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1 | INTRODUCTION

Solar energy is considered to be one of the competitive
alternatives to fossil fuels in the future due to its abun-
dance, cleanness, and sustainability.["z] Solar energy can
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Abstract

Foldable solar cells, with the advantages of size compactness and shape transfor-
mation, have promising applications as power sources in wearable and portable
electronics, building and vehicle integrated photovoltaics. However, in contrast
to mild bending with curvature radius of several millimeters, folding gener-
ates the crease with extreme curvature radius of sub-millimeter, resulting in the
appearance of large strain and stress. As a result, it is highly challenging to realize
robustly foldable and highly efficient solar cells. Here, we summarize the recent
progress on the photovoltaic performance and mechanical robustness of foldable
solar cells. The key requirements to construct highly foldable solar cells, includ-
ing structure design based on tuning the neutral axis plane, and adopting flex-
ible alternatives including substrates, transparent electrodes and absorbers, are
intensively discussed. In the end, some perspectives for the future development
of foldable solar cells, especially the standard folding procedure, improvement
in the folding endurance through revealing failure mechanism, are provided.

KEYWORDS
ductile absorber, flexible transparent electrodes, foldable solar cells, structure design, ultrathin
substrates

be utilized in many ways, among which the solar cell that
converts sunlight into electricity is the most convenient
route. Recently, flexible solar cells, with the advantages
of low cost, light weight, foldability, roll-to-roll fabrica-
tion, have attracted wide attention. The deformation of
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flexible solar cells mainly includes bending, folding,
stretching, twisting and crumpling (Figure 1). It is widely
accepted that folding is the extreme condition of bend-
ing which generating crease with extreme low curvature
radius of sub-millimeter. Thus, foldable solar cells meet the
requirements of size compactness and shape transforma-
tion for many emerging applications. They can not only
be used as electrical power generating in wearable and
portable electronics to form self-powered systems, but also
can be integrated into the complex-shaped building and
transportation vehicle to offer integrated functionality.

Recently, flexible solar cells have experienced fast
progress in respect of the photovoltaic performance, while
the attention on the mechanical stability is limited.!*0!
By now, most reported flexible solar cells can only toler-
ate bending with curvature radius of several millimeters.
The investigation on foldable solar cells is only a few. It is
well known that folding induces the crease with a curva-
ture radius of sub-millimeter, resulting in the appearance
of large strain and stress. As a result, cracks will be formed
in the functional layers or delamination will be occurred at
the interface as soon as the strain exceeds the crack onset
strain, leading to the degradation or even failure of the
solar cells under repeated folding. Therefore, it is highly
challenging to realize robustly foldable solar cells. More-
over, the performance of foldable solar cells on foldable
conductive substrates has not been optimized, which is far
behind the normal bendable solar cells, not to mention the
rigid ones. Thus, it is urgent to improve both the photo-
voltaic performance and mechanical stability of foldable
solar cells for the further practical applications.

Here, we summarize the recent progress on photovoltaic
performance and mechanical robustness of foldable solar
cells. Then, we discuss the key requirements to construct
highly foldable solar cells, including structure design based
on tuning the neutral axis plane, and flexible alternatives
including substrates, transparent electrodes, and absorbers
(Figure 2). In the end, we discuss the promises of foldable
solar cells and provide some perspectives for the future
development. We hope this review will shed light on the
design and fabrication of foldable solar cells for many
emerging applications.
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FIGURE 2 Key points for achieving highly foldable solar cells

2 | STATUS OF FOLDABLE SOLAR
CELLS

Compared to the normal bendable solar cells which can
endure flexion with a smooth curve with radius of several
millimeters, foldable solar cells can tolerate the crease at
the edge with a curvature radius of sub-millimeter. It is
apparent that foldable solar cells experience large strain or
stress, resulting that it is difficult to realize highly foldable
solar cells. In addition, compared to the normal bending
procedure which can be precisely determined by the cur-
vature radius and cycle, there is a lack of the accurate def-
inition of folding procedure by now. In some papers, the
authors fold the devices around cylinder with fixed cur-
vature radius of sub-millimeter.!'"'?! In the other papers,
the authors directly fold the devices with or without force,
while no accurate characterization on curvature radius
is given.[>"5] In the latter condition, the folding radius
which strongly depending on the sample thickness and
imposed force, differs from samples to samples. In this
paper, we make the following definition that the devices
possess foldability if they can endure flexion with curva-
ture radius of sub-millimeter, direct folding, or crumpling,
which will be included in the following discussion. Based
on our understanding, the reported foldable solar cells can
be mainly divided into the following two types.

On one hand, folding is done in the predesigned place
which can endure large strain and stress, such as the
flexible substrates or flexible transparent electrodes.! o8]
Nogi et al. demonstrated foldable organic solar cells using
nanofiber paper as substrates and silver nanowire as
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paper.['°] Copyright 2015 Springer Nature. C, Foldable c-Si solar modules enabled by origami design. D, J-V curves of origami c-Si solar modules

after cyclic folding.!"”! Copyright 2014 American Institute of Physics

electrodes with power conversion efficiency (PCE) of 3.2%.
However, the folding was done in the transparent con-
ductive nanofiber paper instead of organic absorber lay-
ers, as shown in Figure 3A. It was proved that silver
nanowires on nanofiber paper exhibited high electrical sta-
bility in repeated folding tests due to the dual advantages
of hydrophilic affinity and entanglement between cellu-
lose nanofibers and silver nanowires, as shown in Fig-
ure 3B, imparting the foldability of paper-based organic
solar cells.l"®] Yu et al. realized foldable crystalline silicon
(c-Si) solar modules enabled by origami structure. In this
approach, high-performance devices placed in the parallel-
ograms did not experience large strain during deformation,
while the serpentine-shaped metal interconnects placed at
the creases suffered large strain during folding and unfold-
ing, as shown in Figure 3C. At the original state, the c-Si
solar modules exhibited open circuit voltage (V) of 0.455
V, short circuit current density (Js.) of 5.95 mA cm™, and
filling factor of 52.1%. When the solar modules subjected to
folding, the Jy. started to decrease and gradually saturated
at around 4 mA cm after 10 cycles of folding/unfolding,
while the V. almost remained constant throughout 40
times folding/unfolding, as shown in Figure 3D.[""]

