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Abstract

Flexible perovskite solar cells (FPSCs) have gained more and more attention in a short period of time,
attributing to their unique properties, which including being lightweight, and its flexibility,
compatibility and stretchability with curved surfaces. So far, the FPSCs have obtained notable
milestones and the champion-cell efficiency has achieved 19.11%. In the meanwhile, the advantage of
extraordinary ease of processing for large-area flexible devices, permits their employ in niche
applications, such as vehicle-integrated photovoltaics, portable electronics, wearable power sources,
and large-scale industrial roofing, etc. In this review paper, we retrospect recent developments in
FPSCs, focusing on the device design and materials selection of the substrate, the transparent
electrodes and the interface layers. Moreover, we summarize the large-area processes for fabricating
scalable flexible devices. In addition, some promising research directions are provided for the future

design of FPSCs.

1. Introduction

In the development of photovoltaic cells, a wide variety
of solar cells, i.e.: crystalline silicon [1-6], thin film
PV(e.g.CdTe[7,8], CIGS[9, 10], CZTS [11-13], GaAs
[14]), dye-sensitized solar cells (DSSCs) [15], quantum
dot-sensitized solar cells [16], organic solar cells [17],
and perovskite solar cells (PSCs) [18], have received
extensive research attentions. However, there has been
no solar cell like the PSCs and the power conversion
efficiencies (PCEs) have improved rapidly in a short
period of time, from the first reported PCE of 3.81%
[19] to a record value of 25.2% [20]. The reasons why
perovskites can get so much attention are attributed to
their novel material characteristics, which include a
high optical absorption coefficient, long-range charge
carrier diffusion lengths, low exciton binding energies,
and the easy tuning of the band gaps via simple
interchanges of the precursor components [21].

But beyond that, existing PSCs have been unable
to meet practical demand, and portable, wearable pro-
ducts have become a hot research direction. There-
fore, flexible perovskite solar cells (FPSCs) have
gainedmore and more attention on account of their

advantageous characteristics, including being light-
weight, and their flexibility, compatibility and stretch-
ability with curved surfaces [2]. Based on this, it has
great application value in various fields, for example,
vehicle-integrated photovoltaics, building-integrated
photovoltaics, wearable power sources and so on [22].
The wide application of FPSCs in these fields will
greatly improve the quality of human life.

In recent years, scientists have overcome many dif-
ficulties, solved many problems during the FPSC
research process, and relevant conclusions have been
published in papers. In 2013, Kumar and co-workers
used a low-temperature method to prepare zinc oxide
(ZnO) nanorods as an electron transport layer (ETL).
It is the first time to get a flexible device with a PCE of
2.62% [23]. In the following years, with the develop-
ment of new transparent electrode materials and per-
ovskite films suitable for FPSCs, the performance of
FPSCs has been greatly improved. In 2014, Jung and
co-workers inserted an additional buffer layer to
heighten the ohmic contact between the metal elec-
trode and PCBM layer, and prepared a PCE of 9.4%
inverted structure FPSCs [24]. In 2015, Shin and co-
workers prepared a Zn,SO, nanocrystalline film with a
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better optical transmittance to replace the traditional
titanium oxide (TiO,) for ETL in FPSCs. And the PCE
of the optimized devices enhanced to 15.3% [25]. Sub-
sequently, in 2016, they developed a spin-coated
Zn,SO,4 nano-ink as an ETL. The efficiency further
improved to 16.5% [26]. In 2017, Yoon and co-work-
ers prepared a FPSC with a PCE of 17.3% on indium
tin oxide (ITO) transparent electrodes [27]. In the
same year, Huang and co-workers fabricated FPSC on
an ITO/polyethylene terephthalate (PET) substrate
using the low-temperature solution method, and the
device obtained an efficiency of 18.1% [28]. Recently,
Cao and co-workers fabricated a FPSC based on poly-
ethylene naphthalate (PEN) /ITO substrates, which
achieved a record PCE of 19.11% [29]. Undoubtedly,
through the efforts of many scientists, the perfor-
mance of FPSCs will be greatly improved in the near
future.

However, the poor long-term stability and rela-
tively low PCE are important factors limiting the
development of FPSCs. Compared to rigid PSC fabri-
cated on a glass substrate, each layer that makes up the
complete FPSC device has some special requirement,
including the substrate, the transparent electrodes
(TE), ETL, the perovskite layer, the hole transport
layer (HTL) and the electrode, as shown in figure 1(a).
The low-temperature preparation demand becomes a
stumbling block to achieve high efficiency. In addi-
tion, stretchability and robust bending durability are
also important indicators for achieving the long-term
stability. Another challenge that we ought to face is the
large-scale manufacturing process, and the further
commercial development will be limited due to this
difficulty. Even though, there is still plenty of space to
surpass rigid PSCs in the future, especially showing
promising commercial potential in the development
of large-area modules.

In this review, we examine the recent advance on
FPSCs from the different views of functional layers,
which includes a flexible substrate, transparent elec-
trode, and interface layer, as shown in figure 1(b).

Furthermore, we summarize the important advance of
large-area FPSCs in recent years. Finally, the promis-
ing perspectives on the development of FPSCs will be
taken out.

2. Substrate choices for FPSCs

The substrate is essential to the high-performance
FPSCs, superior flexibility and high transmittance are
the major elements of the substrate. These categories
of materials, i.e., polymers, metal foils, ultrathin
flexible glass, muscovite mica and nanopaper, are
available for the substrate of FPSCs. The benefits and
drawbacks of these substrates are discussed as follows.
In addition to excellent flexibility and transmittance,
polymer substrates also possess the benefits of being
lightweight, low cost, and having roll-to-roll processa-
bility, etc. PET and PEN are commonly employed as
flexible substrates. However, low glass transition
temperature (Tg), a high coefficient of thermal expan-
sion (CTE) of ~20/ °C and poor gas barrier perfor-
mance limited its application in FPSCs [30]. In
particular, the shrinkage of the PET substrate would
occur during high temperature treatment (figure 2(a))
[31]. Therefore, the temperature in the whole fabrica-
tion process is critical to obtain a high-performance
FPSC. The fabricating temperature of PET and PEN
should be below 150 °C, whereas colorless polyimide
(CPI) can be fabricated above 150 °C on account of the
higher Tg (figure 2(b)) [32, 33]. Park and co-workers
processed high-performance FPSCs based on CPI/
ITO substrate, and the device yield a PCE of 15.5%.
The substrates undergo a high temperature of 300 °C
during the whole fabrication process [34]. They
successfully find an useful way to overcome the
temperature limitation.

