the
large-area flexible OSCs. And the thickness precision for
blade coating, slot die, inkjet printing, and grave printing is
nm, while it is um for screen printing. The slot die coating
method could be the best option for upscaling flexible OSCs
as it has low requirements for the materials and solution and
can be easily assembled into R2R manufacturing. Inkjet
printing is a contact-less method and can print the thin film
with fine and accurate patterns, which is a wonderful
technique for the scalable fabrication of large-area OSCs
regarding future practical applications. But the requirement
for the low viscosity of ink will be a limitation of the inkjet
printing method. In addition, laminating technology is also
one of the promising and effective methods for producing
flexible OSCs because it can combine high yield and
simultaneous packaging®*®>. The flexible OSC is made by
roll lamination of two parts, referred as the anode side and
the cathode side, using the active layer as the adhesive.
The synthetic cost for the donor and acceptor materials
should be low enough for the scalable and high throughput
fabrication of flexible OSCs due to the huge consumption of
those materials. It is essential to address the magic triangle
of PV key performance indicators: efficiency, lifetime, and
costs (of processing and materials) before further applica-
tion of the large-area flexible OSCs. Researchers need to
spend great effort on exploring low cost, stable, and high-
performance donor and acceptor materials. Furthermore,
green solvents (nonhalogenated solvent) should be applied
in the upscalable coating process, especially the R2R coating
process. However, the current performance of OSCs derived
from the green solvents is still lower than that derived from
the halogenated solvents. Therefore, a deep understanding
of the film formation mechanism based on scalable coating
methods with green solvents is essential for the instruction
for processing optimization and material design. In addition,
it is not practical to fabricate a single cell on a large-area
substrate because the resistance of the transparent con-
ducting electrode is substantial over a long transport
distance. Resistance losses are reduced by dividing a large
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cell into smaller subcells with series interconnections to
form a module. And high geometrical fill factor (GFF) is
favorable for maximum utilization of the whole device.
Currently, the highest GFF of a solar module is up to 99% by
the design of point contact interconnections®.

The operation lifetime of OSCs still needs to be improved
regarding illumination, air, heating, and bending. Materials
design and selection for the layers (active layers and charge
transport layers), surface modification, and modification of
processing are effective strategies to enhance the stability of
OSCs. For example, side-chain engineering is an efficient
way to turn the structure of donor materials regarding the
stability of OSCs. Besides, encapsulation of OSCs can also
effectively prevent the device degradation from oxygen and
moisture. The encapsulation materials should be cheap,
stable, and easy to deposit, as well as have a high dielectric
breakdown, high volume resistivity for oxygen and moisture.
In addition, some encapsulation materials can also increase
UV illumination and mechanical stability. On the other hand,
ITO-free FTEs are also quite important that they should have
excellent environmental and mechanical stability and the
fabrication process must meet the requirements of large-
scale preparation. The large-area flexible solar cells also
need to show excellent mechanical stability to maintain
performance during bending. At last, the module design can
also affect the device’s stability. Until now, the most efficient
reported organic solar modules are based on series-
connection design. This module design consists of several
subcells through P1-P2-P3 etched lines interconnection,
resulting in the electrode’s direct contact with the organic
active layers, which will cause potential concerns for the
stability of solar modules due to the generation of
shunt paths.

If these challenges can be addressed, the potential application

of the flexible OSCs will have a great impact on global energy
production and flexible electronic devices.
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