On the other hand, the researchers try to fabricate real
foldable solar cells in which creases locate in the active
layers.!'"-1519-22] Dye to its low-cost, lightweight, foldable,

degradable and recyclable nature, paper is a promising
substrate for foldable solar cells. B. A. Korgel et al. reported
foldable CulnSe, nanocrystal solar cells on paper sub-
strates composed of bacterial nanocellulose, as shown in
Figure 4A. The inorganic solar cells exhibited PCE as high
as 2.25%. More importantly, the performance of solar cells
was stable even after five cycles of folding on the active lay-
ers. While further folding would lead to the failure due to
the formation of large cracks in indium tin oxides (ITO)
and nanocrystal CulnSe, layers.[”*] Song et al. applied the
strategies of using ultrathin substrate to decrease stress
in the functional layers during folding, combined with
using ultrathin silver films to replace brittle ITO elec-
trodes, to construct robustly foldable solar cells. Polymer
solar cells using 25 um cellophane paper as substrates
and zinc oxide/ultrathin Ag/zinc oxide (OMO) as elec-
trodes exhibited PCE of 5.94%. Furthermore, the polymer
solar cells maintained 92% of initial PCE after folding at
180° angle for 35 cycles, as shown in Figure 4B.I'*] Using
the same strategies, they demonstrated perovskite solar
cells on 25 um cellophane paper substrates and titanium
oxide/ultrathin Ag/titanium oxide electrodes. The solar
cells exhibited PCE of 13.19%, the highest among all the
paper-based solar cells. Moreover, perovskite solar cells
retained 97.6% of the initial PCE after bending with a
radius of 0.3 mm and even preserved 95.8% of the initial
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FIGURE 4 Foldable solar cells with crease in the active layers. A, Foldable CuInSe, solar cells on bacterial cellulose paper.'*! Copyright
2017 American Chemical Society. B, Foldable polymer solar cells using 25 pm cellophane paper substrates and OMO electrodes."*! Copyright
2018 John Wiley and Sons. C, Foldable polymer solar cells on woven fabric electrodes.!™>] Copyright 2017 Royal Society of Chemistry. D, Foldable
perovskite solar cells on 2.5 im PET substrates.!'] Copyright 2019 Royal Society of Chemistry

PCE after bending with a radius of Imm for 1000 cycles.
They could further preserve >80% and >55% of initial value
after 50 single folding and 10 dual folding cycles. The differ-
ence in performance degradation between single and dual
folding was tentatively explained by the different crack

morphologies.[?*'°l Woven fabric is another popular sub-
strate for foldable solar cells in wearable applications. Zhen
et al. prepared foldable polymer solar cells on woven fabric
using a free-standing and wet transfer method. The fabric-
based solar cells exhibited PCE of 2.90%. Moreover, they
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maintained 50% of initial value after folding in half for 10
cycles, supposed to be due to the low Young’s modulus of
woven fabrics, as shown in Figure 4C.[">] Besides paper
and woven fabric, the normally used polymer substrates
can also be applied as the substrates for foldable solar cells.
Kaltenbrunner et al. demonstrated ultrathin perovskite
solar cells on 1.4 pm PET substrates, which exhibited sta-
bilized efficiency of 12% and a power-per-weight as high as
23 W g_l. Furthermore, they can endure multiple bends
into curvature radii down to 10 um. Herein, the flexion
radius was determined from the three-dimensional map
of the wrinkle morphology.l”!! Lee et al. demonstrated
ultra-flexible perovskite solar cells on thin PET substrates.
The solar cells on 2.5 ym PET substrate exhibited PCE
of 17.03%. Moreover, they underwent negligible perfor-
mance degradation after bending with radius of 0.5 mm
for 10,000 cycles. Further applying the protective layer on
top of device can improve the crumpling endurance. The
solar cells on 2.5 ym PET with protective layer maintained
their initial performance as much as 88% after 100 cycles of
crumpling, as shown in Figure 4D.["!] Park et al. prepared
flexible perovskite solar cells using shape recoverable poly-
mer NOA 63 substrates and PEDOT:PSS electrodes with
initial PCE 0f 10.75%. The devices maintained ~90% of ini-
tial performance after bending with radius of 1 mm for
1000 cycles. Furthermore, they still worked after crum-
pling, with the PCE decreasing from 10.75% to 6.07%.12*]
The PCE and foldability of reported solar cells are sum-
marized in Table 1. It is apparent that foldable solar cells

can be realized through constructing appropriate device
structure combined with using flexible alternatives, which
will be intensively introduced in the following paragraphs.
While, the PCE of foldable solar cells is low compared to
that of the rigid ones, mainly ascribed to that the proper-
ties of absorbers on ultrathin conductive substrates have
not been optimized. Considering the scientific and indus-
trial importance of realizing the foldable solar cells with
crease directly in the active layers, we will focus on con-
structing this type of foldable solar cells in the following.

3 | STRUCTURE DESIGN FOR
FOLDABLE SOLAR CELLS

The challenge for realizing the foldable solar cell is mainly
ascribed to the large stress in the devices under folding,
thus the strategies of adjusting the strain and stress in
device is an effective way. For the solar cells consisting
of multilayers, the induced strain in devices under flexion
with curvature radius of R can be expressed as Equation
(1). Fortunately, the strain in device is not only influenced
by flexion radius, but also by the position of neutral axis
(zna) plane where no strain existed, as shown in Figure 5A.
When z>zy4, the materials experience the tensile strain;
and when z<zy,, the materials experience the compres-
sive strain. Thus, tuning the zxs plane is a useful solution
to decrease the strain/stress in device during folding. The
position of zy 4 plane in the multilayers can be determined
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by Equation (2).[24%%]
_Z272NA
&(z,R) = R €]
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ZNA = e ©))

ZZ:I E;tk

where E’ = ﬁ, Ey, v, and t;. are Young’s modulus, pois-

son’s ratio, thickness of each layer k, g, is the middle posi-
tion of each layer on z axis, as shown in Figure 5B.

The dependence of zya position on the device struc-
ture is schematically demonstrated in Figure 5C. When the
solar cells are prepared on thick substrate with thickness
more than 100 pm, considering the thickness of total active
layer is usually lower than 1 um and the nearly the simi-
lar magnitude of Young’s modulus value for substrate and
active layer, the zy4 plane roughly locates in the middle of
substrates, as determined from Equation (2). If decreasing
the substrate thickness by an order of magnitude or even
more, the zy, plane will shift towards the active layers of
solar cells. Further applying symmetric device structure,
such as coating encapsulation layer on the top of devices,
the zya plane will even enter into the active layers of solar
cells. As a result, the strain and stress in devices during
folding will be significantly decreased by controlling the
Zna Plane, leading to the realization of robustly foldable
solar cells.