In contrast to polymer substrates, metal substrates
offer special superiorities, such as distinguished ther-
mal stability, high barrier properties, and ultra-low
sheet resistance [39]. However, due to the opacity of
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metal substrates, these FPSCs require a top transpar-
ent conducting electrode (TCE) to guarantee the light
absorption of the perovskite layer. Enlightened from
the metal foil-based dye-sensitized solar cells, the tita-
nium and copper foil can be a feasible alternative to
polymer substrates [39]. Troughton et al prepared the
titanium (Ti)-foil-based FPSCs via depositing a poly
(3,4-ethylenedioxythiophene):poly(styrenesulfonate)

(PEDOT:PSS)-covered nickel mesh upon the HTL as a
transparent electrode (figure 2(c)); the PCE of this
device is 10.3%, and it shows an excellent bending sta-
bility [35]. Wang and co-workers firstly proposed Ti
metal foil substrate-based FPSCs and the device yiel-
ded a PCE of 8.31% (figure 2(d)) [36]. In another
aspect, Lee and co-workers deposited ITO on the
ultra-thin Ag top electrode and this method increased
the PCE of FPSCs. The Ag/ITO offered outstanding
excellent conductivity and transmittance. The effi-
ciency of Timetal substrate-based FPSCs significantly
enhanced achieving a maximum PCE of 11.01%
[40, 41]. Heo and co-workers fabricated FPSCs based
on a flexible Ti substrate, the device achieved a PCE of
15.0% by changing the quantity of graphene layers
upon the PDMS TE and the anodization time of the Ti
metal substrate [42]. Apart from using a Ti substrate,
copper (Cu) foil substrates are also a candidate.
Recently, Nejand and co-workers used Cu foil as a
substitute to replace Ti foil for FPSCs. They fabricated
the devices with a structure Cu metal
substrate/Cul/MAPDbI;/Zn0O/AgNWs and the device
achieved a PCE of 12.8% [43]. Based on previous
research, the above substrates could not meet the

requirement of stretchable and foldable properties.
Therefore, Qiu and co-workers fabricated a new type
of FPSC upon the coaxial fibers. The multiwalled car-
bon nanotube electrode was continuously intertwined
upon the fiber electrode. The fiber-shaped FPSCs
achieved a PCE of 3.3% and this new type of FPSC
remained stable under bending [44]. Li and co-work-
ers replaced the metal-wire electrode with flexible
CNT fibers, which created FPSCs with double twisting
properties [45]. The flexible device yielded a max-
imum PCE of 3.03%. Meanwhile, the FPSC shows
long-term environmental stability and outstanding
bending resistance even in a bending cycle of more
than 1000 times. Later, Deng and co-workers modified
the conventional metal substrate and used the spring-
like Ti wires and nano-structured fibers as electrodes.
The corresponding structure is shown in figure 2(e).
The FPSCs prepared based on the fiber state show
superior flexibility and wearable ability than planar
structure [37].

Another strategy to break the temperature restric-
ted condition is to use an ultra-thin flexible glass. Flex-
ible glass substrates with extra-thin thickness retain
many of the benefits of rigid glass, for example, high
temperature tolerance, remarkable moisture and oxy-
gen barrier properties, and so on. These features are
sufficient for flexible substrate requirements in FPSCs.
Compared with the substrate materials listed above,
the high cost and brittleness restrict the ultra-thin flex-
ible glass widespread use and promotion. Never-
theless, the expensiveness and brittleness of ultra-thin
glass will be a big problem compared to other flexible
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Table 1. Summary of different substrates and the representative PCEs of FPSCs.
CTE
[ppm/

Substrates °C] Structure of FPSCs PCE[%]  References
PET 15-33  PET/ITO/PTAA/FAPbI, Br, + MAPbI,_Br,/fullerene/BCP/Cu 18.10 [51]
PDMS 107 PDMS/APTES/TFSA-doped graphene/PEDOT:PSS/FAPbI;_Br,/PCBM/Al 18.00 [52]
PEN 20 PEN/Graphene/MoOs/PEDOT:PSS/MAPbI,/C60/BCP/LiF/Al 16.80 [27]
PEN 20 PEN/ITO,/UV-Nb:TiO,/MAPbI;/spiro-OMeTAD/Au 16.01 [53]
PET 15-23  PET/ITO/TiO,/MAPbI, Br,/PTAA/Au 15.88 [54]
PEN 20 PEN/ITO/ZnO/MAPbL;/PTAA/Au 15.40 (55]
PET 15-23 PET/ITO/PEDOT:PSS/MAPbI;/PNDI-2T + PCBM/LiF/Al 15.40 [56]
PEN 1523  PEN/ITO/Zn,SnO,/MAPbL,/PTAA/Au 15.30 [25]
CPI 8-20 Colorless PI/ITO/ZnO/MAPbI;/PTAA/Au 15.20 [34]
PET 15-23  PET/ITO/am-TiO,/MAPbI;_Cl,/spiro-OMeTAD/Au 15.07 [57]
PET 15-23  PET/ITO/NiO,/MAPbI;,C60/Bis-C60/Ag 14.53 [58]
PET 15-23  PET/ITO/TiO, (e-beam)/MAPbL, ,Cl, /PTAA/Au 13.50 (59]
Ti — Ti/anodized TiO,/MAPbI;/PTAA/graphene/PDMS 15.00 [42]
Ti — Ti/TiO,/TiO, NWsarrays/MAPbL,/PEDOT/ITO,/PEN 13.07 [60]
Cu — Cu/Cul/MAPDI;/Zn0O/Ag 12.80 [43]
Ti — Ti/TiO, BL/TiO,+MAPbI;/ Spiro/Ag+ITO 11.01 [41]
Ti — Ti/TiO,/Al,05/MAPbI;_Cl,/spiro-OMeTAD/PEDOT:PSS/transparent 10.30 [35]
Willow 4 MgF,/Willow glass/ITO/SnO,/ FAMACs/Spiro/MoO,/Al 18.10 [47]

glass

Cellulose 1 paper/Au/Sn0O,/meso-TiO,/CH;NH;Pbl;/Spiro-OMeTAD/MoO,/Au/MoOy 2.70 [61]

paper

substrates. Tavakoli and co-workers used ultra-thin
flexible glass as the substrate for the manufacture of
PSC with a PCE of 12.06%. Subsequently, based on
this method, a layer of nano-cone array anti-reflection
film was integrated on the glass substrate, and the PCE
of this device was improved to 13.14%, showing excel-
lent optical transmittance and device performance
[46]. More importantly, this improved method cre-
ated a hydrophobic surface on the glass, enhanced the
performance of gas barrier properties for oxygen and
moisture, and the device exhibited excellent stability.
Later studies have borrowed this strategy. Dou and co-
workers fabricated an 18.1% efficiency of FPSCs by
employing MgF, as an anti-reflection stratum and
substituting ITO with indium zinc oxide (IZO) on
ultra-thin flexible glass [47].

In addition, not only conventional materials are
used: muscovite mica and nanostructures can also be
used as a substrate in flexible perovskites. Fan and co-
workers developed the nanostructured substrates by a
simple method, the FPSCs’ PCE reached up to
11.29%, which was fabricated based on i-cone sub-
strates. The inverted nanocone structure represented a
highly promising substrate owing to the beneficial
light trapping effect and was highly robust and durable
[48]. Jung and co-workers prepared a transparent elec-
trode that is formed of three alternating layers
(TiO,/Ag/TiO,, DMDA) via sputtering deposition.
The devices based on this nano structure yielded a PCE
of 6.37% [38]. Cellulose paper has also been used as
substrate in FPSCs. Because of its low cost, abundant
source, flexibility, biocompatibility, and approach-
ability in terms of roll-to-roll large-area [38]. Gao and

co-workers firstly fabricated FPSCs on the cellulose
paper substrate and the device reached an efficiency of
9.05% (figure 2(f)), the FPSC kept 75% of the original
efficiency after 1000 bending cycles [49]. Muscovite
mica seems to satisfied all the demands of flexible
transparent substrates: low-cost, high-light transmit-
tance, high-temperature tolerance, resistance to oxy-
gen and water impermeability and high dimensional
stability. This type of substrate allows a thermal treat-
ment to prepare FPSCs with a high efficiency of
9.67% [50].

The device structure and representative perfor-
mance of FPSCs fabricated upon various substrates are
summarized in table 1. From the table data, it is appar-
ent that the choice of substrate is important for fabri-
cating a high-performance device. Undoubtedly,
under the efforts of scientists, more and more new
materials will be used as flexible substrates.

3. Transparent electrodes

A transparent electrode is an indispensable part of an
FPSC. In order to yield an outstanding performance of
FPSCs, the electrode materials used in FPSCs should
have the following characteristics: superior flexibility,
high transmittance, low electrical resistance. Particu-
larly, excellent electrical conductivity is required for
ideal electrodes in FPSCs. At present, there are four
types of materials that have been proven for transpar-
ent electrodes; TCOs, metal-based materials, carbon-
based materials, and conducting polymers have been
employed as the electrodes in FPSCs.
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Fluorine-doped tin oxide (FTO) and ITO are dif-
fusely employed for FPSCs due to their unique fea-
tures, which include excellent conductivity, high
transmittance and good compatibility with perovskite
[62]. To date, most devices are fabricated on this type
substrates and the highest PCE is achieved from FPSCs
based on ITO/PET substrates [28, 57, 63, 64]. For the
fabrication of ITO-based glass, ITO is dc-magnetron
sputtered at glass substrates while the substrate is
maintained at approximately 300 °C—400 °C, or sput-
tered on the cold substrate, followed by annealing at
200 °C. Such a heat treatment would result in a high
degree of the crystalline or partially crystalline micro-
structure of ITO. Meanwhile, it is apparent that the
brittle characteristic of ITO will be impaired during
the repeated bending course, which would lead to sub-
strate resistance increase, and cracks appearing in the
active layer [65]. Zardetto et al explored the regression
course of ITO/PET and ITO/PEN after bending from
16 mm to 2 mm. When the radius was reduced to less
than 14 mm, the thin layer resistance of the film sig-
nificantly increased, indicating that the film had been
damaged [31]. Kim and co-workers tested the FPSCs’
detailed variation fabricated on the PEN/ITO sub-
strate under bending [66]. This consequence indicates
that the devices cause a sharp decline in efficiency after
10 bending cycles, as shown in figure 3(a).

In order to solve this challenge, metal-based elec-
trode materials have been developed. Metal nanos-
tructures, which include metal meshes, metal
nanowires and ultra-thin metal films, had been proved

to be the substitute electrodes because of the high elec-
trical conductivity, light transmittance and out-
standing mechanical flexibility. Jun and co-workers
used solution-treated Ag-NWs as electrodes and tita-
nium as the substrate. The prepared FPSC has an effi-
ciency of only 7.58% and the poor PCE is mainly
attributed to the inferior conductivity of this electrode
as compared to the ITO electrode [67]. Later, Li and
co-workers fabricated high-performance FPSCs based
on silver mesh/conducting polymer substrates, which
show highly flexible and ultrathin characteristics, as
shown in figure 3(b). The FPSC yielded a PCE of
14.0%. And there was almost no difference in perfor-
mance compared to devices fabricated on rigid glass
[70]. The FPSCs prepared by this method kept 98.1%
of the primal PCE even tested under the ultimate
bending radius (2 mm). The device has almost no
degeneration and exhibited excellent bending resist-
ance. Sears and co-workers fabricated the AgNW/
PEDOT:PSS transparent electrode via a roll-to-roll
slot-die technology. The electrode showed excellent
light transmittance and electrical conductivity. The
PCE of the FPSCs achieved 11% [71]. So as to
enhanced the performance of AgNWs, Lee and co-
workers covered the protective layer of amorphous
aluminum doped zinc oxide (a-AZO) on the AgNW
grid, the device achieved a PCE of 11.23% and 13.93%
prepared on flexible and rigid substrates, respectively.
The FPSCs with the a-AZO/AgNW/AZO composite
electrode maintained 94% of the original efficiency
under 400 bending iterations with a bending radius of
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12.5 mm [72]. The main problem faced by metal-
based electrode materials in FPSC is that halide ions in
perovskite materials are proven to adverse chemical
reactions at the interface with metals in transparent
electrodes, which would significantly reduce the stabi-
lity of PSC devices [39]. To avoid these shortcomings,
Kaltenbrunner and co-workers introduced a chro-
mium oxide-chromium interface layer into the FPSC,
which could efficiently prevent from the diffusion
between metal top contacts and the active layer. The
pinhole-free perovskite films could deposit at low
temperature on random substrates, including thin
plastic foils, because of the employ of a transparent
polymer electrode as the bottom layer, which was dis-
posed with dimethylsulphoxide [73].