A few investigations preliminarily demonstrated that
the strategies of using ultrathin substrate and/or symmet-
ric structure could mitigate strain/stress in device, which
could be favorable to improve foldability of various opto-
electronic devices. Lee et al. observed that organic flash
memories on 6 um ultrathin substrates maintained ini-
tial capacities after folding with a curvature radius of
300 um for 1200 cycles.[*°] Sekitani et al. demonstrated that
organic transistors could continue to operate while being
folded into a radius of 100 um, enabled by thin substrate
thickness of 12.5 um and parylene/TFT/PI structure.*’]
Kim et al. revealed that silicon integrated circuits exhib-
ited good electrical properties when folded with a radius of
50 um. This extreme flexibility was ascribed to 1.2 um ultra-
thin substrate and PI/CMOS/PI structure. 28! Recently, the
above-mentioned strategies of using ultrathin substrate
and/or symmetric structure to tune neutral plane have
been also applied to realize robustly foldable solar cells.
Choi et al. investigated the effect of substrate thickness on
the flexibility of perovskite solar cells. When decreasing
the substrate thickness from 100 to 2.5 um, the strain in
device significantly decreased, inhabiting the formation of
the transgranular and intergranular cracks in perovskite
thin films (Figure 6A). As a result, perovskite solar cells

on 2.5 um substrate could sustain the initial performance
after 10,000 cycles of bending with a radius of 0.5 mm
(Figure 6B). Furthermore, when introducing protection
layer at the top of the devices, the neutral plane shifted to
the perovskite absorber layer. As a result, the devices sus-
tained the initial performance of as much as 88% after 100
cycles of crumpling (Figure 6C), enabling to power wear-
able devices."!! Similarly, Kaltenbrunner et al. fabricated
perovskite solar cells on 1.4 ym PET substrate, the devices
could sustain initial performance during flexion with cur-
vature radius to 10 um and less.I”!l Song et al. theoreti-
cally investigated the effect of substrate thickness on the
strain in active layers of polymer solar cells. It was observed
that reducing substrate thickness from 125 to 25 um could
effectively decrease strain in polymer solar cells, especially
when flexion with the curvature radius lower than 1 mm.
At curvature radius of 0.2 mm (similar to folding radius),
strains in polymer solar cells on 150, 50, and 25 pm sub-
strates were 35, 10, and 5%, respectively. Considering that
the strain of 5% was lower than the crack onset strains for
metal or organic layers which were in the range of 10-30%,
foldable polymer solar cells on 25 pm substrate were exper-
imentally realized.!'*]

4 | FLEXIBLE MATERIALS FOR
FOLDABLE SOLAR CELLS

Besides structure design, applying foldable materials to
replace brittle ones would provide the room to improve
device foldability. It is well known that when the strain in
active layers exceeds their crack onset strain, cracks will be
formed and extend to the adjacent layers after cyclic flex-
ion, leading to the degradation even failure of solar cells.
Therefore, adopting ductile layers with large crack onset
strain instead of brittle ones is valuable. For the solar cells,
the flexible alternatives mainly include substrates, trans-
parent electrodes, and absorber layers.

4.1 | Flexible substrates

The most distinct and important difference between fold-
able and rigid solar cells is the folding endurance, which
is predetermined by the substrates. Thus, the key require-
ments of substrates for foldable solar cells should be firstly
considered. As far as we known, the following properties
must be concerned to achieve both high efficiency and
robust foldability of solar cells: (1) surface roughness, (2)
thermal endurance, (3) coefficient of thermal expansion,
(4) optical transparency, (5) resistance to solvent and mois-
ture, (6) mechanical properties, such as the Young’s mod-
ulus, toughness. In general, the substrates used in foldable
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solar cells mainly include the polymer films, metal foils,
cellulose paper, fiber, woven textile, etc.

Polymer films play an important role in foldable solar
cells due to their low cost, light weight, high optical
transmittance, bendability, and resistance to solvent. The
widely used flexible polymer substrates are PET, PEN,
and PI, which have been applied in foldable solar cells as
well as other optoelectronics. White et al. demonstrated
highly flexible polymer light-emitting diodes on 1.4 pm
PET, which were operable under extreme flexion condition
with curvature radius under 10 um.!?°! Lee et al. demon-
strated organic flash memory on 6 um-thick Mylar sub-
strate, which maintained their programming and erasing
capability in the folded state as well as after 1200 folding
cycles at a curvature radius of 300 um.!2°! Kaltenbrunner

et al. demonstrated perovskite solar cells using 1.4 um PET
substrates and PEDOT:PSS electrodes, which can endure
flexion into curvature radii down to 10 ym and less. In
addition, the solar cells were stretchable.!*!] However, PET
and PEN, with the glass transition temperature of 105°C
and 125°C, respectively,*°] are not sufficiently thermally
stable, limiting the high temperature process for high-
performance solar cells, especially for the mesoporous per-
ovskite solar cells and CIGS solar cells. PI which has a high
glass transition temperature >300°C, is a promising substi-
tution for traditional PEN and PET substrates. Especially
the development of colorless PI (CPI) enables its wide
applications in solar cells without limitation in the direc-
tion of incident light. Rogers et al. demonstrated CMOS
circuits that exploiting silicon nanoribbons on 1.2 ym PI
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substrate followed by PI encapsulating layer, compos-
ing PI/Si-CMOS/PI structure. As a result, Si-CMOS were
extremely foldable, which were operable and exhibited
good electrical properties after wrapped over the edge of
a microscope over slip with thickness of ~100 pm.[28]
Park et al. utilized 60 um CPI as the substrates. ITO on
CPI achieved a low sheet resistance of 57.8 Q sq~! and
a high transmittance of 83.6% after annealing at 300 °C.
As a result, the fabricated CPI-based perovskite solar cells
exhibited a high PCE of 15.5%. More importantly, the solar
cells on CPI exhibited better mechanical flexibility than
those devices on PET did in the whole bending radius
of 2-12 mm, mainly due to the lower thickness of CPI
substrate.l’!] Thanks to the mature product of ultrathin
polymer, highly foldable solar cells on polymer substrates
have been realized through using the strategies of ultra-
thin substrates or symmetric structure. However, PCE of
solar cells on ultrathin polymer substrates should be fur-
ther improved through process optimization.