Metal electrodes were used in FPSCs usually need
to be prepared under a high vacuum condition, which
is not appropriate for large area manufacturing. At the
same time, the expensive gold and silver electrodes
limit the further commercialization of FPSCs. There-
fore carbon-based electrode materials become an
alternative electrode material in flexible solar cells
because of their low sheet resistance, high transmit-
tance, excellent conductivity, outstanding coverage,
and easy manufacture by solution-processed approa-
ches [74]. Owing to the network of conjugated double
bonds, the nano carbon materials show high electrical
conductivity and could be identified as one of the most
attractive candidates for FPSCs. Wang and co-workers
used a transparent carbon nanotube (CNTs) electrode
to fabricated flexible device based on titanium foil sub-
strate, achieving a PCE of 8.31% [36]. Later, Luo and
co-workers prepared an inverted structure device
employed a SnO,-coated carbon nanotube
(SnO,@CSCNT) film as the electrode in FPSC, a PCE
of 10.5% can be achieved on flexible substrates [75].
Jeon and co-workers selected single-walled carbon
nanotubes (SWNT) as the transparent electrode,
which was treated with nitric acid by a transfer techni-
que and achieved a 5.38% PCE [68]. The deviations of
SWNT and graphene, had been compared as the bot-
tom electrode in an inverted structure (figure 3(c)).
Both of them are commonly adopted as transparent
carbon electrode materials. Due to the better morph-
ology and higher transparency of the graphene-based
PSCs, the photovoltaic performance was superior to
the SWNT-based PSCs [76]. Graphene is another ideal
alternative carbon-based electrode material for FPSCs,
because of their high transmittance, outstanding car-
rier mobility, excellent charge conductivity and pro-
minent environmental stability [77, 78]. The flexible
devices with a structure of
PET /graphene/poly(3-hexylthiophene)/
CH;NH;Pbl;/PC;,BM/Ag were fabricated on 20
pm-thick PET substrates via a low-temperature solu-
tion method, which showed the PCE of 11.5% and
desirable bending stability. This work paves a way for
fabricating FPSCs as the same as other flexible devices
by using graphene transparent electrodes. In order to

JLongetal

further decrease the high sheet resistance of graphene,
doping methods were used to strengthen the interac-
tion force between the PET substrate and graphene
layer by introducing chemical bonding. Liu et al firstly
demonstrated the fabrication of ultrathin FPSCs based
on the graphene transparent flexible devices. Com-
pared with the flexible ITO-based devices, the device
yielded a comparable PCE of 16.8% with no hysteresis
and showed outstanding stability against bending
deformation. More importantly, the graphene-based
device kept >90% of its initial PCE after 1000 cycles
and 85% even after 5000 bending cycles with a bend-
ing radius of 2 mm [27]. Heo and co-workers intro-
duced an APTES (3-aminopropyl triethoxysilane)
adhesion promoter between the PET flexible substrate
and AuCls-doped single-layer graphene transparent
electrode. After the treatment of this method, a strong
adhesion could generate between the graphene and the
metal surface. The device fabricated on the
AuCl;-GR/APTES/PET  substrate showed out-
standing bending stability, holding its initial efficiency
over 90% after 100 bending cycles [79]. Afterwards,
they further enhanced the PCE to 18.3% by employing
bis(tri uoromethanesulfonyl)-amide (TFSA)- doped
graphene as the electrode for a FPSC. The TFSA
dopant could improve the Jsc of the FPSC unlike the
MoO; and AuCl; p-type dopants, which would not
display absorption in the visible light region. This
device also showed excellent bending stabilities as it
retained 85% of its initial PCE after 5000 bending
cycles at a radius of curvature of 12 mm [80]. In gen-
eral, the graphene-based devices were more impres-
sionable to tension than the carbon nanotube-based
cells, though the diversities was tiny. Generally speak-
ing, despite better performance, the transfer progress
for graphene has poorer reproducibility [81].

In addition, conducting polymers have been adop-
ted for another ideal alternative electrode material
because of their outstanding conductivity with treat-
ment, high transmittance, and excellent film processa-
bility [82]. Poly(3,4- ethylenedioxythiophene):poly
(styrene sulfonate) (PEDOT:PSS) has been covered on
polymer substrates as an electrode in FPSCs, the devi-
ces exhibit good flexibility. Dianetti and co-workers
fabricated an inverted structure device employing a
PEDOT:PSS (PH1000) to take the place of an ITO
electrode on the PET substrate. This device obtained a
poor PCE of 4.9%. However, under the condition of
100 bending cycles at radii down to 3 mm testing, the
device maintained its original PCE value, showing the
high flexibility. This report firstly demonstrated the
excellent mechanical stability of TCO-free substrate-
based FPSCs [82]. Poorkazem and co-workers com-
pared two different FPSCs with two different transpar-
ent electrodes, PEDOT:PSS and ITO on PET
substrates. The PEDOT:PSS electrodes show mechni-
cal stability than ITO under a cylinder of 4 mm bend-
ing test for 2000 cycles, while the ITO electrodes
appeared to have very obvious cracks, resulting in an
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Figure 4. Interface materials in FPSCs. (a) The device structure of the FPSC based on low-temperature TiO,. (Reproduced from [53].)
(b) The structure of the FPSCs with ss-IL as the ETL and energy-level diagram. (Reproduced from [50].) (c) The structure of the FPSCs
with ZnO as the ETL (Reproduced from [90].) (d) The structure of the FPSCs with NiOy as the HTL and energy-level diagram.
(Reproduced from [91].) (e) Stresses released by the NC-PEDOT:PSS HTL. (Reproduced from [92].).
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extremely high sheet resistance and device perfor-
mance degration [83]. Wu and co-workers used
PEDOT:PSS as the electrode to fabricate FPSCs.
PEDOT:PSS was spin-coated on PET substrates, fol-
lowed by a nitric acid annealing to obtain the
n-PEDOT:PSS bottom electrode. This device yielded
10.3% PCE and kept >90% of this original value after
1000 cycles of bending at a small radius of 5 mm [69].
More recently, Hu and co-workers utilized a mechani-
cally robust conducting polymer network PEDOT:PSS
electrode for FPSCs. This electrode consists of an ionic
additive-conductivity and flexibility enhancer (CFE).
The PEDOT:PSS:CFE simultaneously meets high con-
ductivity, improved transmittance, and outstanding
mechanical endurance. The device achieved a PCE of
19.0% and exhibits strong mechanical stability
(figure 3(d)) [84].