Metal foils intrinsically have the high thermal
endurance, high conductivity, low water vapor trans-
mission, and excellent mechanical property, making
them very suitable for the substrates of flexible solar
cells. However, though normally bendable thin film solar
cells on metal foils, for example, Ti, Cu foils, have been

reported,**=%] no foldable solar cells has been realized.
It is considered to be due to the following reasons: firstly,
the Young’s module of metal foil is as high as several tens
of GPa and even higher than 100 GPa; Secondly, it is not
easy to realize ultrathin metal foils. As a result, the neutral
axis plane locates far from the active layers, leading to the
high strain in functional layers of devices under folding
deformation.

Some other novel flexible substrates also have potential
application in foldable solar cells, such as textile, cellulose
paper, fiber.!'#151936-38] paper, with the advantages of
low cost, light weight, foldability, degradability, and
recyclability (Figure 7A-C), is promising substrate for
foldable solar cells as well as other optoelectronics.!**~*!
Moreover, paper possesses conformal foldability, meaning
no external force is needed during folding. Thus, complex
three-dimensional structure transformation as well as
downsizing can be easily realized. Recently, with the
development of smooth, transparent nanocellulose paper,
high-performance thin film solar cells can be prepared on
paper.!*>-*7 While the highest folding cycle for reported
paper-based solar cells was only 50 times, far behind the
practical requirements, which is considered to be limited
by the intrinsic foldability of pure paper substrates. It is
reported that the foldability of paper can be improved by
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optimization of paper morphology, or addition of other
materials. Hu et al. reported that compared with roll paper,
the plastic-paper showed 10 times increasement in folding
endurance capacity both in the longitudinal and transverse
directions, due to its densely packed structure. As a result,
the paper with the addition of epoxy resin can endure more
than 100 folds under 14.7 N pulling force.[*8] Similarly,
Fang et al. demonstrated that the PET fiber-reinforced
cellulose nanofibril (CNF) films exhibited not only a
maximum average toughness of 13.7 + 2.4 MJ m™ that
was nearly four times stronger than that of pure CNF film
(3.7 + 1.1 MJ m3), bust also superior folding endurance of
over 10* times that was an order of magnitude higher than
that of pure CNF film (~4 X 10° times) under a tension of
9.8 N, as shown in Figure 7D-F. The favorable combination
of foldability and toughness of CNF film was primarily
ascribed to the uniform distribution and close packing
of small-diameter PET fiber in the CNF network.!*%]
Furthermore, W. Cao et al. presented an effective method
to improve the folding resistance of CNF films by adding
MXene. The d-Ti;C,T,/CNF composite paper exhibited
up to 14,260 folding times under 4.9 N pulling load.!>"]

Based on our understanding, polymer and paper sub-
strates possess the advantages of smooth surface, high
transparency, foldability, and low Young’s module. In addi-
tion, the fabrication of ultrathin polymer and paper is grad-
ually mature. Therefore, they are believed as promising
substrates for foldable solar cells.

4.2 | Flexible transparent electrodes

To date, ITO still maintains its predominance as transpar-
ent electrodes for high-performance flexible thin film solar
cells. While it is apparent that the intrinsic brittleness of
ITO causes crack problem, which negatively influences
the mechanical stability of the flexible devices. In addition,
the low fabrication temperature leads to the inferior con-
ductivity of ITO films, thus thicker ITO films are fabricated
on flexible substrates, leading to the poorer mechanical
robustness and low transmittance. It was usually observed
in reported papers that when flexible solar cells were
prepared on ITO electrodes, they degraded after bending
with radius of 4 mm or even lower,[>>2] not to mention
the folding process. Thus, flexible transparent electrodes
as alternatives is important for realizing foldable solar
cells. For application in foldable solar cells, the flexible
electrodes should satisfy the following requirements in
order to achieve high PCE as well as high foldability:
(1) high conductivity, (2) high transparency especially in
the visible wavelength range, (3) mechanical robustness,
(4) spatially homogeneous, and (5) preparation technol-
ogy compatible with flexible substrates. By now, carbon

nanotube, graphene, ultrathin metal, metal nanowire,
metal grids, conductive polymer, and their complex, have
been widely applied in the robust bendable and foldable
solar cells. The review for flexible transparent electrodes
has been reported in other papers.[>*-5] Herein, we focus
on the application of flexible transparent electrodes for
mechanical robust and highly efficient foldable solar cells.

Ge et al. developed the strategies to prepare high-
conductivity and highly foldable PEDOT:PSS electrodes.
Two constructive approaches were used to enhance
PEDOT:PSS properties: Xylitol was used as the polyhy-
droxy compound dopant in the PEDOT:PSS aqueous solu-
tion and gentle methanesulfonic acid was employed for
surface post-treatment at room temperature. As a result,
PEDOT:PSS with both xylitol doping and MSA treatment
(mentioned as D-PEDOT:PSS) exhibited an overall trans-
mittance of ~80% across 350-850 nm wavelength region,
low square resistance of 82 Q sq~!, high mechanical sta-
bility with deviation in resistance on the range of 20%
after 1000 folding cycles with radius smaller than 1 mm,
as well as uniform phase separation. Flexible solar cells
using PBDB-T-2F:Y6 photoactive layer and D-PEDOT:PSS
electrodes showed a high PCE of 14.20%. Moreover, these
flexible solar cells also displayed remarkable mechanical
stability, maintaining 68% of the original PCE after 1000
folding cycles with extremely small radius of less than
1 mm,!"?] as shown in Figure 8A-C. Song et al. intensively
investigated the optoelectrical properties of ultrathin sil-
ver electrodes prepared by magnetron sputtering at room
temperature. Through using the strategies of seed layer or
dopants, continuous and ultra-smooth Ag films with thick-
ness ~10 nm or even lower were realized, providing it with
low sheet resistance ~10 Q sq~! and semi-transparency.
Preserving the conductivity, improvement of transparency
was further achieved by sandwiching ultrathin Ag between
two oxide layers forming the structure of oxide/ultrathin
Ag/oxide (OMO). Thus, OMO electrodes possessed aver-
age transmittance >80% in wavelength range of 400-800
nm.%$-!] Furthermore, OMO exhibited good mechanical
flexibility: the resistance of OMO on paper was almost
constant under continuous bending with radius of 1 mm
for 1000 cycles, and the resistance of OMO on paper only
increased five times compared to the initial value after fold-
ing for 50 cycles. Using OMO electrodes instead of ITO,
both foldable polymer solar cells and perovskite solar cells
were demonstrated, which can endure folding for 35 and
50 cycles at 180° angle, respectively,!'*!°! as shown in Fig-
ure 8D-F. Yoon et al. applied the strategy of MoO3 dop-
ing for monolayer graphene films to significantly decrease
sheet resistance by over 50% to 552.0 Q sq~'. In addition,
the single-layer graphene presented high transmittance of
~97% over the visible wavelength range. As a result, flexi-
ble perovskite solar cells utilizing MoO3; doped monolayer
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graphene as transparent electrodes reached PCE of 16.8%
with no hysteresis. More importantly, the flexible devices
also demonstrated superb stability against bending defor-
mation, maintaining 85% of initial PCE after bending with
curvature radius of 2 mm for 5000 cycles, paving the way
for foldable photovoltaic applications,!?] as seen from Fig-
ure 8G-I. Li et al. fabricated hybrid electrodes consisting of
embedded Ag-mesh and conductive polymer (PH1000) on
PET, which showed high transmittance >80% in the visi-
ble region, low sheet resistance of ~3 Q sq_l, and low sur-
face roughness of 2 nm, suggesting potential application in
flexible solar cell.l2%*] Flexible perovskite solar cells using
hybrid electrodes exhibited PCE of 14% and excellent bend-
ing stability retaining over 95.4% of its initial PCE value
even after 5000 fully bending cycles with bending radius
of 5 mm,%?] as exhibited in Figure 8J-L.

Though many flexible transparent electrodes with excel-
lent optoelectrical properties demonstrate their potential
application in foldable solar cells, many questions should
be further answered, such as which flexible electrodes are
better for the application in highly efficient and foldable
solar cells. As far as we known, considering the high pho-
tovoltaic performance, high foldability, large area unifor-
mity for foldable solar cells, conductive polymer and OMO
electrodes are more promising.

4.3 | Ductile absorber for foldable solar

cells

Besides the substrates and transparent electrodes, the
mechanical properties of absorber layer also significantly
influence the foldability of solar cells. Firstly, the mechan-
ical properties, especially the Young’s module and hard-
ness of different kinds of absorber are various. For exam-
ple, it was reported that the elastic module of polymer
was ~1 GPa,[%*] while the elastic module of perovskite
was ~10 GPa,l?%5-68] and the elastic module of inorganic
(CIGS or a-Si) increased to several tens of GPa or >100
GPa.[?0970] Thus, the brittleness of polymer, organic-
inorganic perovskite, inorganic Si or CIGS films increased
in turn, leading to the difference in bendability or fold-
ability of thin film solar cells. This can be used to explain
why ultraflexible or foldable solar cells are more easily real-
ized in polymer or perovskite solar cells rather than inor-
ganic solar cells. Song et al. applied the same strategies
of using the 25 um ultrathin cellophane substrates com-
bined with OMO flexible transparent electrodes to con-
struct flexible polymer/perovskite/silicon thin film solar
cells. The formed polymer and perovskite solar cells can
endure folding for dozens of cycles, while thin film silicon
solar cells were only bendable with radius of 1 mm for 50
cycles.['*1971] Besides the type of absorber, the microstruc-

ture of absorber, for example, composition, grain size,
bonding strength, also affects the mechanical properties
of thin film solar cells. Kim et al. demonstrated highly
efficient and mechanically robust all polymer solar cells
using PBDTTTPD polymer donor and the P(NDI2HD-
T) polymer acceptor. It was reported that compared to
PBDTTTPD:PCBM (1:1.5 w/w) with elastic modulus and
the elongation at break of 1.76 GPa and 0.12%, respectively,
the PBDTTTPD:P(NDI2HD-T) blend films possessed lower
tensile modulus and higher elongation at break of 0.43
GPa and 7.16%, respectively. This was due to the greater
intrinsic flexibility of polymer than fullerenes, as well as
the strengthened donor/acceptor interfaces by the entan-
glements between the polymer chains. As a result, the
PBDTTTPD:P(NDI2HD-T) bend films maintained original
conductance and morphology after bending with small
radius of 1 mm, while the conductance degraded and the
crack formed in PBDTTTPD:PCBM after bending with
the same condition.!®*] Also, the mechanical properties
of perovskite absorber will be influenced by its struc-
tural characteristics based on simulative and experimental
results. Rakita et al. investigated elastic modulus and nano-
hardness values of APbX; (A = Cs, CH3NH;; X =1, Br)
single crystals from nano-indentation experiments. It was
observed that elastic properties were mainly dominated by
the type and strength of B-X bond. Br-based perovskite pos-
sessed higher Young’s modulus than that of the I-based
one [E(CH;NH;Pbl;) = 14.2 + 1.9 GPa, E(CH;NH;PbBr5)
= 19.6 + 0.3 GPa]. In addition, it was shown that the
organic group made the entire structure stiffer (higher
elastic modulus) through comparison the Young’s mod-
ulus between CH;NH;PbBr; and CsPbBr;.[%%] Park et al.
investigated the mechanical properties of perovskite poly-
crystalline films using the instrumented nanoindentation
technique. The elastic modulus of CH;NH;Pbl; was deter-
mined as 12.3 + 1.2 GPa from the strain-stress curve in the
elastic regime.[??] Lee et al. considered that the mechan-
ical properties determined by the nanoindentation could
be inaccurate compared to the uniaxial tensile testing. The
MAPDBr; layer exhibited elastic modulus of 4.38 (+0.23)
GPa and fracture strength of 45.4 (+7.5) MPa correspond-
ing to fracture strain of 1.1 (+0.14)%, based on uniaxial
tensile testing.[°] Padture et al. investigated the effect of
grain size on the mechanical stability of perovskite thin
films. It was exhibited that the fine-grained MAPbIj; films
with grain size of 290 nm tended to fracture intergranularly
with the corresponding toughness of 0.41J m~2, which was
related to the grain-boundary toughness. In contrast, the
coarse-grained MAPbI; films with larger grain size of 730
nm tended to facture at the MAPbI;/ETL interface with the
corresponding toughness of 1.14 + 0.24 J m—2, which was
related to the toughness of the MAPbI,;/ETL interface.’]
However, the investigation on the mechanical properties
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of absorber is still in the initial state. More work should be
done to know which kind of absorber is beneficial for the
foldable solar cells.