4. Interface layers for FPSCs

The interface layers play significant roles in high-
efficiency FPSCs, which includes the ETLs and HTLs.
The interlayer materials require appropriate capabil-
ities, such as enough transparency during the visible
light, excellent carrier mobility, and desirable energy
level assignment with the perovskite layers. In addi-
tion, an important key is that they can be prepared by
low-temperature processes for FPSCs [85]. Next, the
ETLs and HTLs developed for FPSCs recently will be
introduced.

TiO, is a fashionable electronic transport layer uti-
lized in PSCs due to its suitable workfunction and wide
bandgap [86, 87]. Nevertheless, a significant defect of
TiO, restricts its applications in FPSCs; TiO, films are
often prepared employing spin-coating or spray pyr-
olysis, which need a high-temperature (>450 °C) sin-
tering to yield a comparatively compact film with high
crystallinity [57]. It is apparent that the high-temper-
ature technique not only complicates the fabrication
processes but also cannot be compatible with the soft
polymer substrates widely used for FPSCs. There are
two approaches to fabricate TiO, ETL on a flexible
plastic substrate. Firstly, low-temperature deposition
employing vacuum-based deposition techniques such
as the evaporator, magnetron sputtering, and atomic
layer deposition (ALD). Secondly, UV treatment or
low-temperature annealing treatment are essential for
high-quality TiO, colloidal particles [53, 88]. To work
out this conundrum, many low-temperature techni-
ques were put foward to prepare TiO,. Yang and co-
workers compared some representative amorphous
and anatase TiO, layers, which include charge trans-
port properties, recombination mechanisms, and car-
rier lifetime. The results show that the fermi level of
amorphous TiO, is slightly lower than the anatase
TiO,. This result in glorious electron-transport per-
formance of an amorphous layer, yielding an effi-
ciency of 15.07% [57]. Jung et al employed the plasma-
enhanced atomic layer deposition (PEALD) technique
to prepared an about 20 nm-thick TiO, compact layer
at 80 °C. The PCE of the FPSCs based on this low-
temperature process is up to 12.2% [77]. The TiO,
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ETL fabricated by PEALD are improved by interface
modification with PCBM, the device achieved a PCE
of 17.7% (figure 4(a)) [53]. Moreover, Giacomo and
co-workers combined TiO, ETL fabricated by PEALD
and TiO, layer as the electrode, based on this elec-
trode, the resultant device achieved a PCE of 13.5%
[89]. The mesoscopic TiO, layer can be prepared by
electron-beam evaporation technique [59]. Although
this method maintained the initial properties of TiO,
porous layers, the preparation process is too intricate
to be commonly employed. A solution-processed
ionic liquid (IL) of 1-benzyl-3-methylimidazolium
chloride was introduced as an ETL at room temper-
ature (figure 4(b)). Yang and co-workers reported that
the IL promotes the decline of the electron trap-state
density at the active absorber surface. Thus, the infa-
mous hysteresis in the current-density voltage curves
had been effectively eliminated. Meanwhile, the PCE
of the FPSCs, which used ss-IL as the ETL, was further
enhanced to as high as 16.09%. The high efficiency
could attribute to the distinct photoelectric properties
of the ss-IL ETL, which involved a wide band gap, out-
standing electron mobility, anti-reflection property,
and well-aligend energy level with perovskite [62].

On account of the poor stability and infamous hys-
teresis of TiO, materials [59], researchers found other
sorts of metal oxides to replace TiO,. The substitute
materials could fabricate in low temperatures condi-
tions. Based on this, ZnO has become an ideal succe-
daneum for the ETL in FPSCs. The reason why ZnO
can become a candidate mainly attributes to the higher
electron mobility and the ZnO nanoparticle layer can
be deposited easily by spin-coating without a high-
temperature heating or sintering process [90]. In the
original report of FPSCs, Kumar and co-workers used
ZnO as the ETL to fabricate a FPSC as shown in
figure 4(c); a chemical bath deposition (CBD) method
was employed to prepare ZnO films. Although the
PCE was low, only 2.62%, this work provides a
method for low-temperature interface layers [93].
Later, Liu and co-workers spin-coated a butanol/
chloroform ZnO mixture onto the ITO substrate. This
approach needs no calcination or sintering process.
The PCE of the FPSCs upon the comparatively com-
pact ZnO layer exceeded 10% [94]. Subsequently, Heo
and co-workers employed the ZnO layers with a 150 °C

post-treatment for FPSCs and further improved the
PCE to 15.5% [55]. But beyond that, Fan and co-
workers put further questions about the reaction
mechanism between perovskite and ZnO NPs, a quasi
core—shell structure of ZnO/rGO QDs was used as the
ETL to settle this problem. A stable FPSC had been
obtained based on this hybrid structure, yielding a
PCE of 11.2% [95]. Wang and co-workers found the
tin oxide (SnO,) ETL processed by low-temperature
PEALD, which provides the prospect for preparing
lightweight and efficient FPSCs. The reforming in
device performance is mainly attributed to the
enhanced conductivity and electrical mobility of SnO,
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ETL enabled by water vapor treatment. Consequently,
the best FPSC fabricated on a commercial substrate
exhibit a PCE 0f 18.36% [65].