4.4 | Stronginterface adhesion for
foldable solar cells

Besides the flexible active layers, the interface adhesion
will also affect the mechanical flexibility of solar cells,
which has not aroused enough attention by now. When
the fracture strength of each functional layer is large
enough, the fracture may firstly occur at the relative
weak path of the interface, especially when the interface
binding is based on the low van der Waals force. Thus,
strong interface adhesion is required to avoid the interface
delamination. Im et al. introduced APTES (3-aminopropyl
triethoxysilane) adhesion promoter between PET sub-
strate and AuCl;-doped graphene transparent electrodes.
The AuCl;-GR/APTES/PET did not show significant
degradation of the sheet resistance with respect to the
bending radius and the bending cycles, due to the forma-
tion of covalent bonds by the APTES inter-layer. Whereas
the AuCl;-GR/PET substrate had significant degradation
of the sheet resistance after a bending test due to the
break-off or delamination of AuCl;-GR from the PET sub-
strate. Accordingly, the perovskite solar cells constructed
on the AuCl;-GR/APTES/PET substrate exhibited excel-
lent bending stability which maintained their PCE at
over 90% of the initial value after 100 bending cycles at
R >4 mm.[”]

5 | CONCLUSION AND OUTLOOK

By now, the foldable solar cells generally exhibit low PCE
and inferior folding stability compared with that of nor-
mal bendable solar cells. However, due to the advantages
of size compactness and shape transformation, they have
unique applications such as portable and wearable electric-
ity supplier, as well as building, transportation and agricul-
ture integrated photovoltaics. The development of highly
foldable and efficient solar cells is of great importance.
Here, we have provided a concise overview on the recent
progresses in foldable solar cells, and discuss the critical
requirements to realize robust foldable solar cells includ-
ing the structure design and flexible alternatives. In order
to push foldable solar cells development, we will provide
our personal perspectives on the challenges and future
directions for foldable solar cells as follows:

Firstly, there is a lack of standards for the folding proce-
dure, especially how to produce crease. Nowadays, some
fold solar cells around cylinder with radius smaller than

1 mm; while others directly fold solar cells with or with-
out force. In our opinion, the latter procedure is more rea-
sonable. However, the curvature radius of direct folding
is often difficult to characterize. As far as we known, the
folding radius depends on the device total thickness and
imposed force during folding, which is various with the
range from several micrometers to several sub-millimeters.
Thus, it is better to mention the detailed information of
device and folding procedure in the experiments. Further
giving the direct characterization of devices during fold-
ing, such as SEM, is beneficial to exactly know the folding
radius. It is believed that the specific definition of folding
procedure can promote the development of foldable solar
cells.

Secondly, considering the practical application of fold-
able solar cells, the performance of foldable solar cells
needs to be improved, including the photovoltaic perfor-
mance and folding stability. As seen from Table 1, the PCE
of foldable solar cells is lower than that of the rigid solar
cells, which is supposed to be attributed to the follow-
ing two reasons: on one hand, ultrathin substrates used to
construct foldable solar cells are easily curved due to the
induced stress, leading to the nonuniformity of the tem-
perature distribution as well as thin films properties. On
the other hand, the growth behavior and the morphologies
of absorber on flexible electrodes have not be optimized.
Higher PCE of foldable solar cells can be achieved if the
above two processes are optimized. Besides photovoltaic
performance, the folding stability should be improved.
Take the application of portable power supplier for exam-
ple, supposing it works for 5 years and is used three times
a day, more than 5000 cyclic folding stability should be
allowed. It is considered that the intensive investigation
on failure mechanism of solar cells under repeated folding
and unfolding is an effective way to improve the mechani-
cal stability. For the solar cells with multilayers, the folding
induced crack and delamination may firstly occur in active
layer or interface, depending on the stress distribution in
the device during folding, the crack onset stress of each
functional layers, as well as the bonding at the interface.
Thus, some critical data should be offered, such as crack
onset stress of flexible substrate, electrodes, absorber and
interface, as well as stress distribution in devices. There-
fore, more theoretical and experimental work should be
conducted to reveal the failure mechanism of foldable solar
cells as well as to improve the folding endurance of solar
cells.

Finally, scalability and environmental stability of fold-
able solar cells are the fundamental challenges to over-
come before large-scale application. Nowadays, all the
results are based on the small-sized foldable solar cells,
the performance of large-sized solar cells is unknown,
not to mention the solar modules. The dependence of
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photovoltaic performance and foldability of solar cells on
size need to be intensively investigated. In addition, encap-
sulation for foldable solar cells especially on the ultrathin
substrates is another challenging topic.

It is believed that with efforts from both academia and
industry, foldable solar cells will add more colors to our
daily life in the future.

ACKNOWLEDGMENTS

This work was supported by the National Natural Sci-
ence Foundation of China (Nos. 61875209 and 61774160),
S&T Innovation 2025 Major Special Programme of Ningbo
(No. 2018B10055), the Program for Ningbo Municipal Sci-
ence and Technology Innovative Research Team (Nos.
2015B11002 and 2016B10005), Ningbo Natural Science
Foundation (No. 202003N4032), and Ningbo Key Labora-
tory of Silicon and Organic Thin Film Optoelectronic Tech-
nologies.

ORCID
Weijie Song ‘© https://orcid.org/0000-0001-8129-8889

REFERENCES

1. N. M. Haegel, R. Margolis, T. Buonassisi, D. Feldman, A.
Froitzheim, R. Garabedian, M. Green, S. Glunz, H.-M. Henning,
B. Holder, 1. Kaizuka, B. Kroposki, K. Matsubara, S. Niki, K.
Sakurai, R. A. Schindler, W. Tumas, E. R. Weber, G. Wilson, M.
‘Woodhouse, S. Kurtz, Science 2017, 356, 141-143.

2. Quan Li, Nanomaterials for Sustainable Energy, Springer, New
York, 2016.

3. Y.Lij, G. Xu, C. Cui, Y. Li, Adv. Energy Mater. 2018, 8, 1701791.

4. L. Li, S. Zhang, Z. Yang, E. E. S. Berthold, W. Chen, J. Energy
Chem. 2018, 27, 673-689.

5. S.Lu, Y. Sun, K. Ren, K. Liu, Z. Wang, S. Qu, Polymers 2018, 10,
5.

6. 1.K.Popoola, M. A. Gondal, T. F. Qahtan, Renewable Sustainable
Energy Rev. 2018, 82, 3127-3151.