New ETL materials have been utilized to improve
charge transport as well as to decrease the hysteresis
phenomenon in FPSCs. Zn,Sn0O, (ZSO) is a good
example, exhibiting better optical transmittance than
SnO, [25]. The efficiency of ZSO-based FPSCs has
been enhanced by tailoring particle size and stacking
structure and the device achieves a PCE of 16.5% [26].
Also, the corporation of PCBM with ZSO was proved
to promote electron transport in FPSCs [96]. Nb-
doped WO, (W(Nb)O,) was chosen as the ETL. The
device’s PCE improved and the hysteresis phenom-
enon decreased by controlling the thickness of
W(Nb)O, [97]. Large bandgap materials such as
Nb,O5 and Al,O; were used as ETLs. The electron
transport from the perovskite layer to TCO was
enabled by quantum tunneling effect [98, 99]. Never-
theless, the intrinsic high series resistance is still limit-
ing to yield high efficiency. As an alternative,
conductive organic materials, which including the
modified Cqo [100], 6,6-phenyl-Cg;-butyric acid
methyl ester (PCsBM) [101], and N,N-bis3-(dime-
thylamino)propyl-N’,N’-dimethylpropane-1,3-dia-
mine (CDIN) [102], and so on, have been utilized
as ETLs.

As for inorganic hole-transport materials, NiOy
materials have attracted more and more attention due
to the well-matched band structure with an active
layer, outstanding optical transparency, and electron
blocking capability [103]. Najafi and co-workers fabri-
cated NiO, HTL via low-temperature solution coating
methods (i.e. <150 °C) [91]. The devices achieved a
16.6% PCE for FPSCs, which showed fairly excellent
stability. Over 85% of the maximum stabilized output
PCE was maintained after 1000 h aging for the
MAPDI; perovskite-based devices. Also, NiO, deriva-
tives have been applied to enhance photovoltaic per-
formance. The device achieved an efficiency of
17.16%, which employed Cu-doped NiO; (Cu:NiOy)
as the HTL. The high performance could attribute to
the improved charge injection and the improved sur-
face morphology of the NiO, derivatives [104].
Recently, Duan and co-workers introduced a bendable
nickel oxide (NiO,) interfacial layer in FPSCs for the
first time, which is fabricated via polydopamine (PDA)
modification. PDA cross-linked NiO, could release
mechanical stress to eliminate the intrinsic brittleness
of inorganic crystals as shown in figure 4(d). This flex-
ible device retained >90% of this original efficiency
after 1000 bending cycles [105].

In organic materials, 2,2’,7,7’-tetrakis(N,N-di-p-
methoxyphenylamine)-9,9’-spirobifluorene  (spiro-
OMeTAD) have been widely employed as HTL mate-
rials due to the well-matched energy level with an
active layer, and the films can be easily prepared by
low-temperature processes (i.e. <150 °C) [106]. Even
though the high PCE has been obtained for FPSCs
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employing spiro-OMeTAD as HTLs, there are still two
adverse disadvantages: expensive cost and modest hole
mobility conductivity [106]. Consequently, other HTL
materials have been reported to replace spiro-OMe-
TAD to enhance the device performance. Based on the
achievements above, PEDOT:PSS has been considered
as an ideal candidate for HTL materials [107]. You and
co-workers prepared the FPSC with a very simple
PET/ITO/PEDOT:PSS/perovskite/PCBM/Al struc-
ture, the device achieved a PCE of 9.2% [108]. The
worse device performance and long-term stability are
attributed to the high acidity of PEDOT: PSS, which
threatened to corrode the ITO electrode [92, 109]. In
terms of this issue, Hu and co-workers reported a
nanocellular scaffold, which released mechanical
stresses during flexural experiences (figure 4(e)). The
crystalline quality of the perovskite films could be sig-
nificantly improved. Particularly, the device with the
nanocellular optics resonant cavity structure exhibited
outstanding performance, which including the suffi-
cient light harvesting, effective charge transportation,
excellent mechanical stability. This method was used
to fabricate in modules as a wearable solar-power
source, a PCE of 12.32% was yielded for a flexible
large-scale device [110]. On the other hand, the carrier
transport is comparatively worse in the out-of-plane
direction due to the laminar structure. To solve this
problem, new organic HTL materials such as 1,4-bis
(4-sulfonatobutoxy)benzene and thiophene moieties
(PhNa-1T) [111], Poly(triaryl amine) (PTAA)
[103, 112] and (N-(4-(9H-carbazol-9-yl)phenyl)-7-(4-
(bis(4-methoxyphenyl)amino) phenyl)-N-(7-(4-(bis
(4-methoxyphenyl)amino)phenyl)-9,9-dioctyl-9H-
fluoren-2-yl)- 9,9-dioctyl-9H-fluoren-2-amine
(CzPAF-TPA)) [113] have been exploited.

A summary of different ETLs, HTLs and the repre-
sentative PCEs of FPSCs is shown in table 2. Different
structures have different demands for interface layers.
For example, in the n-i-p FPSCs structure, the ETL is
deposited on the transparent electrodes, while the per-
ovskite layer is covered with an HTL above it. So the
selection for interface layer materials and depositing
methods will influence the effective in extracting
charge; beyond that, the performance of FPSCs will be
seriously affected.

5. Large-area techniques

So far, most PSCs only fabricated based on small-area
substrate. However, more and more large-area mod-
ules have also been reported in recent years, which is
indispensable for FPSCs in future roll-to-roll produc-
tion. In the translation of small-area to large-area
devices, the following demands should be satisfied: (i)
stable perovskite ink and large area coating techniques,
(ii) optimized cell and interconnect design, and (iii)
patterned deposition or post-patterning processes
[92]. Giacomo and co-workers fabricated the large
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area modules of 12.5 x 13.5 cm” by slot die coating.
This method ought to control the drying circumstance
and the annealing atmosphere to guarantee the
morphology for large-area FPSCs. The modules
achieved a remarkable PCE of over 10% [51]. Razza
and co-workers fabricated a series of connected
modules of 100 cm?” active area by sequential step
deposition process. The Pbl, layer deposited employ-
ing blade and spin coating technology, then dipped
into a methylammonium iodide solution. In order to
obtain the highly compact layers, the consequent
optimization of the blade coating process and the
dipping time should be controlled strictly. A module
PCE of 4.3% was achieved for a 100 cm” active area
[118]. Wang and co-workers used a scalable printing
process to make perovskite modules with effective
areas of 31 cm” and 70 cm?, and PCE of 10.46% and
10.74% were obtained [119]. Seo and co-workers
reported a promising method towards a highly effi-
cient PSC using a low-temperature solution-process
and standard organic photovoltaic architecture. In this
method, a flat and thick CH;NH;PbI; film and a thin
PCBM film are prepared by the solution process at low
temperature. The modules efficiency of 8.7% were
achieved for an overall active area of 60 cm’ a
PCE[120].