7. Z.Wu, P.Li, Y. Zhang, Z. Zheng, Small Methods 2018, 2, 1800031.

8. D.Yang, R. Yang, S. Priya, S. (Frank) Liu, Angew. Chem. Int. Ed.
2019, 58, 4466-4483.

9. X.Hu, F. Li, Y. Song, ACS Energy Lett. 2019, 4, 1065-1072.

10. H. Xie, X. Yin, Y. Guo, J. Liu, W. Que, G. Wang, Phys. Status
Solidi-Rapid Res. Lett. 2019, 13, 1800566.

11. G. Lee, M.-c. Kim, Y. W. Choi, N. Ahn, J. Jang, J. Yoon, S. M.
Kim, J.-G. Lee, D. Kang, H. S. Jung, M. Choi, Energy Environ.
Sci. 2019, 12, 3182.

12. 'W. Song, B. Fanady, R. Peng, L. Hong, L. Wu, W. Zhang, T. Yan,
T. W, S. Chen, Z. Ge, Adv. Energy Mater. 2020, 10, 2000136.

13. V. R.Voggu, J. Sham, S. Pfeffer, J. Pate, L. Fillip, T. B. Harvey, R.
M. Brown, Jr., B. A. Korgel, ACS Energy Lett. 2017, 2, 574-581.

14. H. Li, X. Liu, W. Wang, Y. Lu, J. Huang, J. Li, J. Xu, P. Fan, J.
Fang, W. Song, Sol. RRL 2018, 2, 1800123.

15. H.Zhen, K. Li, C. Chen, Y. Yu, Z. Zheng, Q. Ling, J. Mater. Chem.
A 2017, 5, 782.

16. M. Nogi, M. Karakawa, N. Komoda, H. Yagyu, T. T. Nge, SciRep
2015, 5,17254.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.
37.

38.

39.

40.

41.

42.

R. Tang, H. Huang, H. Tu, H. Liang, M. Liang, Z. Song, Y. Xu, H.
Jiang, H. Yu, Appl. Phys. Lett. 2014, 104, 083501.

R. R. Bahabry, A. T. Kutbee, S. M. Khan, A. C. Sepulveda, I.
Wicaksono, M. Nour, N. Wehbe, A. S. Almislem, M. T. Ghoneim,
G. A.T.Sevilla, A. Syed, S. F. Shaikh, M. M. Hussain, Adv. Energy
Mater. 2018, 8, 1702221

H. Li, X. Li, W. Wang, J. Huang, J. Li, Y. Lu, J. Chang, J. Fang, W.
Song, Sol. RRL 2019, 3, 1800317.

M. Kaltenbrunner, M. S. White, E. D. Glowacki, T. Sekitani,
T. Someya, N. S. Sariciftci, S. Bauer, Nat. Commun. 2012, 3,
770.

M. Kaltenbrunner, G. Adam, E. D. Glowacki, M. Drack, R.
Schwddiauer, L. Leonat, D. H. Apaydin, H. Groiss, M. C. Schar-
ber, M. S. White, N. S. Sariciftci, S. Bauer, Nat. Mater. 2015, 14,
1032-1039.

M. Park, H. J. Kim, I. Jeong, J. Lee, H. Lee, H. J. Son, D.-E. Kim,
M. J. Ko, Adv. Energy Mater. 2015, 5, 1501406.

H. Li, X. Li, W. Wang, J. Huang, J. Li, S. Huang, B. Fan, J. Fang,
W. Song, Sol. Energy 2019, 188, 158-163.

Z.Suo, E. Y. Ma, H. Gleskova, S. Wagner, Appl. Phys. Lett. 1999,
74, 1177-1179.

A. Gerthoffer, C. Poulain, F. Roux, F. Emieux, L. Grenet, S. Per-
raud, Sol. Energy Mater. Sol. Cells 2017, 166, 254-261.

S. Lee, H. Seong, S. G. Im, H. Moon, S. Yoo, Nat. Commun. 2017,
8,9.

T. Sekitani, U. Zschieschang, H. Klauk, T. Someya, Nat. Mater.
2010, 9, 1015.

D. H. Kim, J. H. Ahn, W. M. Choi, H. S. Kim, T. H. Kim, J. Song,
Y. Y. Huang, Z. Liu, C. Lu, J. A. Rogers, Science 2008, 320, 507.
M. S. White, M. Kaltenbrunner, E. D. Glowacki, K. Gutnichenko,
G. Kettlgruber, 1. Graz, S. Aazou, C. Ulbricht, D. A. M. Egbe, M.
C. Miron, Z. Major, M. C. Scharber, T. Sekitani, T. Someya, S.
Bauer, N. S. Sariciftci, Nat. Photonics 2013, 7, 811-816.

T. Higashioji, T. Tsunekawa, B. Bhushan, Tribol. Int. 2003, 36,
437-445.

J.-I. Park, J. H. Heo, S.-H. Park, K. I. Hong, H. G. Jeong, S. H. Im,
H.-K. Kim, J. Power Sources 2017, 341, 340-347.

B. A. Nejand, P. Nazari, S. Gharibzadeh, V. Ahmadi, A. Moshaii,
Chem. Commun. 2017, 53, 747.

Y. Xiao, G. Han, H. Zhou, J. Wu, RSC Adv. 2016, 6, 2778.

X. Wang., Z. Li, W. Xu, S. A. Kulkarni, S. K.Batabyal, S. Zhang,
A. Cao, L. H. Wong, Nano Energy 2015, 11, 728-735.

G. S. Han, S, Lee, M. L. Duff, F. Qin, J.-K. Lee, ACS Appl. Mater.
Interfaces 2018, 10, 4697-4704.

M. Peng, D. Zou, J. Mater. Chem. A 2015, 3, 20435.

J. Deng, L. Qiu, X. Lu, Z. Yang, G. Guan, Z. Zhang, H. Peng, J.
Mater. Chem. A 2015, 3, 21070.

L. Ru, X. Xi, T. Xiao, J. Zou, Q. Li, Adv. Mater. 2015, 27, 3831.

H. Aguas, T. Mateus, A. Vicente, D. Gaspar, M. J. Mendes, W. A.
Schmidt, L. Pereira, E. Fortunato, R. Martins, Adv. Funct. Mater.
2015, 25, 3592-3598.

Y. H. Jung, T.-H. Chang, H. Zhang, C. Yao, Q. Zheng, V. W. Yang,
H. Mi, M. Kim, S. J. Cho, D.-W. Park, H. Jiang, J. Lee, Y. Qiu, W.
Zhou, Z. Cai, S. Gong, Z. Ma, Nat. Commun. 2015, 6, 7170.
X.Zhang, T. Ye, X. Meng, Z. Tian, L. Pang, Y. Han, H. Li, G. Lu, F.
Xiu, H.-D. Yu, J. Liu, W. Huang, ACS Nano 2020, 14, 3876-3884.
A. Hiibler, B. Trnovec, T. Zillger, M. Ali, N. Wetzold, M. Minge-
bach, A. Wagenpfahl, C. Deibel, V. Dyakonov, Adv. Energy Mater.
2011, 1, 1018-1022.



LIET AL.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.
58.

59.

Y. Zhou, C. Fuentes-Hernandez, T. M. Khan, J.-C. Liu, J. Hsu, J.
W. Shim, A. Dindar, J. P. Youngblood, R. J. Moon, B. Kippelen,
Sci Rep 2013, 3, 1536.

L. Hu, G. Zheng, J. Yao, N. Liu, B. Weil, M. Eskilsson, E. Karab-
ulut, Z. Ruan, S. Fan, J. T. Bloking, M. D. McGehee, L. Wégberg,
Y. Cu, Energy Environ. Sci. 2013, 6, 513.

Z.Fang, H. Zhu, Y. Yuan, D. Ha, S. Zhu, C. Preston, Q. Chen, Y.
Li, X. Han, S. Lee, G. Chen, T. Li, J. Munday, J. Huang, L. Hu,
Nano Lett. 2014, 14, 765-773.

M.-H. Jung, N.-M. Park, S.-Y. Lee, Sol. Energy 2016, 139, 458-466.
L. Gao, L. Chao, M. Hou, J. Liang, Y. Chen, H.-D. Yu, W. Huang,
npj Flex Electron 2019, 3, 4.

Y. Yao, J. Tao, J. Zou, B. Zhang, T. Li, J. Dai, M. Zhu, S. Wang, K.
K. Fu, D. Henderson, E. Hitz, J. Peng, L. Hu, Energy Environ. Sci.
2016, 9, 2278-2285.

D. Zhang, G. Li, Y. Liu, G. Hou, J. Cui, H. Xie, S. Zhang, Z. Sun,
Z. Fang, Int. J. Biol. Macromol. 2020, 164, 3268-3274.

W. Cao, F. Chen, Y. Zhu, Y. Zhang, Y. Jiang, M. Ma, F. Chen, ACS
Nano 2018, 12, 4583-4593.

B.J.Kim, D. H. Kim, Y.-Y. Lee, H.-W. Shin, G. S. Han, J. S. Hong,
K.Mahmood, T. K. Ahn, Y.-C. Joo, K. S. Hong, N.-G. Park, S. Lee,
H. S. Jung, Energy Environ. Sci. 2015, 8, 916.

J. Yoon, H. Sung, G. Lee, W. Cho, N. Ahn, H. S. Jung, M. Choi,
Energy Environ. Sci. 2017, 10, 337-345.

D. S. Hecht, L. Hu, G. Irvin, Adv. Mater. 2011, 23, 1482-1513.

J. Yun, Adv. Funct. Mater. 2017, 27, 1606641.

M. Morales-Masis, S. De Wolf, R. Woods-Robinson, J. W. Ager,
C. Ballif, Adv. Electron. Mater. 2017, 3, 1600529.

A. 1. Hofmann, E. Cloutet, G. Hadziioannou, Adv. Electron.
Mater. 2018, 4, 1700412.

G. Xu, Y. Li, NanoSelect 2020, 1, 169-182.

J. Huang, Y. Lu, W.Wu, J. Li, X. Zhang, C. Zhu, Y. Yang, F. Xu,
W. Song, J. Appl. Phys. 2017, 122, 195302.

J. Huang, X. Liu, Y. Lu, Y. Zhou, J. Xu, J. Li, H. Wang, J. Fang,
Y. Yang, W. Wang, R. Tan, W. Song, Sol. Energy Mater. Sol. Cells
2018, 184, 73-81.

60.

61.

62.

63.

64.

65.

66.

67.

68.
69.

70.

71.

72.

09 WILEY L2

J. Xu, J. Li, J. Huang, Z. Wang, W. Sheng, Y. Yang, W. Song, Adv.
Mater. Interfaces 2019, 6, 1900608.

Z.Wang, J. Li, J. Xu, J. Huang, Y. Yang, R. Tan, G. Chen, X. Fang,
Y. Zhao, W. Song. J. Mater. Sci. Technol. 2020, 48, 156-162.

Y. Li, L. Meng, Y. (Michael) Yang, G. Xu, Z. Hong, Q. Chen, J.
You, G. Li, Y. Yang, Y. Li, Nat. Commun. 2016, 7, 10214.

L. Mao, Q. Chen, Y. Li, Y. Li, J. Cai, W. Su, S. Bai, Y. Jin, C.-Q.
Ma, Z. Cui, L. Chen, Nano Energy 2014, 10, 259-267.

T.Kim, J.-H. Kim, T. E. Kang, C. Lee, H. Kang, M. Shin, C. Wang,
B. Ma, U. Jeong, T.-S. Kim, B. J. Kim, Nat. Commun. 2015, 6,
8547.

Y. Rakita, S. R. Cohen, N. K. Kedem, G. Hodes, D. Cahen, MRS
Commun. 2015, 5, 623-629.

S.Y. Lee, S.-H. Kim, Y. S. Nam, J. C. Yu, S. Lee, D. B. Kim, E. D.
Jung, J.-H. Woo, S. Ahn, S. Lee, K.-J. Choi, J.-Y. Kim, M. H. Song,
Nano Lett. 2019, 19, 971-976.

Z.Dai, S. K. Yadavalli, M. Hu, M. Chen, Y. Zhou, N. P. Padture,
Scr. Mater. 2020, 185, 47-50.

L. Guo, G. Tang, J. Hong, Chin. Phys. Lett. 2019, 36, 056201.

X. Jiang, K. Reichelt, B. Stritzker, J. Appl. Phys. 1989, 66,
5805.

T.-Y. Lai, Y.-J. Hsiao, T.-H. Fang, Mater. Res. Express 2017, 4,
115006.

W. Wang, V. Smirnov, H. Li, S. Moll, J. Li, F. Finger, L. Ai, W.
Song, Sol. Energy Mater. Sol. Cells 2018, 188, 105-111.

J. H. Heo, D. H. Shin, M. H. Jang, M. L. Lee, M. G. Kang, S. H.
Im, J. Mater. Chem. A 2017, 5, 21146.

How to cite this article: Li P, Wang W, Li H,
et al. Foldable solar cells: Structure design and
flexible materials. Nano Select. 2021;2:865-879.
https://doi.org/10.1002/nano0.202000163