The larger area perovskite thin films always have
pinholes during the fabricating progress, which is due
to the complex fluid dynamics [92]. Hence, Deng and
co-workers showed that the surfactants (for example,
l-ac -Phosphatidylcholine) dramatically altered the
fluid drying dynamics and increased the adhesion of
the perovskite ink to the underlying non-wetting
charge transport layer. The module efficiencies were
stabilized at 15.3% and 14.6% for the active areas of
33.0 cm® and 57.2 cm?, respectively, by fast blading
perovskite films [121]. Hu and co-workers have trans-
lated the low-cost hole-conductor free PSCs to a rela-
tive large area (100 cm?). These perovskite solar
modules were prepared by screen-printing, and 10
independent sub-cells were connected. The modules
show a 10.4% PCE [122]. Heo and co-workers fabri-
cated the inverted
ITO/PEDOT:PSS/MAPbI;/PCBM/Au planar hybrid
solar sub-module. The sub-module with an overall
active area of 40 cm? was obtained, and it exhibited
power conversion efficiency of 12.9%. While a larger
area 10-cell serially connected module (an overall
active area of 40 cm?) shows an 15.5% PCE [123, 124].
Chen and co-workers reported a novel strategy for
methyl ammonium lead halide perovskite films, which
does not depend on the general solvent or vacuum
technicals. The perovskite solar module achieved a
certified PCE of 12.1% with an active area of 36.1 cm®
[125]. Jung and co-workers fabricated DHA-based
modules at a size of 5 cm x5 cm (an overall active area
of 24.94 ¢cm?) and used two different methods for
deposting the P3HT layer, which are spin-coating and
bar-coating specifically.
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Table 2. Summary of different ETLs, HTLs and the representative PCEs of FPSCs.

Interface layer Required temperature [°C] Structure of FPSCs Note PCE [%] References
ETL Nb,0s5 — PET/ITO/Nb,0s/MAPbI;/Spiro-OMeTAD/Au Dimethyl sulfide additive 18.40 [114]
Sn0O,/C60-SAM 100 PET/ITO/treated SnO,/C60-SAM/MA,_,FAxPbI;/Spiro-OMeTAD/Au Water treated SnO, 18.36 [65]
ss-1L 70 PET/ITO/ss-IL/(FAPbI;3)g g5(MAPDbBr3)g 15/Spiro-OMeTAD/Au Solid-state ionic liquid 16.09 [62]
TiO, — PET/ITO/TiO,/MAPb(I, Br,);/PTAA/Au RE sputtered TiO, 15.88 [54]
¢-Ti0,/BK-TiO, — PEN/ITO/c-TiO,/BK-TiO,/MAPbI;/Spiro-OMeTAD/Au Electro-deposited TiO2 15.76 [100]
ZnO 150 PEN/ITO/ZnO/MAPbI;/PTAA/Au High mobility ETL, ZnO 15.60 [55]
W(Nb)O, 120 PEN/ITO/W(Nb)O,/MAPbI;_Cl,/Spiro-OMeTAD/Ag W(Nb)O, modified by Nb>* 15.60 [97]
TiO, 500 PET/ITO/TiO,/CH,NH;Pbl;_Cl,/spiro-OMeTAD/Au 15.10 (57]
ZnSnOy, 100 PEN/ITO/ZnSnO,/MAPbI;/PTAA/Au Spin-coated ZnSnO,4 ETL 14.90 [25]
TiO, — PET/ITO/TiO,/MAPbI;_Cl,/PTAA/Au Electron beam evaporated TiO, 13.50 [59]
ZnO — Flexible glass/ITO/ZnO/MAPDI;/Spiro-OMeTAD/Au 13.14 [115]
HTL PTAA 100 PET/ITO/PTAA/FAPbI, Br,/PCBM/C60/BCP/Cu 18.10 [28]
PEDOT:PSS 110 PEN/ITO/PEDOT:PSS/MAPbI,/C60/BCP/LiF/Al 17.30 [27]
NiO, — PET/ITO/NiO,/ MAPbI;/PCBM + BIS-C60/Ag Surface nanostructured HTM nanoparticle-based ink 14.50 [58]
PEDOT:PSS 110 PET/ITO/PEDOT:PSS/MAPbI;/PCBM + LiF/Ag PEI-HI layered perovskite at PEDOT interface 13.80 [116]
NiO, 130 PET/ITO/NiO,/MAPbI;/PCBM/Ag Spin-coated NiOy nanoparticle 13.43 [117]
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The performance of the modules was not undu-
lant, with high PCEs of 16.3% and 16.0%, respectively
[126]. Hong and co-workers successfully prepared
high-efficiency, large-area PSC modules employing a
new electrochemical patterning technique. By prepar-
ing planar-type PSC modules through low-temper-
ature annealing and an all-solution method, a
dramatically high efficiency of 14.0% with an area of
9.06 cm” and a high geometric fill factor of 94.1% was
demonstrated [127]. Moreover, a new precursor sys-
tem of Pb(CH;CO,),*3H,0, PbCl,, and CH;NH;I,
obtaining highly crystalline perovskite films via a one-
step spin-coating method followed by 10 min thermal
annealing was developed. The high quality of the per-
ovskite film enabled a 4 cm?® aperture area perovskite
module with a PCE of 13.6% [128].

Nevertheless, a fabricated large-area module with
flexible substrate is a very efficient way of mass pro-
duction based on a roll-to-roll (R2R) process, com-
pared with the glass-based rigid substrate. But this
useful way is at an early stage, so lots of effort has been
focused on fabricating uniform ETLs or perovskite
layers on large-area flexible substrates. For example,
the large area uniform tin oxide layer resulted in ser-
ious hysteresis when printing it on rough and soft plas-
tic substrates. Bu and co-workers used a universal
potassium interfacial passivation strategy to resolve
the hysteresis. The large size (5x6 cm?) flexible mod-
ules obtain an efficiency over 15% [129]. This passiva-
tion method has shown a potential for obtaining high-
performance large-area FPSCs. Galagan and co-work-
ers first proved the possibility for the R2R slot die coat-
ing of the ETLs and the perovskite layers over the large
area on flexible substrates with a width of 30 cm [130].
This achievement is a first solid step toward the future
mass production of FPSCs. Although the feasibility of
exploiting such a production process over large areas is
a crucial intention of recent research, other techniques
for large-area FPSCs fabrication, such as solution-
shearing and spray-coating methods, have been devel-
oped. Similarly, crystal nucleation and growth in
large-area perovskite thin films should be well con-
trolled [131]. Rather, the devices fabricate on glass-
based rigid substrates still reveal preponderant perfor-
mance to their flexible counterparts. For example, Li
and co-workers prepared a large-area PSC device on a
glass/FTO-substrate with an active area >1 cm?,
which achieved a PCE of 19.6% [132]. This is a value
yet to be yielded by large-area PSC devices. In the same
way, although large-area FPSCs have not be widely
promoted and developed currently due to the low out-
put efficiency, the ongoing development of such pro-
duction processes are the key objective for future
research.
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6. Conclusion and outlook

In recent years, scientists have overcome many diffi-
culties and solved many problems during the FPSCs
research process. Among them, the choice of materials
in each layer is crucial for building high-performance
flexible perovskite solar cells. These materials include
electrode materials, substrate materials and transport
layer materials. We take into account every factor on
the judgment of materials selection in both normal
and inverted architectures. The PEN is the best
substrate because of its excellent flexibility and trans-
mittance, low cost and roll-to-roll processability, etc.
Conducting polymers have been adopted for ideal
electrode material because of their outstanding con-
ductivity with treatment, high transmittance, and
excellent film processability. As ideal transport materi-
als, some inorganic and organic interface layer materi-
als, including NiO,, SnO,, PCBM, P3HT, have
attracted more and more attention due to their
enormous advantages. Compared with spiro-OMe-
TAD, these materials are not only cheap, but also easy
to obtain stable ink, which improves the feasibility of
fabricating flexible perovskite in large areas. In photo-
voltaic history, the FPSCs have continued to evolve,
offering remarkable chances for various application
fields. The superior PCE of FPSCs have been over
19%. And as reported, there have been some modules
whose PCE have been more than 10%. Some niche
applications for FPSCs can be achieved, such as
electronic textiles, attachments on clothes, portable
chargers and so on. A supposed 100 mW power output
of the FPSCs can be used as a complementary source
for electronics, such as smart watches, mobile phones
and Fitbits etc. In recent years, even though it has been
improved and promoted in terms of flexible sub-
strates, transparent electrodes, interface layers and
large area fabrications, the commercialization of
FPSCs still faces several enormous challenges.

It is important for new techniques to fabricate the
large-area flexible solar cells. Currently there are sig-
nificant limitations in achieving large areas through
roll-to-roll printing processes. Traditional techniques,
such as anti-solvent treatment and a vacuum-assisted
approach, bring challenges for the roll-to-roll printing
process. The research of air-assisted processes, multi-
component solvent and infrared post-treatment may
provide direction for the new printing process. In
addition, in the large-area preparation process, the
quality of the film needs to be guaranteed, which puts
higher requirements on the printing process. The
FPSCs can be applied to more fields if the technique
problem has been solved.

Another problem ought to be considered is the
FPSCs should have certain environment universality.
The solar cells can only generate the electricity under
illumination of daylight but does not generate any
energy in night time. This means that we should focus
on how to broaden the spectral absorption range of
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perovskite and application scenarios. Based on this, we
can overcome this problem via fabricating tandem
solar cells, such as laminating different types of PSCs
or different types of devices.

Further exploration of strategy to improve FPSCs
performance will become increasingly important for
future developments in the field. The mechanical
properties are the core problems of FPSCs. Foldable
device products demand a small bending radius of
curvature, which is comparatively challenging in fold-
able products made of inorganic electrical compo-
nents. Also, many FPSCs contain inorganic materials
including TCO, ETLs, and HTLs that are not favorable
for reliable flexibility. Based on this, the mechanical
properties can be enhanced by replacing or modifying
inorganic TCO and substrate materials. The per-
ovskite films’ mechanical properties should also be
improved by some strategies, such as additive engi-
neers. The perovskite precursor solution and additives
acted as physical or chemical cross-linking to make the
films exhibit better mechanical properties. What is
more the capabilities of perovskite films in the field of
stretchable and twistable are crucial. There are two
main ways to improve the stretchable and twistable
capabilities, one of which is three dimensional-struc-
ture designs. Another solution is reducing the elastic
modulus of perovskite crystals via new material design
and molecular synthesis. Although textile PSCs
offered the feasibility for the process of exploring inte-
grating with cloth and skin, it is necessary to reduce the
weight of the substrate and sealing layer as much as
possible. In view of this question, the ultra-thin trans-
parent rubber and cellulose paper have attracted a lot
of attention. Many scientists tend to attach patterned
FPSCs on the other parts of the device.

In order to realize the large-scale commercial pro-
duction of FPSCs, while vigorously developing the
above-mentioned PSC key technologies, it is also
necessary to develop a thin film packaging technology
with ultra-high water—oxygen barrier properties sui-
table for FPSCs. In order to realize the better applica-
tion of the metal nanostructure transparent electrode
on the FPSCs, it is necessary to further develop a tech-
nology that can effectively prevent the diffusion reac-
tion between the halogen and the metal electrode in
the perovskite material without affecting the efficiency
of the device. In addition, the development of an inor-
ganic electron and hole transport layer materials with
low production cost and high stability compatibility
are vital to large-scale applications in the future.

To sum up, great development space and vast pro-
spective in FPSCs exist, so it is very necessary to vigor-
ously develop the commercial flexible perovskite
photovoltaics. Future research ought to focus on the
widespread design idea and niche application from
both perspectives of optoelectronics and mechanics.
Based on this, the devices should satisfy the minimum
input powers of relevant electronics and power storage
systems. Therefore, there is no doubt that the FPSCs
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will have a bright prospect if the efficiency and stability
were improved. It is believed that FPSCs will become
one of the most promising competitors for commer-
cial solar cells.
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